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Abstract 

This thesis presents the use of molecular precursors for the synthesis of 

solid-state materials through the application of extreme conditions. The main 

tool for the exploration of these materials was the diamond anvil cell which 

generated static pressures of up to 85 GPa.  Combined with the use of high-

power lasers, it provides a powerful and efficient technique for high-pressure-

high-temperature synthesis of solid-state materials.  The work presented here is 

an investigation into the synthesis and recovery of new materials within two 

solid-state systems, C-N-H and Ti-N-O. Crystallographic analysis of these 

systems is a challenging process, made more difficult by their relatively light 

elemental composition and the use of the diamond anvil cell.   In both cases a 

systematic experimental and analytical strategy was adopted to enable the 

extraction of the best data possible, both qualitatively and statistically. 

Two C-N-H systems were investigated: C2N3H and C6N9H3.HCl. 

Synchrotron X-ray diffraction and Raman scattering data are reported for the 

new dense tetrahedrally bonded phase C2N3H with a defective wurtzite structure.  

This is synthesised by laser heating from an organic precursor, dicyandiamide, 

C2N4H4 at high-pressure in a diamond anvil cell. This work confirms the 

structure deduced in previous work from electron diffraction experiments on 

samples recovered to ambient conditions.  

The graphitic layered compound C6N9H3.HCl was subjected to pressures 

up to 70 GPa in a diamond anvil cell and its structural behaviour was examined 

using synchrotron X-ray diffraction. The use of laser heating experiments 

revealed the synthesis of a new carbon nitride phase which is recoverable to 

ambient conditions.   

The second group of systems explored was those based on Ti-O-N.  

Amorphous or nano-crystalline precursors were used to attempt the synthesis of 

Ti3N4.  The high-pressure and temperature behaviour of these materials was 

examined using synchrotron X-ray diffraction and Raman spectroscopy, in a 

laser-heated diamond anvil cell. 

In addition, the high-pressure studies of Ti2.85O4N, a recently discovered 

titanium oxynitride phase, are reported here up to 70 GPa.  Using synchrotron 

angle dispersive techniques two high-pressure phases are observed and an 

attempt to elucidate these structures are reported. 
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1 Introduction 
 

Much of the pioneering research in high-pressure science was carried out 

by Percy W. Bridgman in the first part of the twentieth century.  This early work 

involved the use of mechanical presses to achieve pressures of up to 2 GPa and 

undertook the study of many different types of compounds including solids, 

metals, organics and polymers [1, 2].  However, it was the development of the 

diamond anvil cell (DAC) in 1958 that enabled high-pressure studies to be 

carried out on a hand held scale.  Much of the early work carried in developing 

the DAC was by a joint collaboration by Weir et al. [3] and Van Valkunberg 

which often led to the destruction of many diamonds and cells.  Work carried out 

in the National Bureau of Standards laboratory and Chicago with confiscated 

diamonds enabled the expensive research of DAC development to be conducted 

at a rate that would not have been possible without this opportunity for the 

scientists to experiment with such numbers of precious stones [4].  A history of 

the development of the DAC, high-pressure research and the search for the 

synthesis of diamond is given by R. Hazen [5].  

Advancements in the application of extreme conditions were initially 

made in geology [6, 7] and mineralogy but are now a powerful discipline in 

condensed matter and solid-state chemistry and physics [8-10].  The 

fundamental concept behind this new and exciting field of extreme conditions 

science is forcing the systems under observation to undergo a volume change 

which leads to phase and structural transformations [11]. When applied to solid-

state chemistry, these techniques can bring fundamental changes to structural, 

thermal, optical or mechanical properties of matter and an overall lowering of 

the energy of the system, permitting new material synthesis [12, 13]. As systems 

adopt new low energy configurations, a range of transformations can occur, 

including ionisation, polymerisation, phase transitions, condensation, 

amorphisation and metallisation [14-17].  The application of high-pressure to 

solid-state chemistry also creates the potential of removing the use of solvent, 

catalyst or radical initiators used in synthetic routes [18].   

In the present work we have chosen to focus on the solid-state chemistry 

of new high-density materials, specifically in the C-N and Ti-N systems.  These 

systems are expected to possess useful properties including high hardness and 

wide electronic band gaps [19]. The essence of this work has been the 
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investigation of light elemental systems, specifically carbon and titanium nitride 

based materials.  Research in the field of C-N systems has been spurred by 

theoretical predictions that the sp3-bonded forms of carbon nitride with 

stoichiometry C3N4 could be superhard, comparable to the incompressibility and 

hardness of diamond [20, 21]; this has led to several thousand publications being 

reported on this system [22-25].  Formation of these materials has been reported 

in thin films produced by vapour deposition techniques [24, 26, 27]; however, 

the materials are generally nanocrystalline and they have not yet been fully 

characterised [28].  There have also been several attempts to form dense carbon 

nitride phases using high-pressure high-temperature methods.  The structures 

and compositions of phases reported to have been synthesised in these studies 

are generally not known, and the materials synthesised have not been 

recoverable to ambient conditions [29, 30].  However, high-P,T synthesis 

methods have already produced a number of  well-characterised dense systems 

with a X3N4 stoichiometry for both group IV and XIV elements (X = Zr, Hf and 

Si, Ge). There has been much interest in synthesising analogous C-N and Ti-N 

based materials including the spinel form of Ti3N4 as predicted by ab initio 

calculations [31].   

 Titanium nitrides already form an important series of high-hardness 

materials with important applications within industry due to their unique 

properties of biocompatibility, chemical resistance and low coefficient of 

friction [32-34].   With a rich number of valuable properties including high 

hardness and an attractive gold appearance, there are currently many 

applications for this material such as machine tools, microelectronics, surgical 

tools, implants, as well as jewellery [32, 35, 36].  Therefore, searching for new 

polymorphs within this chemical system is important and potentially rewarding.  

Recent work carried out at UCL has identified a new oxynitrides, 

Ti2.85O4N, using a synthetic route of atmospheric pressure chemical vapour 

deposition (CVD) [37], a technique more normally associated with thin film 

synthesis and industrial scale up, than with materials discovery [38]. This 

material may have photocatalytic properties and so its further characterisation is 

valuable. 

This thesis presents an exploration and identification of crystalline 

phases within the C-N-H and Ti-N-O solid-state systems, firstly describing the 

tools and techniques instrumental in the synthesis and investigation of these 
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systems: the diamond anvil cell, Raman spectroscopy and synchrotron X-ray 

diffraction. Following this, I present my work within the C-N-H system, 

reporting on the synthesis and characterisation of sp3-bonded carbon nitride 

C2N3H and the graphitic layered compound C6N9H3.HCl, in addition to 

discussing other phases potentially formed.  Subsequently, the synthesis and 

investigation of amorphous nanocrystalline composite TixNy materials, and the 

exploration of the phase diagram of a new titanium oxynitride phase, Ti2.85O4N, 

are described.  In all cases the materials presented have been synthesised at high-

pressure and recovered to ambient conditions which is central for material 

design. Fundamental to the success of this work has been adopting a systematic 

strategy both experimentally and analytically to be able to successfully synthesis 

and analyse these new solid-state systems. 
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2 Experimental Techniques 
 

In this chapter an outline of the different experimental and analytical 

techniques will be given.  Fundamental to all the work reported here is the use of 

the diamond anvil cell and the application of extreme pressure to our systems.  

In the search for discovery of new solid-state systems, the application of 

pressure has been combined with in situ laser heating to allow the full 

exploration of the P-T landscape.  Both of these techniques are described in the 

first part of this chapter.  

In order to probe the diamond anvil cell samples in the laboratory at 

UCL, Raman spectroscopy was used.  Following a general review of the Raman 

effect, and a description of the optical set-up at UCL, the techniques developed 

for this study are provided.   

The main techniques for monitoring reactions and samples (in situ) for 

the bulk of the work presented here are synchrotron radiation and angle 

dispersive X-ray diffraction. Work was carried out both at the newly constructed 

UK synchrotron Diamond Light Source, Didcot, at the extreme conditions 

station I15, and at the European Synchrotron Radiation Facility (ESRF), 

Grenoble, at the high-pressure beamline ID27.  The focus of the latter part of 

this section will be on the set up of these two high-pressure stations.  An 

overview of the basics of X-ray diffraction is provided along with a discussion 

of powder diffraction analysis using Le Bail and Rietveld refinement techniques.   
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2.1 Diamond Anvil Cell 

2.1.1 Introduction 

 

The diamond anvil cell (DAC) incorporates two gem-quality diamonds 

encapsulating a reaction chamber where very high pressures, now reaching 300 

GPa, have become routine.  The introduction of the megabar pressure scale 

resulted from the work carried out by Mao et al. and the pioneering work 

regarding cell design and pressure calibration [39, 40].  Work by Ruoff et al. has 

reported studies of metals up to 560 GPa [41], however experiments above 400 

GPa are far less common, and generally not reproduced.  This is generally due to 

the several factors regarding the theoretical and experimental elastic limits of 

diamond and reliable methods of enabling the pressure inside the DAC to be 

correctly estimated.  Bradley et al. have reported the diamond phase of carbon 

stable up to 800 GPa using ramp-wave compression [42].  However, the current 

nominal limit for DAC work is generally accepted to be ~300 GPa although at 

these elevated pressures it is very difficult to measure the DAC pressure.  This is 

because the most popular standard of pressure calibration, the ruby scale, 

discussed in detail later, reaches its limit of precision at ~2-2.5 Mbar and 

therefore other, more demanding techniques for calculating pressure inside the 

DAC are required [43, 44].   

 

 

 

 

 

FIG. 1: A schematic of the diamond 

anvil cell cross section.  Applying an 

even force to the backing plates of the 

diamond anvils translates to a pressure 

being generated in the sample chamber.  

The sample is held in place by the 

metal gasket and the aperture of the 

backing plates allows for access to the 

sample for in situ measurements.   
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A schematic of a DAC is shown in FIG. 1. The reaction chamber is 

enclosed by a gasket and pressed between the culets of two opposing diamonds 

which are attached to a backing plate.  A micro sized sample is inserted into a 

micro-drilled hole in the gasket.  The whole is encapsulated by a cell with two 

parts: in the case of the cylindrical cells this consists of a piston and a cylinder, 

although this is not necessary with all designs of DACs such as the Merrill-

Bassett designs.  Each diamond and its backing plate sits inside either the piston 

or cylinder, which may then be brought together and the cell closed.  Force may 

be applied to the diamonds in the closed cell by a gas or mechanical means.  The 

small area of the culet translates a moderate force into a large amount of pressure 

which is related by the relationship: Pressure = Force / Area.  Dunstan et al. 

provide a full description of the components of the cell and preparation for 

experiments [45-48]. 

The provision of an aperture in the backing plates, and the optical 

transparency of diamond, enables photons to reach and pass through the sample 

and are described later on in detail.  This is enormously advantageous as it 

allows access to the sample in situ and at pressure for probing, laser heating and 

visual observation.  Vibrational spectroscopy such as Raman and infrared may 

be used to investigate the sample [49]; the use of crystallographic analysis using 

X-ray diffraction is also a powerful method for structural studies of systems 

under ultra-high pressures [50, 51]. 

Single-crystal diffraction analysis became possible as a result of the 

studies carried out single crystal experiments on ice VI [52].  Initially, the 

samples compressed and analysed in the DAC were fluids and powders, but 

Merrill and Bassett developed a miniature cell which provided a wider aperture 

for improved 3D resolution for single-crystal diffraction work [53].  

Improvements to the design of the DAC have also led to the standard 

method commonly adopted for high-pressure research. Examples of these are the 

introduction of a metal gasket to surround the sample and prevent it from 

slipping out [54], the advancement of hydrostatic limits and utilisation of the 

ruby scale for calibrating the pressure [55, 56].  
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2.1.2 Different Types of Cells 

 

 

FIG. 2: A photograph of various diamond anvil cell devices used in this work.  (left) 

The cell is referred to as a Mao symmetrical cell which consists of a four-screw piston-

cylinder set-up.  (middle) This cell is of a similar set-up to the Mao cell and is designed 

and built by EasyLab Technologies Ltd, UK.  (right) A membrane cell (EasyLab 

Technologies Ltd, UK) in which pressure is generated by pumping gas in an expandable 

membrane which pushes the piston half of the cell into the cylinder half.   

 

The DACs used in the works presented here are based on the 

symmetrical Mao DAC or a membrane-driven DAC.   Both types of cell consist 

of a piston-cylinder configuration with opposing diamond anvils seated onto 

backing plates with conical apertures.  The method in which these two types of 

DACs generate a force, leading to an increase of pressure inside the sample 

chamber, are based on two different principles.  The Mao cell has a screw driven 

mechanism based on four screws which are arranged in a clockwise and 

anticlockwise manner and as they are tightened the piston and cylinder are 

bought closer together.  The number of turns determine the force generated and 

the resulting increase in pressure.  Using this type of DAC can be difficult in 

reaching pressures greater than 100 GPa since turning the screws the same 

amount with every turn is very difficult.  One method of ensuring an even 

distance between the piston and cylinder is by using a caliper to measure the 

distances at each of the screws as well as the use of a torch wrench.  However, 

even with these precautions it is difficult to achieve a homogeneous force.    

 The membrane cell in addition to having the capabilities of being closed 

using a four screw mechanism, similar to the symmetrical cell described, also 
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has an expandable diaphragm which is attached to the piston half the cell.  This 

can be expanded using an external flow of gas from a control box and pushes the 

piston into the cylinder.  This method of generating pressure provides a more 

controlled approach to achieving the desired pressure point as well as a more 

even force onto the piston.  The advantage of being able to externally control the 

gas pressure flowing into the membrane is that the DAC does not need to be 

moved or repositioned during experiments. This minimises the need for 

realignment or re-calibration and is also fundamental for doing background 

subtractions during XRD, where the DAC must remain stationary throughout the 

whole experiment [57-59]. 

  

2.1.3 Basic Principles and Components of Diamond Anvil Cell   

 

2.1.3.1 Diamond Anvils 

 

Diamond has unique properties in that it is an extremely hard and 

incompressible material and is also transparent and very resistant to chemical 

attack [60].  This makes it ideal for anvils in high-pressure experiments. Single 

crystal, gem quality diamonds are selected with specific properties and are 

characterised by their carat, cut, clarity and colour (the ‘four Cs’).  Its optical 

transparency to a wide range of the electromagnetic spectrum means that 

different types of light may be shone onto the sample during in situ high 

pressure experiments.  This not only provides an in situ analytical approach but 

also allows the use of high power lasers for HPHT research.   

Diamonds are specially selected for their optical properties when used in 

spectroscopic experiments.  When selecting diamonds for Raman spectroscopy 

the requirement is low luminescence of diamonds.  [61].  It is possible to 

measure the Raman to background ratio by comparing the intensity of the 

second order peak of diamond to its relative background (FIG. 3).  This is done 

by measuring the maximum intensity of second order peak and the intensity of 

the background baseline nearby.  Then the diamond is removed and a 

background pattern is taken using the same exposure time.  The wavenumber (x-

axis) of the position of the first two peaks is measured on the background pattern 

and subtracted from the first set of values.   Ratios in the order of 10:1 are ideal 
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for Raman experiments.  Some diamonds measured can have values as high as 

30:1.    

 

 

FIG. 3: The Raman spectra of diamond showing the 1st and 2nd order peaks.  The Raman 

to background ratio is calculated by using the intensity of the 2nd order peaks and 

dividing by the baseline following a background subtraction.   

 

2.1.3.2 Backing Plates 

 

The diamond anvils are mounted and attached onto backing plates, which 

are in turn held in place within the two halves of a DAC.  The backing plate has 

a conical aperture drilled into one side which allows in situ optical access to the 

sample chamber allowing the scattered signal to be recorded.  The half angle of 

the conical opening is the limiting factor in the maximum observable 2θ range.  

For the experiments carried out in this work the backing plates used provided an 

observable 2θ range of 30 degrees.  Developments with the Boehler-Almax 

design of backing plates which have the diamond girdle sitting inside the 

packing plate increasing the conical aperture to 120 degrees [62].  The maximum 

amount of strain experienced within the DACs is in the culets of the diamonds.  

With a fraction of this carried on to the backing plates it is possible to use a 

range of materials made specific to the experiment.  For the experiments 

reported here tungsten carbide and beryllium backing plates were used.  
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Tungsten carbide is ideal for higher pressures and excellent in cleaning up the 

scattering x-rays.  Beryllium is a very light element and is virtually transparent 

to x-rays allowing a wider range of the total scattering angle observed.  When 

using Be backing plates a method of having a tungsten carbide plate on the half 

facing the incident beam was preferred as alignment of the DAC to a 

synchrotron beam was conducted.  FIG. 4 illustrates a number of different 

backing plates used for experiments throughout this thesis.   

 

 

FIG. 4:  An assortment of different backing plates for various types of diamond anvil 

cells.  The bottom row shows the exiting aperture of the backing plates.   

 

2.1.3.3 Gasket 

A drilled gasket is used as a chamber to contain the sample between the 

two opposing anvils (FIG. 5).  This method prevents the sample from being 

squeezed out laterally as the two diamond anvils are brought closer together 

during high-pressure experiments.  In addition, it acts to prevent the anvils 

coming into contact with one another and also allows for the containment of 

different pressure transmitting mediums.  By having a defined chamber, the 

sample can be placed in a desired configuration to allow the PTM to encapsulate 

it and ensure hydrostatic conditions.  During high-pressure experiments gaskets 

are under a great amount of strain and deformation often occurs.  Any structural 

failure of the gasket, or major warping of the drilled hole, could lead to the 

termination of the experiment and damage, if not the destruction, to one or both 

of the diamond anvils.   
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FIG. 5:  An optical micrograph of the sample chamber defined by a drilled metal gasket.  

The image is taken looking through the top diamond and is of the sample chamber in a 

closed DAC.   

A number of different materials have been investigated as gaskets for HP 

experiments.  Low Z compounds such as beryllium can be used as gaskets as 

their transparency for X-rays allows for the co-axial probing of samples.  This 

consists of probing the sample perpendicular to the axis of compression through 

the transparent low Z compound backing plate using a radial diffraction 

technique [63].  The requirement of extreme condition experiments at the limit 

of the DAC has encouraged the development of new gasket materials and 

designs [64-67].  For routine experiments in the high-pressure laboratory 

stainless steel, rhenium or tungsten gaskets are used, mainly because of the their 

low chemical reactivity and high strength.  

All of the experiments presented in this thesis have been carried out 

using rhenium gaskets as this provided an option for investigating a larger 

pressure range as well as the option for laser heating.  The rhenium gaskets are 

pre-indented in the DAC to a thickness of ~30 µm which equates to a pressure of 

20 GPa.  This can be carried either using a trial and error process or by placing 

ruby dust on a culet and taking the DAC up to a pressure of 20 GPa.  The gasket 

is drilled with a diameter relative to the size of diamond culet used.  This was 

usually a hole diameter of 80-100 µm for 300 µm culet size with the hole size 

nominally a third of the size of the culet diameter.  The drilling is carried out 
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using a spark eroder which uses a electric discharge to produce a spark which 

melts through the conducting metal [68].  A more recent method for drilling has 

been using a constant pulsed laser which can provide a more accurate approach 

for making holes only a few microns in diameter.    

2.1.4 Glove Box Loadings 

 

 

FIG. 6: A photograph of a glove box at UCL, designed and modified specifically for 

diamond anvil cell loadings.   

 

Due to the nature of the very small sample sizes (~50x50x10 µm) involved in 

DAC work traces of any contamination or oxidation would have a significant 

effect on the experiments and results.  In the systems examined in this work all 

the loadings have been carried out in a clean, inert environment to safeguard the 

quality of work.  This has mostly consisted of using a specially setup glove box 

designed for such types of loadings, as well as some work being carried out in a 

glove bag.  Exceptions to glove box loadings have been when using gas PTMs 

which have to be cryogenically loaded, a procedure which is not possible in a 

glove box. The standard conditions required in a general-purpose glove box are 

usually to have both the water and oxygen content lower than 1 ppm.  The 
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presence of water contamination can be magnified when using crystallographic 

probe techniques, especially when working with a X-ray beam size greater than 

10x10 µm.  A smaller beam size would allow the user to map the sample and 

potentially identify a pure region of sample.  

 Glove box loadings are, however, generally difficult and extremely 

challenging for DAC work.  The confinement of the rubber gloves of the box 

can affect manual dexterity and the effects of static build up make moving very 

small fragments of sample very difficult.  The glove box itself has to be 

modified to accommodate the use of DAC work.  These amendments must 

include the incorporation of a microscope, appropriate for DAC loadings, and 

adequate lighting with both transmission and reflective optical paths.   

Before loading, the sample can be compressed between two tungsten 

carbide cubes or another DAC and then picked apart and loaded with the PTM.  

When the loading is finished the top half of the cell can be brought out of the 

glove box and cleaned thoroughly before closing the DAC and screwing the cell 

tight enough to ensure it is closed but still at low pressure.   

All samples taken into the glove box should be dry and under vacuum. 

The following precautions should also be taken to minimise the contamination of 

the sample and glove box: 

• Use spectroscopic grade materials, packed under argon.   

• Open chemicals only in the glove box with seal intact.   

• Store salts for PTM in a glove box. 

In addition, salts should not be taken from a laboratory environment into the 

glove box even after a length of time in an oven.  This is crucial when using 

amorphous reactants or for melt experiments as any presence of water would be 

deleterious.   

 

2.1.5 Pressure Transmitting Medium 

 

The pressure transmitting medium (PTM) is a substance that is packed 

around the sample in the DAC and is there to homogenise the stresses and 

strains acting upon the sample whilst under a mechanical force. A truly 

hydrostatic environment would consist of having the sample enclosed by a 

pressure transmitting medium which would be fluid and therefore not support 
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any shear.  However, unless the experimental pressure is below the hydrostatic 

limit of the PTM, the PTM will solidify.  The choice of PTM with low shear 

strength can support a more homogeneous environment around the sample.  This 

can minimise the effects of deviatoric and uniaxial stress, both of which have 

been reported extensively relative to high-pressure research [69, 70].  The 

presence of these stresses can affect the shape of the Debye-Scherrer rings which 

can make solving the crystal structure difficult if not impossible.  

 Specifically in the case of using powdered samples, a truly hydrostatic 

environment is difficult as it is the grain-grain contacts within the solid material 

that dictate the stresses seen in the analytical results [71].  These non-hydrostatic 

effects can be seen as peak broadening and asymmetrical contribution in 

diffraction (FIG. 7) and spectroscopy data [72].  Additional effects can be seen 

in a lowering of the transition pressure for phase transitions [73].  However, the 

contact between the grains of a powder sample can be very important when 

attempting synthesis inside the DAC.  These points can act as nucleation sites 

during a reaction and may be very beneficial for carrying out HP chemistry.  

Therefore the presence of a PTM for carrying out synthesis in a DAC would 

probably only act as a thermal insulator during LH.  For attempting to calculate 

mechanical properties or an EOS, it is important to have hydrostatic conditions 

not only around the sample but also around any pressure markers to improve the 

precision of the experiment 

 

Medium Hydrostatic limit (GPa) (Approx) 

Helium 12. 1 

4:1 Methanol–ethanol 9.8 

Neon 4.8 

Nitrogen 3 

Argon 1.9 

TABLE 1: The approximate hydrostatic limit of various PTMs as given by Angel et al. 

[74] and Klotz et al. [75].   

 

It is therefore vital to select the correct PTM for the experiment [76].  

Importantly for the work reported here, in particular concerning light elemental 

systems, the atomic number of the PTM plays a decisive role in the choice of 



 39 

PTM.  The weakly X-ray scattering C-N-H systems are easily dominated by the 

presence of any heavier system, such as a PTM, and the choice of PTM has been 

based on its mass rather than its “hydrostatic effect”.  An additional function of 

the PTM is to provide thermal insulation to the diamond windows during laser 

heating experiments.  As diamond is such an excellent thermal conductor, the 

sample must not be in contact with the diamond during the LH runs in order to 

keep the hot spot localised on the sample and not dissipate through to the 

diamonds, risking the experiment.   

The most important PTMs for glove box loadings are soft solid media 

such as the Group I halides, e.g. NaCl and CsI.  Although these are solids, and 

therefore do not provide a true hydrostatic environment, they are considerably 

softer than many minerals and ceramics and can therefore be useful [77].  For 

loading in an inert environment the salts are purchased as spectroscopic grade 

quality and are only ever opened in the glove box to prevent any contamination 

with water. 

 

 
FIG. 7: A comparison of two XRD patterns taken of Ti2.85O4N both at 7 GPa.  (1) The 

pattern is of just the sample with no PTM.  The main peak at 5.35 degrees is broader 

then that seen in pattern 2.  Also the shoulder at 5.24 degrees seen in pattern 2 is not 

clearly visible in the non-hydrostatic pattern (1). 

 

The use of solid PTM materials is ideal in glove box loadings and also 

makes them an excellent candidate for LH experiments.  In particular, sodium 

chloride and lithium fluoride were used when opting for a solid PTM.  NaCl has 

been well tested for LH-DAC experiments, but it has strong diffraction lines that 
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can mask key reflections of the desired system. The situation is further 

complicated by the B1-B2 transition that occurs at P~27 GPa but with 

considerable hysteresis during decompression [78].  LiF is less well established 

as a PTM for LH-DAC synthesis studies; however, we found it performed well 

during the C2N3H experiments and its use enabled us to complete the set of 

diffraction data unobservable using NaCl.  It is considerably lighter than NaCl 

and remains as a single phase up to 100 GPa [79].  
 

 

 

FIG. 8:  A schematic illustrating the setup for cryogenically loading a PTM into a DAC.  

The sample is first compressed in either another DAC or using tungsten carbide blocks, 

to ensure a compact load.  It is then mounted on a tripod of ruby dust, with attention 

paid to making sure the sample is elevated above the diamond culet.  Ruby is placed in a 

similar formation on the opposing diamond and the cell is closed as usual except for a 

small gap of a few microns between the top diamond and the sides of the gasket wall.  

The placement of ruby is to prevent any contact between the sample and either one of 

the diamond culets.  The flow of PTM into the sample chamber must be smooth enough 

to prevent washing away the sample on its mount.   

 

Other PTMs include cryogenically-cooled gases such as nitrogen, argon 

and neon.  The sample preparation for this type of loading is slightly different 

from using salt PTMs since the sample has to be elevated above the diamonds 

for the condensed liquid medium to be able to flow under and around the 

sample. This improves the overall contact of the PTM with the sample and 

isolates the sample from the diamonds for LH experiments. Ruby is usually used 

at UCL for elevating the sample above the diamond culets although other 
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materials are available.  To load the PTM, the cell is placed in a polystyrene box 

igloo and the gaseous PTM is pumped through a reservoir of liquid nitrogen and 

condensed onto the DAC.  This method allows clean PTM to be loaded, 

minimising the presence of water, as well as bringing the DAC to thermal 

equilibrium as the cryogenically cooled gas slowly fills the polystyrene box in 

which the DAC rests.  Once the DAC is submerged in liquid PTM the cell is left 

for about 15 minutes and then closed with the PTM trapped in the sample 

chamber. It is important at this stage to close the cell tight enough to ensure the 

PTM does not leak out of the DAC but also it is imperative not to close the DAC 

too tightly and risk a large jump in pressure or damage to the diamonds.  This 

method also enables the loadings of active PTMs which act as reactants as in the 

synthesis of γ-Si3N4 at high pressures from Si and N2 PTM [80].   

 

 

2.1.6 Gas Loading System  

 

During the first year of my PhD, I carried out research on using carbon 

dioxide as a reactant to explore the synthesis of new materials [81-84].  The 

vapour pressure of CO2 is above room pressure and to liquidify its triple point 

occurs at a pressure of 5.2 atm and at 216.6K (-56.4oC).  Therefore, a gas 

pressure vessel was designed and built at UCL for these purposes, to allow 

different gases to be pumped into a chamber at pressure, and cooled whilst being 

able to shut the DAC closed inside (FIG. 9).  

The gas loading system consists of a stainless steel vessel of 16–20 mm 

walls with a two valve neck and a lid with a 20 mm thick window.  An inlet 

valve is inside the vessel which allows a membrane DAC to be attached and 

closed from the outside using a valve outside the vessel to which a gas regulator 

may be attached.  The membrane cell is prepared in the usual manner but left 

slightly open when placed in the vessel.  A gap of 5 to 30 µm is left between the 

two diamond culets to enable the condensation of the gas to flow into the sample 

chamber.  Once the vessel has been filled with the liquid medium, a gas 

regulator used to pump helium into the membrane of the cell, forcing the 

membrane to shut the DAC and isolating the sample. 
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FIG. 9: A series of schematics illustrating the development of the gas loading system 

and a photograph (right) showing the final constructed device.    

 

During my work I have also cryogenically loaded CO2 along with 

different minerals where the CO2 acts as both the thermal insulator and a reactant 

as part of the synthesis.  The gas loading system was used at UCL and the ESRF 

in attempts to study and synthesis novel CO2 phases and metal carbonates.  Some 

new results obtained are now being analysed and are not reported in this thesis. 

 

 

2.1.7 In situ Determination of Pressure in a Diamond Anvil Cell 

 

2.1.7.1 The Ruby Scale 

 

The use of ruby fluorescence is a precise and relatively simple method 

for making in situ pressure measurements in the DAC [55, 85].  A fluorescence 

system is used to measure the shift in wavelength of the sharp-line (R-line) 

luminescence of ruby grains (Cr3+:Al2O3) which are loaded into the sample 

chamber of the DAC (FIG. 10).  The first use of a ruby fluorescence system for 

measuring pressure within a DAC was described by Barnett et al. [86]. At UCL, 

the Raman system is used to measure the ruby fluorescence; its micro-focussing 

capabilities permit the use of very small ruby fragments (~1 µm). In contrast, 

large-scale facilities such as synchrotron sources often do not provide users with 

a micro-focusing fluorescence system and so larger grains of ruby are required. 

This can lead to extreme fluorescence which floods the Raman signal; 

additionally, greater amounts of ruby can contaminate XRD patterns.   
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FIG. 10:  Emission spectrum from the fluorescence of ruby packed in NaCl.  Pattern A 

is at 5 GPa, Pattern B at 16 GPa and Pattern C is at 36 GPa.  The loss of hydrostatic 

conditions can be observed from the general broadening and merging of the doublet 

peaks as seen in the progression from A to C.   

 

The ambient emission spectrum of ruby consists of a doublet line, R1 and 

R2, which are due to an electronic transition.  The wavelength of the ruby R1 line 

has been shown to increase linearly as a function of pressure up to 29.1 GPa 

[56].  The ruby scale versus pressure was originally calibrated using the Decker 

equation of state of NaCl [87, 88] and has since then been revised a number of 

times to ever increasing pressures  [89, 90].  Bell and Mao first reached the one 

Mega-bar benchmark [91] using ruby as an internal calibration and subsequently 

other authors have reached even higher pressures [92].  In addition to pressure 

measurements the full width at half maximum (FWHM) and the separation 

between the R1 and R2 lines are sensitive indicators of hydrostatic conditions in 

the sample chamber (FIG. 10). 
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2.1.7.2 Other Pressure Calibrants 

 

An earlier method of pressure determination, and one that is still in use 

now, are sensors such as NaCl, CsCl and Au inside the sample chamber.  By 

using X-ray diffraction the EOS of the sensor can be applied to determine the 

pressure in the sample chamber, or at least the pressure felt by the environment 

of the sensor [93-97].  For infrared spectroscopy different pressure sensors can 

be used in the form of ionic molecular salts such as NaNO3, MgCO3, BaSO4 [98-

100].   

 

2.1.8  Laser and Resistive Heating in the Diamond Anvil Cell 

 

2.1.8.1 Laser Heating in the Diamond Anvil Cell 

 

The application of LH in the DAC was been well demonstrated [101-

103] and provides an excellent approach for the synthesis and exploration of 

solid-state systems over a very wide range of pressure and temperature.  The 

high transparency of diamonds for IR and near IR radiation allows in situ 

heating of samples inside the DAC.  The heating is carried out by the absorption 

of focused intense radiation by the sample.  The heat generated occurs via 

several processes, such as charge transfer or light scattering mechanisms, 

allowing temperatures up to 6000 K to be generated.   Currently, there are two 

common types of lasers used in high-pressure for LH in high-pressure research 

and which are used throughout the work reported here.   The first of these are 

continuous-wave solid state lasers which are targeted at semiconductors and 

metals [104] and have a power source of wavelength λ = 1.064 µm.  These near 

IR lasers are either Nd:YAG (yttrium-aluminum-garnet) or the more recently 

Nd:YLF (yttrium-lithium-fluoride) and they are available at a number of high-

pressure beamlines at various synchrotrons sources as well as in the laboratory 

[105-109].  The absorption of these lasers by materials with the appropriate band 

gap is generally weak and a very tight focus of the light is required.  This often 

leads to a very small laser spot with minimal penetration of the material, 

resulting in extremely large temperature gradients across the sample chamber.   
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These effects may be minimised with the employment of multimode lasers, 

double-sided laser heating etc. which allow the temperature to be homogeneous 

through the depth of the sample [105, 110]  Another method of delocalising the 

heat and improving the temperature gradient is by soft focusing the laser spot 

prior to an increase in laser power.   This consists of getting the sample to couple 

with the laser spot and then defocusing the spot as the power of the laser is 

increased accordingly whilst maintaining the coupling mechanism.    

An alternative to solid-state lasers is the CO2 laser [111] (wavelength λ= 

10.6 µm), used particularly for heating minerals and oxides and organic 

materials [80].  These compounds are highly absorbent at the larger emission 

wavelengths of the CO2 gas laser.  The absorption by SiO2 of this wavelength of 

light makes glass objectives unusable and the laser is focused with a ZnSe lens 

[112].  In contrast to the use of solid-state lasers, the CO2 laser heating technique 

provides a greater penetration depth, often greater than the sample thickness and 

thus removing the need for double-sided focusing.  In addition, the focal size of 

the laser spot can measure up to ~50 µm in diameter and thus making steering 

and focusing much easier than the previously described near-IR source.  At UCL 

we have a 50 W and a 150 W CO2 laser (Synrad®) available and both were used 

in the work reported here.  The lower-powered, smaller laser was used for 

annealing samples at pressure whilst the 150 W laser was predominantly used 

for synthesis.  For LH with the membrane DAC a copper cooling jacket (FIG. 

11) was designed and built to minimise heat transfer to and expansion of the 

membrane.  

 

FIG. 11: A schematic of a copper cooling jacket designed and made at UCL, for 

attaching to both a membrane DAC for laser heating and also to the M7G cell for 

resistive heating.   
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2.1.8.2 Resistive Heating and the M7G Cell 

 

A second common heating technique for inside the diamond anvil cell is 

the use of resistive heating. The range of temperature attainable with this 

technique is wide, from just above room temperature to 3000 K, as reported by 

Zha and Bassett [113].  An advantage of using resistive heating over the use of 

lasers is that heating is generally more homogeneous and temperatures can be 

held constant with greater stability [114].  In addition, a much simpler laboratory 

set up is required compared to laser heating.    

The resistive heating cell available at UCL is the M7G 

(Diacell®HeliosDAC), which is a stainless steel membrane DAC with an 

internal ceramic heater capable of achieving up to 800 K at pressure.  Initial 

resistive heating cells consisted of wires wound around the backing plates 

through which a current was passed, generating heat [115, 116]. The set up of 

the M7G consists of a ceramic heater in which the metal gasket sits in and it is 

through this contact that the heat is transferred to the sample chamber. The 

gasket performs a two-fold role, initially holding the sample in place between 

the opposing anvils and acting as an ohmic heating element [117].  The compact 

internal resistive heater is connected to a power supply with which the amount of 

current allowed to pass through the heater is controlled.  The cell is purged 

during the heating procedure with a reducing mixture of gas of 98-2 % Ar-H 

respectively, to minimise oxidation of the internal components of the cell.   The 

pressure of the DAC is adjusted using a gas-driven membrane.   

During part of my PhD the M7G cell was used for HPHT studies in 

conjunction with synchrotron radiation techniques (FIG. 12).  This technique 

was carried out to study the PT phase diagram of bismuth stanate (Sn) and 

hafnium (Hf) pyrochlores and was carried out in collaboration with Andrew 

Hector from Southampton University.  The X-ray diffraction patterns were 

collected at I15 (Diamond) with the temperature fixed at 500 K and the pressure 

range of 0 to 40 GPa was scanned.  Although the design of this cell consists of 

an internal heater, the heat generated can dissipate throughout the cell and the 

external part of DAC can equal that of the heater.  As a result, the DAC had to 

be mounted on a specially-designed mount that consisted of a ceramic stage and 

cooling jacket to minimise heat transferal to the diffractometer.  This jacket was 

designed by the design engineer James Percival (UCL) and myself and was built 
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at UCL (FIG. 11).  It is attachable to all the membrane cells at UCL and 

provided an excellent method to minimize the heating up of the various DACs 

during LH.  However the temperatures of the outside of the DAC still reached 

above 70 °C making the cell too hot to handle.  As a result the membrane used 

for the DAC was calibrated previously in the laboratory using the same samples 

and at both ambient temperature and 500 K (FIG. 13).  This method of 

calibrating the membrane pressure with the internal DAC pressure has been 

shown to be reliable for examining amorphous systems [16, 118] as well as at 

synchrotron stations where removing the cell from the diffractometer and 

checking the pressure can be too time consuming. 

 

 

FIG. 12: A M7G resistive heating cell, fully assembled and mounted on the 

diffractometer at I15, Diamond.   
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FIG. 13: A plot of the internal pressure of different membranes (bar) versus the pressure 

in side the sample chamber (GPa).  This data represents measurements at ambient 

conditions.  The red circles represent a Diacell®RamanDAC, whilst the black squares 

represent a Diacell®X-raydiffractionDAC.  The difference in their calibration at lower 

pressures is due to varying stiffness in the action of their piston-cylinder fitting.    
 

 

 

2.2 Raman Spectroscopy 

The use of vibrational spectroscopy allows the probing of samples inside 

the DAC and provides valuable information about the bonding and structure of 

the systems under observation.  The vibrational techniques available at UCL are 

Infrared and Raman spectroscopy.  Although these techniques are 

complementary to one another they differ in mechanism.  The Raman effect, 

which is observed when shining light on a molecule, arises from a scattering 

phenomenon, whilst the IR method results from an absorption effect.  The focus 

of this section will be solely on the Raman effect and optical set-up for high-

pressure studies at UCL [119].   

 The Raman effect is named after, and honours, the work carried out by 

C. V. Raman [120-122].  It describes the inelastic scattering of an incident 
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photon by a sample, which results in a frequency shift of the scattered photon.  

When using monochromatic light on a clear sample, whether gas, liquid or solid, 

most of the incident light will pass through the sample or be elastically scattered 

(Rayleigh scattering).  A small number of photons will, however, be scattered 

inelastically, resulting in a shift in frequency to that of the incident light. 

Therefore, when a monochromatic light is shone on a sample, the spectrum 

collected will consist of the Rayleigh scattered laser line at 0 cm-1, and of shifted 

frequencies equally distanced either side. Those shifted towards positive 

frequencies are nominally weaker in intensity than those towards the negative.   

The shifts observed in the spectrum are referred to as Raman frequencies and are 

usually very weak and have an intensity10-6 or less of that of the incident beam.  

They are independent of the wavelength of the incident photon and unique to the 

scattering sample [123].  

 Using classical mechanics, the Raman effect can be described as the 

interaction of the electric field of an incident photon with the electron cloud of 

an atom resulting in a temporary dipole moment.  This induced polarisation P of 

the sample by the electric field E of the photon is related by a polarisability 

tensor, α and can be rewritten as:                

P = α  • E 

 The same phenomenon can be described using a quantum mechanical 

argument.  The model now is of the perturbation of the wave-functions of the 

scattering molecule by the electric field of the incident light.  The induced 

transition moment is expressed as the induced electric moment matrix element 

Pmn, describing a transition between the initial state (n) and a final state (m).  

This is given as: 

 

Pmn = ∫ ψm*Pψn dτ 

where P is the induced dipole moment and the ψm and ψn are the time 

independent wave-functions of the initial and final vibrational states.  All 

components are  integrated over the full range of coordinates.  It is (Pmn)2 that 

determines the intensity of the scattering light which is involved in causing a 

transition between an initial and final state (n  m).  The scattering radiation 

can also be defined as the incident radiation v0 + vnm.   When m = n and vnm = 0 

then the state of the scattering atom remains unchanged and the incident 

radiation has been elastically scattered.  When m ≠ n and vnm ≠ 0 then there has 
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been a change of state regarding the scattering molecule and therefore a Raman 

frequency (FIG. 14). The energy difference between vibrational eigenstates is 

given as: 

                                                        vnm = (En – Em) / h 

 

where h is Planck’s constant.  When the transition is to a lower energy state (m 

 n) then vnm is positive and is called an anti-Stokes Raman line.  When the 

transition is from a lower state to a higher one (n  m) then the vnm is negative 

and this is a Stokes Raman line.  The transition process is described by the 

presence of a virtual state, virtual as no energy change occurs and the photon is 

not absorbed.  The Stokes Raman line has a lower frequency and therefore a 

longer wavelength.  This also explains the reason that the Stokes Raman line is 

more dominant than the counterpart anti-Stokes line at room temperature, as its 

ground state will be more populated than any of the excited states.    

 

 

 

FIG. 14: Schematic of elastic light scattering (Rayleigh) and the excitation of a Stokes 

and Anti-Stokes Raman line from inelastic scattering.   
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2.2.1 The High-Pressure Optical Bench at University College London.   

 

The Raman effect occurs during inelastic scattering of light by molecular 

systems.  At UCL we have a home-built Raman system designed and built by 

Emmanuel Soignard and Paul F. McMillan.  It uses laser excitation sources and 

is based on a supernotch filter system which is specifically designed for weakly 

scattering systems and DAC work [124]. The advantage of an excitation source 

is that it generates only a single exciting line which is highly monochromatic.  

There are two lasers, each operating at different excitations, allowing alternative 

lines to be used to avoid fluorescence in the sample.  The two laser lines we 

select are the 514.5 nm line of the Ar ion laser and the 633 nm line of a HeNe 

laser.  The Ar ion laser is a 50 mW Laser Physics® Reliant 150M and the HeNe 

is by Melles Griot®, providing 35 mW at 633 nm.  The Ar ion laser has an 

adjustable power output and is normally set at a low value to minimise 

luminescence.  The HeNe laser has a fixed power source and its intensity is 

adjusted using neutral density filters along the optical path.  The light produced 

by both lasers is plane polarised. 

 

 

FIG. 15: A Raman spectrum of silicon is shown with the first order peak at 520.5 cm-1 

and the second order peak at 980 cm-1.  A 1200 cm-1 grating was used and the cut off 

point at 80 cm-1 is as low as the notch filters system permits.   
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The Ar ion laser emits a number of laser lines at different wavelengths, 

of which we select one of the more intense lines, the 514.5 nm.  This is done 

using a Kaiser transmission grating which is made up of a holographic grating 

mounted between two prisms.  The required laser line is reflected off at right 

angles to the source and the remaining lines are discontinued using a beam dump 

or a shield.  The height of the shutter for the Ar ion laser is used as a reference 

plane at which the DAC and the optics are leveled.  The HeNe laser produces 

only one laser line (633 nm) and has no need for a Kaiser grating but does 

have a two mirror tower to allow the laser line to be bought parallel with the rest 

of the optical path.  Both lasers rely on a series of Si coated mirrors to travel 

around the optical table.  However, both lasers cannot be used simultaneously on 

the table as each one requires its own specific notch filter.  A notch filter 

(Kaiser® SuperNotch-Plus™ holographic filter) consists of near parallel fringes 

which reflect incident light of a narrow bandwidth and allows all other 

wavelengths of light to pass through [125, 126].  This enables the first notch on 

the optical path to act as a mirror to the desired laser line, reflecting the incident 

radiation into the objective (Mitutoyo®, SL10-20-50, all with numerical 

aperature of 0.48).  The collimated radiation is focused by the objective onto the 

sample and the scattered light is collected by the same objective, re-collimated 

and sent back down the optical path towards the notch filter (a back-scattering 

geometry).  The notch filter reflects the laser line and permits only Raman 

scattered light through, preventing the laser line saturating the spectrometer.  A 

second notch filter further down the optical path minimises any remaining 

Rayleigh scattering, which is particularly important when observing weakly 

scattering samples [127].    

Each notch filter is unique and has an optimum angle of incidence to the 

incoming light, which is specified by the manufacture.  This angle is usually 

between 4 – 8 degrees and must be positioned correctly in the optical path to 

have maximum efficiency.  An effective method of identifying the best position 

for the notch filter is to place it into the path of the beam and then shine white 

light down the optical path through the filter whilst rotating the filter [128].  At 

the optimum angle, the filter will maximise the reflection of the laser line, 

minimising the amount of Rayleigh scattering entering the spectrometer (FIG. 

16).  



 53 

 

 FIG. 16: A schematic of the laser line and the regions of interest regarding the use of 

two notch filters.  The laser line is positioned at zero wavenumbers whilst the notch 

filters are positioned either side.  By rotating the notch filters they can be placed on top 

of the laser line, removing any Rayleigh scattering from entering the spectrometer.   

 

 Prior to the availability of notch filters the main approach was to design 

and use complex multi-element spectrometers and spectrographs which consist 

of a series of double of triple diffraction gratings.  This method allows the 

excitation wavelength to be rejected and the spectrally shifted Raman-scattered 

light to pass. An advantage of this system over the notch filter set-up is that 

although the latter provides a more intense Raman scattered signal, it is not 

possible to record spectra below ~100 cm-1.  A double or triple subtractive 

system allows Raman scattering intensities to be recorded to ~2-3 cm-1 either 

side of the laser line at zero.  Although the overall signal recorded is weaker (30 

%) than using a notch filter approach, it does allow low Raman frequencies to be 

observed, crucial for studying amorphous systems.   

A number of additional procedures are carried out to clean up the Raman 

signal and minimise any loss in intensities [129].  The desired laser line prior, to 

reaching the notch filter, is passed through a plasma filter, which eliminates 

discrete plasma lines present in the Raman spectra.  Once the Raman signal has 

passed through the first notch filter it is passed through a confocal spatial filter 

which consists of a lens and a variable aperture.  The data window is defined by 

the aperture and can be adjusted to limit the amount of light around the region of 

interest, thus reducing background contributions from the diamond anvils.  A 

second lens brings the signal back to parallel and on the optical path.  After this, 
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the signal passes through the second notch filter before being focused by an 

achromatic doublet lens onto the diffraction grating inside the spectrometer.  The 

spectrometer (Acton Research SpectraPro® 500i spectrometer) has a turret of 

three diffraction gratings on a rotatable stage.  These are 600, 1200 and 2400 

lines/cm giving a spectral range of 2500, 1400 and 800 cm-1 respectively.  Each 

grating is calibrated using a mercury source and is selected according to desired 

spectral resolution (3, 1 and 0.5 cm-1) and frequency range. The spectrometer is 

attached to a liquid nitrogen cooled silicon CCD detector (Princeton Instruments 

Spec10:100B). 

In addition to the Raman spectroscopy set-up on the optical table (FIG. 

17) there are also two larger lasers available.  These are the CO2 gas and the 

solid-state Nd:YAG lasers which are used for heating.  Each is aligned using a 

visible diode (635 nm) that is matched with the optical path of the laser.  The 

diode of the CO2 laser can be used to align both of the excitation sources.  The 

514.5 nm notch filter allows the diode from the CO2 laser to follow the length of 

the optical path to the spectrometer and on to the CCD detector slits.  Having 

aligned this visible source, irises are placed to define the optical path before the 

first notch filter.  The excitation sources are then moved to match the positions 

of the irises.  This provides a cursory method of alignment but does allow the 

Raman signal to be observed using the detector, from which a much finer 

alignment of the optical set-up can be carried out.  For the solid-state laser, a 

prism is positioned by its shutter, splitting the near-IR beam as well as its visible 

diode.  This provides a double-sided focusing onto the DAC and is positioned 

using Mitutoyo objectives either side.   
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FIG. 17: A photograph of the optical bench used for Raman spectroscopy at UCL.  The 

overlaid schematic highlights the optical paths of the various laser available on the 

system.  The CO2 and Nd:YAG lasers are positioned at the top half of the table.  Both 

the excitiation lasers, the Ar ion and HeNe are set-up with a back scattering geometry 

using a notch filter which also discriminates against any Rayleigh scattering travel to 

the spectrometer.   
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2.3 X-ray Diffraction  

 

X-ray diffraction is a well-understood analytical technique that has its 

origins in the work of M. von Laue and W. and L. Bragg in the early part of the 

20th century [130-133]. It is based on the interaction of X-rays with the ordered 

array of atoms in a crystal, resulting in a characteristic diffraction pattern and 

enabling the calculation of crystallographic data such as the size and shape of the 

unit cell and the arrangement of the atoms within it [134-136]. This may then be 

used to identify phases and phase transitions and to recognise new materials in 

order to characterise systems on an atomic level. For the research presented here, 

it allows this information to be gathered from a sample within the DAC in situ at 

pressure.  This chapter outlines the principles of this analytical method as it is 

relevant to this research, but it is thoroughly described elsewhere, such as the 

seminal papers by Rietveld [137], Le Bail et al. [138] and Pawley [139, 140].  

 

2.3.1 Basic Theory 

 

When an X-ray travels through a substance, it may interact with the 

atoms within it by being either absorbed or scattered.  Scattering is a 

phenomenon whereby the path of the incident photon is deflected from its initial 

path; two types of this occur: coherent and incoherent scattering.  Elastic 

scattering is when the photon from the incident beam has the same energy as the 

photon from the scattered beam.  There is no change in energy during the 

scattering process and hence it is considered as an elastic process.  The second 

process is incoherent scattering, also known as Compton scattering.  This is an 

inelastic process where the scattered photon has a different energy and hence 

wavelength to that of the incident photon because of an energy loss during the 

collision with an electron core [141].  

When the wavelength of the X-rays is similar in magnitude to the 

distance between the atoms against which they are incident, diffraction is 

possible.  This occurs when there is constructive interference of the scattered 

incident radiation.   Collection of these scattered photons produces a diffraction 

pattern which may be analysed by different methods to give information about 

the scattering atom.  The explanation of diffraction given in this work is focused 
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on coherent scattering, as it is the main contributor to diffraction; it will be 

placed in the context of the investigation of solid sate systems using powder 

diffraction. 

 

2.3.2 Diffraction by Crystals 

 

The definition of a crystal can be given as a solid with a periodic 

repetition of atoms, ions or molecules in a three-dimensional arrangement.  This 

periodicity of the crystal is better understood as a lattice and the repeating motif 

of the crystals is referred to as a unit cell.  In theory the lattice is regarded as 

infinite.  The distances and the bond angles between the constituent parts are 

fixed and there is long range order through the lattice.  The dimensions of the 

unit cell are defined by vectors a, b, c and by the inter-vectors α , β, γ.  Having 

defined the crystallographic dimensions of the unit cell, the atoms can be 

described as sitting in parametral planes.  These crystallographic planes are 

described by the scalar terms h, k, l which are referred to as Miller indices.  FIG. 

18 illustrates how X-rays when exposed at a crystal can undergo constructive 

coherent scattering from the atoms on these parametral planes, giving rise to 

diffraction.  This is in accordance to the Bragg expression [142] for diffraction 

and describes the relationship between the diffraction angle (Braggs angle), the 

wavelength of the incident beam and the interlayer spacing between the different 

planes (Eq.  2).  

 
 

FIG. 18: A geometrical representation of Bragg’s law.   
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The incident wavefront of the X-ray begins at point AD on FIG. 18 and 

travels towards the parametral planes.  Once the X-ray has been scattered by the 

atoms in the different planes it now travels at a different trajectory, defined by θ, 

and becomes a reflected wavefront.  Now the incident path of AB and DF which 

are reflected to the paths BC and GH respectively by an angle θ have travelled 

different distances as a result.  This path difference (δ) explains the interference 

effects between reflected wavefronts and is described as:  

Eq.  1: 

δ = EF + FG = dsin θ + dsin θ = 2dsin θ 

 

Constructive interference is at its maximum when the path difference between 

the reflected wavefronts is at an integer of the wavelength of radiation.  This is 

known as Bragg’s law: 

Eq.  2: 

nλ = 2dhkl sinθhkl 

 

where λ is the wavelength of the X-ray, dhkl is the spacing of the planes and θhkl 

is half the total scattering angle, 2θ.  The constructive interference of the 

scattered wavefronts lead to a diffraction pattern by the sample.  This is in the 

form of diffraction rings, which are concentric with the primary beam and at 

specific values of 2θ satisfying Bragg’s law.  This can then be analysed to 

determine the structure of the crystal. 

 

2.3.3 Crystallographic Data Collection and Analysis of Powdered Samples 

 

The preparation process for XRD experiments using the DAC must be 

carried out with vigilance and great care to ensure the highest quality data 

possible.  As mentioned earlier the selection of an appropriate PTM is vital to 

permit the observation of the diffraction peaks belonging to the sample.  It is 

also essential to ensure no contaminants are introduced to the DAC as this may 

affect the analysis of the XRD data collected.  There are several factors to be 

taken into account when preparing samples. Powdered samples should be finely 

ground and homogeneous in size to minimise graininess and avoid unwanted 
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diffraction spots which are difficult to correct after exposure.  Sample thickness 

must also be considered when looking at light elemental systems as this affects 

the relative intensities of the pattern.   

 Before collecting XRD data on a synchrotron beamline, it is important to 

select the correct sample to detector distance suitable for the experiment and to 

the 2θ scale as dictated by the conical aperture of the backing plates (FIG. 19).  

The distance chosen is required to allow the full scattering range to be observed.  

For the separation of diffraction rings at higher d-spacings it is possible to 

shorten the sample to detector distance allowing a more detailed examination of 

small angle scattering.  The sample to detector distance is accurately determined 

using normally a silicon standard with which a data analysis program is used to 

calculate the various parameters of the instrumentation.  Fit2D was used for this 

purpose in all the data collection and analysis in this report.   

 

 
 

FIG. 19: A schematic of the DAC and the total scattering angle (2θ) range permitted by 

the conical aperture of the exiting backing plate.  The collected image by detector is of 

Debye-Scherrer diffraction rings for the sample under observation.   

 

 The use of a crystalline standard such as silicon also serves an important 

purpose for during the refinement process.  HP crystallographic data can be 

relatively low in quality and which contributes to additional difficulties during 

the refinement process and refining various parameters.  Therefore the silicon 

standard can be used to determine all the instrumental variables which then act 

as the default values during refinement.  

The use of powdered samples can lead to preferred orientation of the 

crystallite material which can cause systematic distortions of the reflection 

intensities.  To minimise preferred orientation, the stage on which the DAC is 

mounted on can be rotated +/- a few degrees (the maximum amount without 
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clipping the gasket) around the centre of rotation during data collection to 

improve the statistics.  However, any distortions that might arise can be 

mathematically modelled and corrected by applying ‘preferred orientation 

functions’ [143] using various refinement packages. 

Scattering is dependent on atomic number and so exposure times must be 

assessed for each sample, for example weakly scattering samples obviously 

require longer exposure times.   However, exposures that run for too long may 

saturate the detector, produce overexposed diffraction spots and be an inefficient 

use of synchrotron time.  This latter problem is now minimised due to the 

extremely high flux and CCD detectors available as standard in third generation 

synchrotron sources such as the ESRF.  In addition, it is better to accumulate a 

number of XRD patterns over a shorter range of time then to have one long 

exposure as it provides a better noise to signal ratio.   

Once the XRD patterns have been assimilated the software Fit2D is used 

to convert the two-dimensional Debye-Scherrer diffraction rings into a one-

dimensional projection.  This is the format in which powder diffraction data are 

analysed in and describes the position of the Bragg peaks as a function of 

intensity.   

 

 

 

2.3.4 Background 

 

In the case of the weakly scattering systems such as those presented in 

this work, the background or baseline of the XRD pattern is often curved or 

hump-like (FIG. 20).  This is due to the ~4 mm of diamond the beam must travel 

through to reach the detector.  Nearly all the scattering actually comes from the 

exiting diamond anvil as any contribution from the top diamond anvil is blocked 

by the cell and the exiting backing plate. The presence of the background 

becomes more dominant the weaker the scattering of the system under 

observation.  It may also be noted that the presence of the broad background 

increases with pressure.  This is due to the sample thinning out during 

compression and contributing less to the scattered X-ray pattern. The 

background from the diamond anvils may be subtracted by taking the XRD 
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pattern of an empty cell, closed with a gasket in place and exposing it for the 

same time as that for the sample.  The diamond can also cause the X-rays to 

undergo Compton scattering as well as single crystal diffraction that may result 

in large diffraction spots on the XRD pattern, and these must be masked out if 

visible.  The subtracted background is included in the refinement process and it 

is considered a standard procedure to refine the background intensities.   

 

 

FIG. 20: This figure highlights the ability to remove the background contribution in 

from a DAC in HP XRD data, giving a flat baseline.  The plot shows an experimental 

XRD pattern of a sample in a DAC at pressure, a XRD of the same empty DAC (the cell 

closed with the same gasket, cleaned, as that used for the experimental data) and a 

pattern after the pressure data has had the DAC background removed.  Any contribution 

from the diamond anvils that are present in the background diffraction pattern can be 

accounted for and removed.   
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2.3.5 Indexing 

 

Once the diffraction results are collected the next step is determining the 

unit cell by indexing the diffraction pattern. Indexing powder diffraction patterns 

can be very challenging, more so than single-crystal diffraction data.  In single-

crystal diffraction data a full 3D array of reflection positions are available, 

whereas the data from powder-diffraction patterns is reduced to a 1D projection 

after integrating the Debye-Scherrer diffraction rings. This means that the only 

data available for indexing is the d-spacings of the peak positions; this is further 

complicated by the likelihood of the peaks overlapping one another.  

 A number of programs are available for indexing the peak positions and 

are available from the website www.ccp14.ac.uk which maintains a large 

selection of crystallographic software.  The indexing software used for the work 

presented here are TREOR [144, 145], DICVOL [146, 147] and CRYSFIRE 

[148].  These programs can successfully index powder diffraction patterns and 

are relatively simple to use.  The input files generally require only the peak 

positions of the observed reflections and the wavelength of the source.  

However, indexing a pattern, especially a novel material or in situ at HP can be 

extremely challenging.   

The success of indexing relies primarily on the quality of the XRD 

pattern and the absence or minimal presence of systematic errors.  Furthermore, 

the peak positions must be determined as accurately as possible. This highlights 

the difficulties involved with high-pressure crystallographic analysis as the 

quality of data is lowered due to the stresses and strains acting upon the sample 

[149].  

The programs will generally suggest a number of possible solutions for 

the input data from which those with the highest reliability values would be 

selected for further investigation.  The following methodology was used to find a 

successful solution: 

• 8 peaks are initially selected for indexing and the program provides a 

number of suggested solutions. Data containing impurities may be 

indexed as the program is able to ignore a number of Bragg reflections. 

However, it is very important not to accept any un-indexed peaks from 

the software unless the absences can be explained. 
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• The most stable suggestions are investigated further using lattice 

parameter refinement to evaluate the merit of the space group. 

• During lattice parameter refinement process, all of the calculated 

reflections must be accounted for in the observed diffraction pattern.  

This is especially applicable in the low Bragg angle region where the 

peaks are well resolved.   

• Any unobserved reflections must be accounted for.  Once the unit cell is 

selected distinctive absences are essential in selecting a correct space 

group.    

 

An extra factor to take into consideration is that when synthesising novel 

materials, the difficulty that arises from ab initio indexing is that the space group 

selection only is proven correct once the crystal structure has been solved and 

refined.  This means that without taking the crystallographic analysis to 

completion there still could be a level of uncertainty regarding the indexing 

solution.   

 

 

2.3.6 Rietveld Method 

 

The Rietveld method is a least-squares refinement process for the 

experimental data [137, 143].  The data is processed digitally and consists of a 

collection of numerical values intensity values, yi, at each of several thousand 

equal increments of data points, i, in the pattern.  In every case, the aim is to find 

the best least-squares fit to all the thousands of yi’s simultaneously.  The purpose 

of the Rietveld method is to match as closely as possible a diffraction pattern 

simulated from a structural model to that of the observed experimental data set.  

There are a number of parameters available for refining simultaneously and they 

can be classified as either specific to each phase present or a global contribution 

(resulting from instrumentation etc.).  The refinement process can be assumed to 

be optimised when the square of the differences between the intensities 

calculated from the structural model, yi(calc), and the observed intensities of the 

diffraction data, yi(obs), are minimised. This can be expressed as follows: 
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! 

Sy = wi yi(obs) " yi(calc)( )2
i
#  

where: 

• Sy = the least squares residual that is minimised;  

• wi = 1/yi.  

• yi(obs) = intensity of the observed diffraction pattern at the ith step; 

• yi(calc) = intensity of the calculated pattern at the point 2θi and is given by 

the following formula: 

•  

! 

yi calc( ) = s Lk Fk
2
" 2#i $ 2#k( )PkA + yi bg( )

k
%  

 

where: 

• s is the scale factor. 

• K represents the Miller indices, h k l, for a Bragg reflection. 

• Lk is the Lorentz factor and also contains the polarisation and multiplicity 

factors.  

• Fhkl is the structure factor of the kth Bragg reflection. 

• φ is the reflection profile function. 

• Pk is the preferred orientation function. 

• A is an absorption factor. 

• yi(bg) is the background function at the ith step.   

 

With Rietveld refinement there are many parameters that can be refined 

and are included in the structural model.  These include atomic positions, 

thermal and site-occupancy but there are additional parameters that arise from 

the instrumentation optics.  The parameters that result from the instrumentation 

are considered global, as they are the same for that specific piece of equipment 

and affect mainly the peak position of the Bragg reflections and their shape.  

This is very useful when observing weakly scattering systems as most of these 
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parameters can be defined using a standard such as silicon.  The parameters that 

are specific for each phase, present in the sample, nominally affect the intensity 

of the Bragg reflections and have a direct effect on the structure factor.  

During refinement it is vital that the global minimum is found at the end 

of the procedure and to avoid any false minima.  For the refinement to be 

successful, it is essential that the number of observations yi(obs) exceeds the 

number of parameters in the model that will be refined so that the model will be 

not be over-fitted.   This can be achieved by using constraints and restraints in 

the crystallographic model using different software, which enables the number 

of parameters to be kept to a minimum.  The main refinement program used in 

this work has been WinPLOTR which is part of the FullProf suite package.   

 

2.3.7 R-factors 

 

The process of Rietveld refinement is to ensure the adjustment of 

refinable parameters to acquire a ‘best fit’ between the calculated and observed 

patterns.  It is vital that the refinement process converges to a global minimum 

rather than a false local minimum and that there is nothing more to gain by 

repeating the refinement cycles.  When carrying out structural refinement it is 

important to monitor the quality of the fit, which can be done visually and also 

with the use of reliability factors, R-factors.  There are several R-factors that 

have been taken from single-crystal crystallography and adapted for the Rietveld 

method. 

The most significant R-factor with which to follow the progress of the 

refinement process is the weighted profile R-factor, Rwp. This is given by the 

following equation: 

Eq.  3: 

! 

Rwp =

wi yi obs( ) " yi calc( )( )2
i
#

wi yi obs( )( )2
i
#

 

With this, the Rwp is the most meaningful of the R-factors available as the 

Rietveld residual is the numerator that is being minimized.  This provides the 

most valuable method for following the progress of the refinement.   
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Another R-factor value to consider during refinement is the expected R-

factor, Re.  This is defined as: 

Eq.  4: 

! 

Re =
N " P

wi yi obs( )( )2
i

N

#
 

where N is the number of observations, P is the number of parameters.  This is a 

measure of the quality of the data collected.  Variations in the value of the Re are 

normally caused by the different collection times for the sample.  Values for Re 

can turn out to be small if the data is over collected, whilst the opposite applies 

when the collection time is insufficient and this leads to a large value for Re.   

During the progress of the refinement Rwp should approach the Re.  This 

comparison can be used to judge the quality of a refinement that has gone to 

completion.  This is can be interpreted as the ‘goodness of fit’ or χ2 statistical 

value.  It is defined as follows: 

Eq.  5: 

! 

" 2 =
Rwp

Re

 

Ideally, this statistic should approach 1 for the best possible fit.  However, a 

value less than 1 is regarded as being over-fitted and incorrect.  In practice, a χ2 

value of 1.5 is considered very satisfactory for Rietveld refinements. 

 

 

A final R-value to consider is the structure factor R-value.  This is defined as: 

Eq.  6: 

( ) ( )

( )!

! "
=

hkl
hkl

hkl
hklhkl

F obsF

calcFobsF
R  

where Fhkl denotes the structure factor of the hkl reflection.  In addition to using 

the R-value it is important to observe visually how well the experimental and 

observed fits compare and to assess both the progression of the refinement and 

the final refined model structure.    
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2.3.8 Le Bail Method 

 

Work carried out by Le Bail et al. described a method that was an 

iterative adaptation of the original Rietveld code [137, 138].  This incorporated 

an extension to obtaining estimates for observed structure-factor magnitudes to 

the situation where no structural model is required for refinement.  What made 

the Le Bail method more attractive than previous refinement methods such as 

that described by Pawley [139], was that it was easy to code into the existing 

Rietveld programs.  In addition, compared to the previous method described by 

Pawley where peak intensities are treated as least-squares parameters, the Le 

Bail method does not take this into account and therefore the each cycle of least-

squares is carried out handling smaller matrices.  The advantage of this is a fast 

and reliable method for converging the refinement fit.  Since the assumption is 

taken that the structure of the system under observation is unknown and 

therefore no calculated structure factors exist, then the refinement code makes 

the assumption that all the integrated intensities are initially equal.  Therefore, 

the Le Bail method permits the estimate of the best possible fit when there are 

irregularities in the profiles of a diffraction pattern.  As no structural model is 

required it allows additional phases to be fitted where structure is not known or 

where texture is a problem.   

 

 

 

2.3.9 Synchrotron Radiation 

 

Synchrotron sources provide intense, highly collimated, high brilliance 

beams of light [141].  They emit an extremely high flux of photons, which is 

ideal for the rapid probing of light elemental systems, as reported here.  The use 

of a monochromator on the synchrotron radiation allows the tuning and selection 

of the required incident photon energy.  The incident beam can then be micro-

focused, ideal for the microscopic size of samples involved in DAC work [51].  

The range of spectroscopic analysis from synchrotron radiation is large 

and it has dominated as a multidisciplinary analytical tool in X-ray spectroscopy 
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for crystallography and structural analysis [150].  Bond lengths, sizes and atomic 

positioning of a system are determined by exposure to X-ray radiation from an 

intense electromagnetic source which covers a broad range of energies.  

High-pressure DAC X-ray experiments were carried out at two different 

synchrotron sources: station I15 of Diamond Light Source (Didcot, UK) and 

station ID27 of the ESRF (Grenoble, France).  An overview of both stations is 

provided.  Interpreting the powder diffraction results from both HP and 

recovered ambient data is discussed in the second section of this chapter.   

 Synchrotron radiation refers to electromagnetic radiation which is 

produced by the acceleration of ultra-relativistic elementary particles (mainly 

electrons and positrons) along a curved trajectory [141].  The change in velocity 

of the particle along the curved path results in the loss of energy, which for these 

purposes is the emission of energy.  To achieve this, charged particles are 

injected by a linear particle accelerator into a storage ring and are accelerated 

around a planar orbit, which is maintained by superconducting magnets under 

high vacuum (10-8 torr).  The charged particles are introduced at very high 

energies and are further accelerated in the ring to energies ranging from 1–9 

GeV.  Storage rings are not truly circular in shape but consist of small curved 

sections of non-magnetic tubes connected by straight sections. Magnets are 

located on the curved path, where the synchrotron radiation is emitted tangential 

to these curved sections.  Energy loss is inevitable in the storage ring as a result 

of particle-particle and particle-gas molecule interactions and the electrons have 

a finite lifetime ranging for 2–24 hours for maintaining these high energies.

       

The incident X-ray beam produced hitting the sample has the energy: 

Eq.  7: 

E = hυ = hc/λ        

where h is Planck’s constant, υ is the frequency, c is the velocity of light and λ is 

the wavelength.    

 As mentioned, synchrotron radiation is characterised by a high intensity 

that covers a broad and continuous range.  The light emitted from the 

acceleration of the electrons (or positrons) along a curved path is given by the 

relativistic approximation [151]: 
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Eq.  8: 

ΔE = [4πe2/3R] [E/mc2]4   

where e, E and m are the particle charge, energy and mass respectively and R is 

the curvature radius of the particle trajectory [150].  The total intensity emitted is 

proportional to ΔE and the current of the particle beam in the storage ring.  The 

equation above implies that the energy emitted is inversely proportional to the 

mass and therefore greater for particles of smaller size.   

 

2.3.10 Insertion Devices 

Diamond anvil cell experiments have very small sample volumes and so for high 

energy dispersion scattering on beam lines a very high brilliance is required for 

high spatial resolution [51].  Here brilliance is defined as flux emitted per unit of 

source area and per unit of solid angle.  Experiments carried out in this field are 

often concerned with a narrow bandwidth of radiation and also a high flux and 

small geometrical divergence which result in exceptional brilliance [141] .  The 

size of the geometrical divergence comes from the high collimation from the 

synchrotron radiation which is a natural phenomenon caused by relativistic 

effects.  In order to achieve the orders of brilliance required (1017, 1018 

photons/s/mm2/mrad2/0.1%bw) [152], conventional bending magnets are 

bolstered with wigglers [153] or undulator magnets [154].  These are placed in 

the straight section of the storage ring between the bending magnets and shift the 

synchrotron radiation to higher photon energy.  Undulators have two rows of 

magnets set up to create fields of alternating polarity perpendicular of the 

electron beam.  This leads to the electrons following a sinusoidal trajectory, 

resulting in overall flux enhancement from the increased oscillations of the 

electrons [141]. The radiation produced in an undulator is very intense and 

concentrated in narrow energy bands in the spectrum (FIG. 22).  A 

monochromatic beam can be selected using a silicon (111) monochromator and 

focused using crystals or mirrors.   

Wiggler magnets often have a broader spectrum (FIG. 22) of radiation 

then those of undulator magnets and are based on a Halbach array arrangement.  

This specific arrangement of permanent magnets allows the magnetic flux to 
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reinforce itself on one side of the plane of the device while cancelling the field to 

near zero on the other side.   This is a result of having the magnetized 

components π/2 out of phase with each other and it occurs for any magnetized 

system [155].  The obvious advantage of this set up is the ability to double the 

field in the preferred side of a device and to assist greatly with field confinement 

in giant structures such as synchrotron rings. 

 

 

 

FIG. 21: Schematic representation of two insertion devices.  The undulator consists of 

an array of 20 to 30 magnets with alternating low field magnetic poles.  This leads to an 

alternating series of inward and outward electron accelerations that can be described as 

“undulations”.  This arrangement of alternating magnets leads to the individual radiation 

emission from each pole.  A simple description of a wiggler is one of three magnets 

arranged with the outer two magnets having opposing magnetic fields to that of the 

central magnet.  The arrangement of magnets bends the electron path out and back into 

the original path that could be described as a “wiggle”.  This device incorporates the use 

of a very powerful magnet, usually a super-conducting magnet, with the HP station at 

station I15 having a 3.5 T wiggler device.  
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FIG. 22: A comparison of the energy spectra produced by an undulator insertion device 

and that of a wiggler insertion device.   

 

2.3.11 ID27 - ESRF 

 

The demand for a new beamline dedicated to high-pressure research 

[154, 156] at the ESRF lead to the design and instalment of a new instrument, 

station ID27.  The previous station ID30 which although optimised for high-

pressure research was initially established for polychromatic XRD [157].  

Station ID30 had 3 insertion devices providing a X-ray source, two undulator 

magnets which provided a high photon flux in the low energy domain (<30 

KeV) and a wiggler magnet which provided a flat white-beam energy spectrum 

up to 100 KeV.  The need for a high-energy monochromatic beamline lead to an 

upgrade to a specialised station designed and built specifically for research based 

on the extreme conditions field. The new instrument was installed with two 

small-gap in-vacuum undulator magnets which provide a high-energy 

monochromatic X-ray source (FIG. 22).  The monochromatic beam is tuned by a 

Si (111) monochromator and is focused using multilayer mirrors.  The set-up at 

ID27 allows the incident X-ray beam to be focused to 2 x 3 µm which is ideal 

for examining the sample area inside the DAC.  This also allows the sample 

chamber to be mapped, treating the area under observation as a mesh and 

scanning points on a virtual grid.   
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 The detection of X-rays at the beamline is carried out either a MAR CCD 

detector or a MAR345 image plate.  The introduction of the CCD detector onto 

the beamline along with the high flux of photons has allowed for the rapid 

collection of data at a rate of nearly one second a data point.  This has been very 

important in the analysis of the weakly scattering samples presented in this 

work.  With respect to the C6N9H3.HCl sample, data collection previously at 

station 9.5 of the SRS would take up to five hours of exposure time to collect 

one good diffraction pattern at pressure, whilst at ID27 this would take only a 

maximum of five minutes.   

 The set-up of ID27 has also incorporated laser heating on the beamline 

[109] along with XRD data collection [158, 159].  The instalment of two high-

power diode pumped Nd:YAG IR lasers on the optical bench provides a 

crystallographic probe for monitoring H-P H-T experiments (FIG. 23).  The 

station also provides a method of measuring temperatures inside the DAC during 

LH, providing a state-of-the-art instrument for extreme conditions research.    

 

 

FIG. 23: An image of the optical bench of the high-pressure beamline ID27 of the 

ESRF.  
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2.3.12 I15 – DLS  

 

  Diamond Light Source is the new UK Synchrotron Source.  It is a third 

generation facility which was designed and built to replace the ‘first’ second 

generation synchrotron source, Synchrotron Radiation Source, at the Daresbury 

Laboratory [160].   It has a dedicated extreme conditions beamline, I15, which 

provides a high-energy, micro-focused beam ideal for high-pressure 

experiments.  Diamond was opened to users in January 2007 and so is a 

relatively new facility, which is currently working hard to become a world 

leading large-scale facility.  The high-pressure beamline I15 has a wiggler 

magnet as its insertion device that provides a wide energy range of 20–80 keV 

(FIG. 22).  The use of the wiggler magnet allows for the option of carrying out 

white beam experiments at the beamline, however a silicon (111) double crystal 

monochromator is used to provide a monochromatic beam for the HP 

experiments.  Currently they have Kirkpatrick-Baez Mirrors (vertical and 

horizontal focusing) in place to focus the radiation beam down to a spot size of 

~70 µm after which a collimator is used to further reduce it to a 30 µm size.  

Currently, using beam energy greater than 30 keV requires a non-collimated 

beam as the X-rays become transparent to the collimating tube at these high 

energies.  The use of the wiggler insertion device provides a flux at 50 keV of 

109 ph/s.  At a time at which these experiments were carried out, only a 

MAR345 image plate was available to users, although the option of using an 

Oxford Diffraction CCD detector should be available soon.   
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3 Results and Discussion 
 

 

3.1 Tetrahedrally Bonded Dense C2N3H 

 

3.1.1   Introduction 

 

The first of the two C-N-H systems presented in this thesis is C2N3H, a 

new carbon nitride imide material, synthesised at H-P H-T from the molecular 

precursor, dicyandiamide (DCDA: C2N4H4).  Work in systems with a high 

carbon to nitrogen ratio extends from theoretical predictions that the sp3-bonded 

forms of carbon nitride with stoichiometry C3N4 might be superhard [20, 21].  

Since then there has been intense interest in developing novel high-density 

materials within the C-N-H system.  The proposed properties of these types of 

materials extend to applications for energy storage because of their potential 

photocatalytic properties [18].  Analogous compounds with X3N4 stoichiometry 

include refractory ceramics based on Si3N4 [161] and Ga, Ge containing nitrides 

that provide wide bandgap materials for optoelectronics and blue UV laser 

applications [162].  H-P H-T synthesis experiments have resulted in novel cubic 

spinel-structured forms of Si3N4 by using a nitrogen PTM which acts as a 

reactant, coupling with the silicon sample [119].  Also Ga3O3N [163, 164] has 

been synthesised using H-P H-T and both systems exhibit low compressibility, 

high hardness and are wide bandgaps.  A range of synthesis routes in the DAC is 

possible, either by direct synthesis from the elements or using molecular 

precursors treated under H-P H-T conditions. Various dense CxNy and CxNyHz 

materials up to date have been produced using physical or chemical vapour 

deposition methods but their structure, properties and chemical composition 

have not yet been fully determined [165-167].   

Horvath-Bordon et al. [168] recently reported synthesis of a new solid 

state compound C2N3H prepared from the molecular precursor dicyandiamide in 

a laser-heated diamond anvil cell (LH-DAC) at P >27 GPa and T~1800 K.  The 

new material could be recovered to ambient conditions. Several grains were 

studied by electron energy loss spectroscopy in the TEM along with nano-SIMS 

to determine the chemical composition and show that C and N were tetrahedrally 
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bonded with sp3 hybridisation. The structure was investigated using electron 

diffraction. The results combined with density functional theory (DFT) 

predictions indicated the structure was of a defective wurtzite (dwur) type as 

found in Si2N2O, Si2N2(NH) (i.e., Si2N3H).  The structure of dwur-C2N3H is 

related to a tripled √3x√3 cell of hexagonal C-lonsdaleite. N atoms occupy one 

set of tetrahedral sites and tetrahedral C atoms fill 2/3 of the other sublattice. The 

remaining positions are filled with H atoms bound to N (FIG. 24). In the present 

work we have obtained new X-ray diffraction data in the DAC at high-pressure 

and during decompression that confirm the structural model.  The dwur-C2N3H 

synthesized at pressure is fully recoverable to ambient conditions. The carbon 

nitride imide is synthesised from dicyandiamide (C2N4H4) by laser heating in a 

diamond anvil cell at 45 GPa.  Through synchrotron X-ray scattering 

experiments it is confirmed that C2N3H (Cmc21) is synthesised above pressures 

of 30 GPa and has a bulk modulus of 258+21 GPa.  Metastable phases identified 

during intermediate stages of the synthesis and subsequent decompression 

suggests the existence of further new dense compounds within the C-N-H 

system. The successful synthesis of C2N3H also implies a possible formation 

route to the predicted superhard material C3N4, which is discussed in detail.   

 

 

 

FIG. 24: Defective wurtzite structure of C2N3H 
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3.1.2 Experimental Techniques  

 

Dicyandiamide (C2N4H4: Aldrich, 99%) was loaded under O2/H2O-free 

conditions into cylindrical DACs using either sodium chloride (NaCl) or lithium 

fluoride (LiF) as a pressure-transmitting medium (PTM) and to provide thermal 

insulation to the diamond windows during laser heating experiments. We found 

no evidence for reactions occurring between the C-N-H phases and the PTM 

during synthesis experiments. Rhenium gaskets were pre-indented to 30 µm with 

100 µm holes drilled by electro-erosion and used to contain the samples.  

Pressures were determined by ruby fluorescence [85].  

The pressure was raised initially to 30-45 GPa and samples were heated 

to T~2500-2800 K using either a 150 W CO2 laser (10.6 µm) at UCL or a 

Nd:YAG laser (1.064 nm) at ESRF. Tests using Nd:YAG laser heating were also 

conducted at UCL prior to the synchrotron runs. For Nd:YAG LH-DAC 

experiments Re powder was mixed with the sample (1:100 ratio) to couple with 

the near-IR laser beam.  XRD experiments were carried out at beamline I15 of 

Diamond Light Source (Didcot, UK: λ = 0.350714 Å) and at ID27 of the ESRF 

(Grenoble, France: λ = 0.26473 Å). Some preliminary studies were also carried 

out at station 9.5 of the SRS (Daresbury, UK: λ = 0.443970 Å) [160].  

Diffraction patterns were recorded as 2-D angle-dispersive data sets using MAR 

image plate or CCD detectors: the data were transformed to intensity vs 

wavelength/energy/d-value spectra and analysed using Fit2D [169] and FullProf 

[170] software packages.  Raman spectra were obtained at UCL with 514.5 nm 

Ar+ laser excitation using a home-built high-throughput optical system based on 

Kaiser supernotch filters, an Acton spectrograph and LN2 cooled back-thinned 

CCD detector [164].  Bulk moduli and their first derivatives were obtained from 

the E(V) results using a third-order Birch-Murnaghan equation of state.  

Simulated XRD patterns were created using PowderCell [171].   
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3.1.3 Results 

3.1.3.1 X-ray Diffraction 

 

The initial challenge facing this project was to determine whether 

Hovarth et al. had reported the correct structural model of a defective wurtzite 

structure for C2N3H and whether the material being synthesised at HP was the 

same as the recovered sample.  A range of different loadings were attempted in 

the glove box using NaCl and LiF PTMs as well as attempting indirect LH using 

Re powder mixed with the DCDA precursor with Nd:YAG double sided heating.  

The procedure was fine tuned in the laboratory and found to be more successful 

at pressures and temperatures higher than those reported previously of 27 GPa 

and 1800 K.  In fact the synthesis procedure was very harsh and consecutive 15 

mins periods of LH were required for a successful transformation.  Early on in 

the synthesis setup it was noted that the previous work by Hovarth et al. had 

actually reported a mixed phase at pressure of which they had recovered the 

stable phase to ambient conditions.  

The preliminary studies thus indicated that several C-N-H phases might 

coexist metastably within the sample following initial heating and that either 

prolonged heating (>15 mins) or several consecutive laser heating runs were 

necessary to fully convert the material to a single phase, FIG. 25 patterns (2) and 

(1) respectively. Those preliminary findings are confirmed in this study and the 

results are discussed in more detailed by using Raman spectroscopy. 

Another major challenge was that Horvath et al. had reported the 

recovery of C2N3H single crystals measuring one micron in length.  The set up 

for these experiments was for HPHT synthesis and the backing plates selected 

were with a tight aperture (55°) and so the data window was too small for single 

crystal XRD:  furthermore, it was important to not only be able to convert the 

DCDA into the fully transformed dwur-structure but also to be able to collect 

good, reliable powder diffraction data by synthesising a number of crystals in a 

small region and specifically in the case of data collection at ID27, using the 2x3 

um beams to collect powder diffraction data (FIG. 26).  To improve the 

statistical quality of data collected and minimise any preferred orientation of the 

crystallite material the stage was rocked in the kphi axis by 2 degrees in both 

directions at a rate of 2 degrees a second throughout the data collection.   
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FIG. 25: XRD patterns obtained at 45 GPa following LH-DAC synthesis of dwur-

C2N3H from DCDA. Pattern (1) obtained after extended heating and pattern (2) is 

captured beforehand during the initial heating period. Additional peaks (*) correspond 

to an unidentified new C-N-H metastable phase formed during the initial synthesis 

reaction.  The main peak of NH3-III is identified in both experimental patterns and is a 

by-product of the synthesis reaction; C2N4H4 = C2N3H + NH3.  (3) Corresponding 

calculated pattern (DFT) at 45 GPa. [(+) indicate Bragg peaks from LiF, used as PTM]. 

 

 

 

We were able to obtain X-ray diffraction patterns for samples 

synthesised from the DCDA precursor in the DAC at pressures ranging from 30-

45 GPa following laser heating at UCL (Diamond) and also in situ during laser 

heating experiments combined with synchrotron XRD at ESRF.  Following 

prolonged heating in the DAC, an X-ray diffraction pattern was obtained that 

could be fully assigned to dwur-C2N3H (FIG. 25 (1)) in agreement with the 

structure suggested previously from electron diffraction and DFT calculations 

(FIG. 25 (3)) [168].   

Identification of nearly the full set of predicted diffraction peaks was 

made possible by combining data from several runs carried out using both NaCl 

  +   +            +      + 
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and LiF PTM, as well as measurements carried out in the DAC during 

decompression (FIG. 27a) and at ambient pressure following recovery (FIG. 

27b,  TABLE 3).  

 

 

 

 

 

 

 

 
 

 

FIG. 26: Debye-Scherrer diffraction patterns taken in situ at 45 GPa during LH at ID27 

(a) This pattern is taken during the end of a 10 minute heating session.  The single 

crystal diffraction spots are identified as belonging to the (200) and (111) reflections of 

the dwur-C2N3H. (b)  This pattern is taken after four 10 minute LH sessions.  By 

moving the LH spots around a small region it is possible to attain a powder diffraction 

pattern. This extended heating was potentially very dangerous for the diamond anvils in 

use and a very careful loading is required.  [The two distinct outer Debeye rings in both 

patterns are of the LiF PTM]. 

 

Following LH-DAC synthesis of the sample at 45 GPa X-ray diffraction 

patterns were recorded during decompression to ambient conditions.  

Approximately twenty of the predicted reflections could be followed throughout 

the decompression process (FIG. 27).  That result confirms that the dwur-C2N3H 

phase produced by laser-heating in the DAC from DCDA precursor is fully 

recoverable to ambient conditions, that no decomposition or phase transitions 

occur during decompression, and thus that it has the chemical composition and 

structure deduced from electron diffraction, EELS and nano-SIMS experiments 

on recovered materials combined with DFT predictions [168].  This then 

constitutes a new high-density tetrahedrally-bonded material produced in the C-

N-H system that might have interesting and useful properties in its own right, as 

well as providing a potential precursor to dense carbon nitride phases.  

              (a) Single crystal diffraction of C2N3H               (b) Powder diffraction of C2N3H 
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 The choice of PTM was an important issue for the X-ray diffraction 

experiments.  NaCl has been well tested for LH-DAC experiments but it has 

strong diffraction lines that mask some of the key reflections of the C2N3H 

phase.  The situation is further complicated by the B1-B2 transition that occurs 

at P ~27 GPa but with considerable hysteresis during decompression [78].  LiF is 

less well established as a PTM for LH-DAC synthesis studies: however, we 

found it performed well during these experiments and its use enabled us to 

complete the set of diffraction data observed for C2N3H.  In addition, the choice 

of NaCl as a PTM made collecting refinement quality data very difficult.  The 

main (111) reflection is obscured by the hkl peaks of the NaCl and the shoulder 

of (200) hkl is not seen.   Not only are the three main peaks not seen or poorly 

defined but the remaining peaks are of too low intensity when compared to the 

dominating peaks generated by the NaCl. 

 

 

 

 
 

(a) 
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FIG. 27: XRD pattern obtained during decompression following LH synthesis of DCDA 

in the DAC at pressure to ambient P,T conditions using either LiF or NaCl as PTM. (a)  

Pattern collected at ID27 using LiF as PTM.  The regions and peaks highlighted in red 

have been assigned to dwur-C2N3H.  (b)  This Pattern was collected at I15 using NaCl 

as the PTM.  The peaks dominating the pattern belongs to the presence of the NaCl and 

both the B1 and B2 phase are highlighted, in red and green respectively.  The presence 

of ammonia is also highlighted in blue and its  principal broad peak at  2.3 Å could be 

followed during decompression down to ~5 GPa. 

 

3.1.3.2 Ambient Conditions  

 

In recovering the dwur-C2N3H material to ambient conditions the initial 

question to be answered was whether the recovered ambient sample of the 

C2N3H was in agreement with theoretical structural model and refinement could 

be carried out successfully.  The carbon nitride imide material was recovered 

using both choices of PTM, NaCl and LiF, and just as in the decompression data 

analysis the results with NaCl present were not as useful as those containing LiF 

PTM.  The relative intensities of the NaCl are dominating and covers most of the 

Bragg peaks owing to the sample.   Interestingly, the synthesis experiments with 

NaCl as PTM also appeared to result in crystalline dwur-C2N3H with highly 

(b) 



 82 

preferred orientation, resulting in the apparent disappearance of certain peaks 

from the pattern, e.g., the (110) reflection near 3.8 Å (FIG. 28). 

 

 

FIG. 28: Experimental and theoretically predicted XRD patterns for dwur- C2N3H at 

ambient conditions. (1) Ambient-pressure XRD pattern of C2N3H recorded at I15 

(Diamond) following LH-DAC synthesis.  (*) indicate Braggs peaks from NaCl as 

PTM.  (2) Ambient-pressure XRD pattern of C2N3H recorded at ID27 (ESRF) following 

LH-DAC synthesis. (+) indicate Bragg peaks from LiF used as PTM (3) Predicted 

pattern for dwur-C2N3H at ambient P,T conditions from DFT calculations.   

 

 Attention was therefore focused on the recovered sample with LiF as 

PTM which (FIG. 28 (2)) shows to be overall a much better XRD pattern with 

nearly all reflections observable and the relative intensities of sample to PTM 

comparable.  The reflection of the (110) plane is observed as a shoulder and the 

dominant (111) reflection is not obscured.  The refinement procedure here 

started off by simulating an ambient pattern of LiF using PowderCell and 

identifying all the peaks in the pattern resulting from the PTM.  Having 

identified the peaks, the positions were then indexed to confirm the space group 
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(Fm3m) and the cation and anion were inputted to the special positions as 

required by the space group (TABLE 2).    

 

Lattice Parameters a (Å) b (Å) c (Å) 

 4.049 (1) 4.049 (1) 4.049 (1) 

Fractional Coordinates x y z 

Li 0 0 0 

F 0.5 0.5 0.5 

TABLE 2: Lattice parameters and refined fractional coordinates of LiF (Fm3m) 

 

Rietveld refinement was carried out for the LiF and from this also the 

zero shift error of the pattern was determined and then fixed.  Having fitted the 

LiF with a Rwp value of 1.98 which is very respectable the peaks associated with 

the recovered sample were then indexed.  Using the simulated pattern as 

predicted with DFT it was possible to assign and exclude broad peaks that were 

believed to belong to unconverted DCDA precursor.  An orthorhombic unit cell 

was identified with the highest merit of figure using the program CRYSFIRE, 

which agreed with the DFT predictions.  Following this the lattice parameters of 

the ambient structure were determined by Le Bail refinement: a = 7.618 (5) Å, b 

= 4.483 (2) Å, c = 4.038 (1) Å (Vo= 137.904 (8) Å3) within space group Cmc21 

which were in excellent agreement with DFT predictions (TABLE 4) and with a 

Rwp value of 3.45.   

Having determined the unit cell parameters of the dwur-C2N3H the next 

step was to carryout a structural refinement of the ambient XRD pattern.  The 

structural model provided by both the initial DFT calculations [168] and the 

most recent calculations done by our group [172] confirm the carbon and 

nitrogen atoms in the special positions as determined by the space group.  With 

this piece of information the atomic positions of the carbon atom and one of the 

nitrogen were both inputted with a multiplicity and a Wyckoff letter of 8b 

respectively and starting positions of 0.3 for each of the three coordinates. The 

second nitrogen was inputted with a multiplicity and a Wyckoff letter of 4a and 

starting positions for y and z coordinates also at 0.3. The Rwp value of 5.72 and 

χ2 of 25.1 was given for the Rietveld refinement which is very good for a sample 

synthesised at pressure and recovered with the presence of PTM and 
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unconverted precursor.  For determining the Rwp value the areas with 

unaccounted broad peaks were excluded from the regions of interest as to 

improve of the fit between observed and calculated.    

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

TABLE 3: The crystal structure of dwur-C2N3H at ambient conditions. The thirteen 

most intense reflections, that are possible to follow throughout decompression, are 

noted. 

Lattice Parameters a (Å) b (Å) c (Å) 

 7.618 (5) 4.483 (2) 4.038 (1) 

Fractional Coordinates x y z 

C 0.325 (3) 0.328 (3) 0 

N1 0.310 (1) 0.364 (4) 0.358 (2) 

N2 0 0.285 (3) 0.422 (4) 

Lattice Parameters a (Å) b (Å) c (Å) 

 7.573 4.443 4.004 

Fractional Coordinates X y z 

C 0.330 0.340 0 

N1 0.302 0.365 0.358 

N2 0 0.285 0.424 

TABLE 4.  Lattice parameters and refined fractional coordinates of dwur-C2N3H 

(Cmc21)  at ambient conditions. (top) Experimental and (bottom) theoretical values.  

hkl 

d_theor 

(A) I_theor 

d_obs 

(A) I_obs 

110 3.8318 25 3.869 49 

200 3.7864 81 3.808 91 

111 2.7682 100 2.780 100 

020 2.2213 27 2.246 28 

310 2.1947 78 2.210 65 

002 2.0018 57 2.008 48 

021 1.9423 34 1.960 54 

311 1.9245 44 1.936 59 

211 1.7282 12 1.743 12 

022 1.4870 8 1.497 11 

312 1.4790 13 1.487 6 

330 1.2773 24 1.290 18 

600 1.2621 10 1.269 9 
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The atomic positions as determined by the Rietveld refinement are 

shown below and are in excellent agreement with that of the calculated DFT 

values.  This confirms that the recovered sample of the new material does have a 

defective wurtzite structure and combined with the decompression data, which 

confirms that this is the structure that is formed at pressure and is recoverable as 

the same phase to ambient.   

 

 

 

TABLE 5: Selected interatomic distances and angles of dwur-C2N3H from the Rietveld 

analysis of the structural solution from the experimental results and values from the 

theoretical models calculated at UCL.   

 

 

 

 

 

 

 

 

Angle [°] 

 

 

 

Distance [Å] 

 

 Experimental DFT   Experimental DFT 

N1-C-N1 107.74 (2) 107.32 C-N1 1.46 (1) 1.45 

 109.84 (2) 108.11  1.50 (1) 1.46 

 110.74 (1) 109.84    

   C-N2 1.46 (2) 1.43 

N1-C-N2 108.88 (3) 113.15 

   

C-N1-C 112.31 (1) 115.7 

 116.54 (1) 116.19 

 118.31 (1) 120.37 

   

C-N2-C 131.79 (2) 127.78  
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FIG. 29: A Rietveld refined X-ray diffraction profile of dwur-C2N3H at ambient 

conditions.  The Rietveld fit is shown in red and the experimental data in black.  The top 

set of markers identify the positions of the reflections belonging to the dwur-C2N3H 

phase and the bottom set of markers identify the reflection of the LiF, present as the 

PTM.  The difference between the observed powder pattern and that calculated using 

the crystal structure is given by the green fit.  The unaccounted peaks with 2θ values at 

6.3 and 7.2 were not accounted for and are assigned to remnants of an intermediate 

phase present during the intermediate stage of synthesis. 

 

 

3.1.3.3 Compressibility Measurements  

 

The synchrotron X-ray diffraction data was used to construct a P(V) plot 

and evaluate the molar volume and compressibility parameters of the dwur-

C2N3H phase.  The initial attempts at extracting the volumes for given pressures 

lead to a P(V) plot that was describing a HP phase being synthesized at pressure 

and upon decompression under going a phase transition at ~20 GPa into the 

already accounted for dwur-structure .  The Le Bail refinement was convincing 
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enough to assume that there was a phase transition being observed.  However, 

this did not describe the decompression Raman work carried out on the same 

system by Katherine Woodhead at UCL.  The spectroscopy analysis had 

observed a single phase being formed at high pressure and could be followed 

throughout the subsequent decompression to ambient conditions.  This problem 

highlighted that the synthesis run for the XRD analysis had intermediate phases 

present whose reflections could not be assigned and accounted for and were 

affecting the refinement process.   

       

 

FIG. 30: The initial P(V) calculated from the XRD results. This was prior to any DFT 

support and the plot describes a phase transition occurring at ~20 GPa.  The DFT results 

suggested that the ambient structure would remain as a single phase beyond the pressure 

ranges experimentally examined.  The high-pressure data was re-indexed and re-

analysed to produce the P(V) plot in FIG. 31.   

 

Therefore additional supported was required for further understanding 

the formation process of the C2N3H structure at pressure and an understanding of 

its energy volume landscape.  This was provided by computational work carried 

out by Aishia Rahman and Furio Corà at UCL.  They carried out DFT 

calculations that showed the stability of the dwur-C2N3H and described a single 

phase formed at pressure and recoverable to ambient conditions.  They did their 
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calculations under periodic boundary conditions using CRYSTAL06 [173] and 

they employed two different hybrid-exchange functionals, namely B3LYP [174] 

and PBE0 [175]. The advantage of doing the calculation like this means that 

unlike LDA, which is reliant solely on electronic density, here the hybrid 

functional takes a source like LDA and incorporates an exact exchange from a 

Hartree-Fock contribution.  Therefore these hybrid functionals are expressed in 

terms of the Kohn-Sham orbitals and not electronic density.  The ab initio 

calculations confirmed the presence of a single phase describing that of the 

defective wurtzite structure of the C2N3H at HP and its recoverability to ambient 

conditions.  With calculated unit cell parameters and atomic positions various 

XRD patterns were simulated allowing for peak matching with the experimental 

XRD decompression data.  This method allowed for any anomalous peaks to be 

identified and removed from the area of interest during the Le Bail refinement 

procedure.  By doing so the decompression was re-analyzed and produced a 

P(V) plot confirming a single phase being formed at pressure and fully 

recoverable to ambient conditions (FIG. 31). 

 

 

 

FIG. 31: P(V) plot of structure from DFT, PBEO (K0 = 288 GPa) and B3LYP (K0 = 270 

GPa) against the experimental data  (K0 = 258 GPa). 
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FIG. 32 illustrates the positions of the reflections owing to the dwur-C2N3H 

throughout the decompression.  The positions of the peaks are identified visually 

as to be independent from the refinement software.  Additionally, the values are 

reported in d spacings as to be wavelength independent.  This plot also confirms 

a continuity in the phase between the structure synthesized at HP and that at 

ambient conditions.  The major difficulty with all of the compression data had 

been the lack of the reliable data points available though out the whole pressure 

range.  This made following reflections closely as a function of pressure 

difficult, especially between 10 and 21 GPa where previously some structural 

change had thought to be occurring.      

 

 

 
FIG. 32: d spacings versus pressure plot having identified the dwur-structure being 

formed at HP and recoverable as a single to ambient pressure.   
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Having confirmed the presence of a single phase throughout the 

decompression the data were analysed using a finite strain Birch-Murnaghan 

equation of state (EOS) expression expanded to third order [176]: 

 

Eq.  9: 
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Here K0 is the zero pressure bulk modulus and K0ʹ′ its pressure derivative. 

Transforming the volume strain into the reduced variable: 
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and using a normalized pressure F defined by: 

Eq.  11: 

F = P(3f(1+2f)5/2)-1 

 

provides a linearised version of the P(V) equation for useful determination of K0 

and K0´ values [177].  The data indicate a bulk modulus value K0 = 258±21 GPa 

with K0´ = 6.3±0.8 in good agreement with theoretical calculations (K0 = 271 

GPa, K0´ = 3.97: B3LYP; K0 = 288 GPa, K0´ = 3.94:  PBE0). The bulk modulus 

for dwur-C2N3H is comparable with that determined for the refractory high-

hardness ceramic Si3N4 (K0 = 256 GPa) [161].   

 In using the F-f plot (FIG. 33) it is possible to observe a linear 

relationship, which is well adapted to least-squares fitting and error analysis of 

the results.  The intercept as F→0 defines K0 and the gradient of the slope 

determines K0´.  Within the Birch-Murnaghan third-order equation of state 

formulation the gradient is equal to zero K0’ is defined as 4.  In fact many 

different classes of material have K0´ defined as 4 which conveniently cancels 

out the last term of the Birch- Murnaghan in Eq.  9: [177, 178].  The error 

analysis for the F-f plot was carried by first evaluating the error given for the 

volume of the unit cell at V0 and V at various pressures using the WinPLOTR 
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and carrying these through a mathematical workup.  The other variable present 

in F is that of Pressure (P) and for this a number of ruby grains where placed 

around the sample chamber for which three or four spots would be measured and 

an average as well as an estimated error would be determined.   

  

 

 

FIG. 33 Normalised pressure vs. Eulerian strain for the data corresponding to the final 

experimental P(V) data.   

 

3.1.3.4 The High-Pressure, High-Temperature Reaction 

 

C2N4H4 = C2N3H + NH3 

  

Since the first report of synthesis of dwur-C2N3H from DCDA (C2N4H4) 

by LH-DAC methods at P>27 GPa and T>1800 K it has been assumed that the 

reaction proceeds by elimination of NH3 to produce the new solid-state 

compound. That reaction has now been confirmed by our new synchrotron X-ray 

results that show the appearance of solid NH3 (phase III: P212121) [179, 180] 

identified in the diffraction patterns at high-pressure and during decompression 

(FIG. 25 and FIG. 27b).  During the final stages of decompression the ammonia 
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solid phase becomes liquid and escapes from the cell (FIG. 34).  The principal 

broad peak of solid NH3 at 2.3 Å could be followed during decompression down 

to ~5 GPa.  At room temperature ammonia crystallises at 1 GPa in a rotationally 

disordered, face-centred-cubic phase (phase III, space group Fm3m), although 

we did not have decompression data to this low a pressure [181].  A first order 

phase transition occurs for ammonia at 4 GPa to solid IV which was first 

described as hexagonal close packed (hcp) by XRD experiments and later shown 

to actually be orthorhombic by Loveday et al. using neutron experiments on ND3 

[179].  It is noted that initially we had spectroscopically assigned a broad peak at 

300 cm-1 to the formation of hydrogen as we had not been able to observe any 

evidence of ammonia in the Raman work, as the expected bands at 3050 and 

3130 cm-1 were not observed during the synthesis.   

 

 

 

FIG. 34: An optical micrograph of the sample chamber defined by the Re gasket in the 

DAC following decompression to ambient conditions and as the top diamond has just 

been lifted to open the cell. The ring highlights a drop of liquid NH3, formed during 

decompression below 1 GPa, exiting the chamber.  This was produced by the dwur-

C2N3H synthesis reaction and remained within the cell as a solid phase at high-pressure 

until full decompression. 
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3.1.4 Discussion 

 

Observed Data by Liu 
 

Observed Data of C2N3H by 
Salamat 

 Phase X 
d (Å) I/Io d (Å) I/Io (hkl) d (Å) 

      
4.878 14    4.878 
4.669 11    4.669 
4.139 7 Could be the 110 relection  
3.857 20 3.808 91 200  
2.943 41    2.943 
2.901 24    2.901 
2.885 11    2.885 
2.776 100 2.78 100 111  
2.623 80    2.623 
2.526 10    2.526 
2.421 33 2.246 28 020  
2.336 2    2.336 
2.231 19 2.21 65 310  
2.218 15 2.008 48 002  
1.948 6 1.96 54 021  
1.815 5 1.906 16 400  
1.716 3 1.743 12 211  
1.702 2    1.702 
1.665 17    1.665 
1.624 22    1.624 
1.541 4    1.541 
1.472 17 1.4684 11 130  
0.142 3 1.4438 11 510  
0.139 2 1.3941  222  
0.131 4    0.131 
0.130 6 1.29 18 330  
0.118 2 1.186 4 132  
0.110 3 1.1019 3 223  
0.109 3 1.081 8 041  

TABLE 6: A table showing the position of the diffraction peaks in d spacings and 

relative intensities as reported by Liu et al.   In the original paper the proposed position 

of the β-C3N4 diffractions are compared to the experimental diffraction data 

accumulated from the shock experiments.  Here, the position of diffraction peaks of the 

dwur-C2N3H by Salamat et al. are compared to the diffraction results by Liu et al.  The 

remaining unaccounted peaks from the shock experiment are identified as Phase X as 

described by the Liu paper.   

 

The majority of the XRD peaks observed in the dwur-C2N3H may be 

matched to those produced by Liu et al. [182], who claim that they have 

identified  β-C3N4 during their shock experiments using DCDA. They assign the 
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most intense peak of their XRD data at 2.77 Å to the (200) reflection of β-C3N4 

but do not observe the associated (100) and (110) reflections at higher d 

spacings.  We postulate that dwur-C2N3H is the stable HP phase when using 

DCDA for the described HPHT conditions and thus it is possible that the peak 

they observe at 2.77 Å may be due to the (111) reflections of the dwur-C2N3H 

(TABLE 6).  Additionally, many of the peaks that are assigned by Liu et al. as 

phase X may result from intermediate phases observed in this work at pressure 

and recovered to ambient conditions.  Hence the successful synthesis and 

identification of a C3N4 polymorph still remains elusive.   

A comment is made on the structural relaxation of the dwur system upon 

decompression.  In following the peak positions in d spacings as a function of 

pressure (FIG. 32) between n the 21–9 GPa pressure region some slight 

structural relaxation must be occurring which leads to the peak positions 

following a different trend, from 10 GPa to ambient, then that observed for the 

higher pressure data sets.  This is not observed in the P(V) data.   

The identification of NH3 as a major product confirms the reaction 

suggested above. The fact that NH3 can be removed from the cell under ambient 

conditions indicates that the predicted superhard C3N4 phases might be accessed 

by the subsequent reaction: 

 

3 C2N3H = 2 C3N4 + NH3 

 

Using the C2N3H as a precursor to C3N4 polymorphs or other C-N / C-N-

H systems highlights the importance of its recovery to ambient conditions 

fundamental for the further synthesis of new materials using the H-P H-T 

procedure explained in this work.  As described, the formation of ammonia is the 

driving kinetic force in the synthesis of C2N3H at pressure and any further 

production of the new material is limited by the amount of ammonia able to be 

formed.  Several attempts in this work have been made in the pursuit of 

synthesis of C3N4 polymorphs using the recovered C2N3H material.  

One method of attempting to synthesis C3N4 polymorphs was making 

C2N3H at elevated pressures and temperature and its recovery to ambient 

condition, at which point the DAC is opened and the ammonia is allowed to 

evaporate (this was carried out in a number of different ways from having the 
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cell in a oven or under vacuum or under a strong light source for a long period of 

time, in all cases this was done to encourage the removal of ammonia).   With 

the ammonia removed, the cell was closed again and very slowly taken up to 

pressures of ~50 GPa, this was done assuming that the PTM was still isolating 

the sample from the diamond and LH could be carried out again on the sample.  

The major problems with this approach have been that the PTM does not retain 

its initial packing and so LH cannot be maintained for the lengths of time to 

observe any change. When LH had been successful the ability to identify a 

region where there might be new material present to be able to collect reliable 

data then became very challenging.  Even in the case of using 2 x 3 µm 

synchrotron radiation beam (ID27) to identify new material, interpreting the 

results is very difficult; in the sample chamber there can be a number of different 

materials that have to be accounted for before attempting to identify any 

evidence of a stable new material.  For refining the XRD data for such a 

synthesis run, all the contributions made by unconverted DCDA, intermediate 

phases, reaction between any remaining ammonia and any possible ammonia 

salts have to all be accounted for to be able to make a positive identification of 

the new material.  

 

3.1.4.1 Conclusion  

Using synchrotron XRD it can be concluded that heating DCDA 

(C2N4H4) as a molecular precursor at high pressure produces the high-density 

dwur-structured compound C2N3H.  This new C2N3H phase is recoverable to 

ambient conditions and it has a large bulk modulus comparable with high 

hardness silicon nitride ceramics. An unidentified new metastable C-N-H phase 

is also produced during the initial synthesis reaction for which further 

investigation would be required to identify. The synthesis process could lead to 

new routes to preparing bulk samples of theoretically predicted superhard C3N4 

materials.  Recently Liu et al. identified XRD lines that they assigned to the 

theoretically predicted phase β-C3N4 among the products of their shock synthesis 

experiments using DCDA as a precursor.  Our results indicate that the XRD 

pattern obtained by Liu et al. likely corresponds mainly to dwur- C2N3H along 

with some intermediate phases produced by high-P, T shock synthesis. 
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3.2 Potential Other Phases in the C-N-H Systems: Results from Laser 

Heating Experiments I 

 

3.2.1 Evidence of a New Metastable Phase Formed During the  Synthesis of 

C2N3H 

 

During the initial LH procedure an intermediate phase was observed by 

both synchrotron radiation work and Raman spectroscopy, revealing more of the 

C-N-H HPHT landscape for which further studies are required.  The diffraction 

peaks of the intermediate phases could not be assigned to any of the predicted 

C3N4 polymorphs and could not be indexed or matched to any existing C-N-H 

predicted structures.  In both analytical methods the intermediate phase is clearly 

distinguishable from the dwur structure and undergoes a change to form the 

dwur structure upon further heating.  XRD patterns were collected during laser 

heating at ID27, providing a crystallographic method of monitoring the reaction.  

Here, we observed a mixture of the intermediate phase and the dwur-C2N3H 

phase.  LH was continued until the peaks (FIG. 25 (2)  and FIG. 36) were no 

longer observable and the two most intense reflections (200, 111) of the dwur 

structure transformed from single crystal diffraction spots into concentric 

diffraction rings.  Raman work carried out at UCL was also able to single out the 

intermediate phase during the initial LH stages.   

In the initial studies of synthesis of C2N3H from the DCDA precursor 

Horvath et al.  [168] reported a Raman spectrum taken in situ at high-pressure in 

the DAC that contained sharp peaks at 577 and 874 cm-1 and a broader 

asymmetric band at 770 cm-1.  In the present study we have now determined that 

the 577 and 874 cm-1 peaks correspond to different phases.  After initial laser 

heating in the DAC at 30-45 GPa a spectrum is obtained that is dominated by the 

874 cm-1 peak and there is no evidence for the 577 cm-1 feature: after prolonged 

heating, the 874 cm-1 peak disappears and the 577 cm-1 band dominated the 

spectrum at high-pressure (FIG. 35).  That material (FIG. 35 (1)) is assigned 

from our in situ X-ray diffraction results to the dwur-C2N3H structure [172].   
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FIG. 35: Raman spectra obtained during decompression of C2N3H following LH 

synthesis from DCDA in the DAC at 45 GPa. (a) (1) Spectrum taken after extended LH 

is that of the dwur- C2N3H structure.  The 577 cm-1 peak is a distinctive feature of this 

HP phase.  (2) The spectrum was collected during the initial LH stages of the 

experiment where the 874 cm-1 peak is a distinctive feature and the emergence of the 

577 cm-1 peak has not started. (b) Spectra taken before full transformation to the HP 

phase.  Both phases are observed.   

 

 

 

 

 

 

 

 

FIG. 36 : XRD data collected at 40 GPa following the LH synthesis from DCDA in the 

DAC. (1) Pattern collected after extensive LH shows the presence of only the dwur- 

C2N3H phase present.  (2) The pattern was collected after only the initial LH period.  

The peaks identified by the coloured rings highlight the presence of an intermediate 

phase which we believe is also identified by the Raman work illustrated above.   

(1) 

(2) 
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3.3 Pressure-Induced Hybridisation in Layered C6N9H3·HCl and 

Formation of A New Pillared Graphitic Carbon Nitride Phase 

 

3.3.1 Introduction 

 

Carbon nitrides with CxNy stoichiometry have been predicted to exist in 

several polymorphs of which the graphitic phase is predicted to be the most 

stable at ambient conditions [21] and potentially the first to be synthesised.  

Initially, studies into carbon nitride materials were conducted by reactions 

between or decomposition of (C,N)-containing compounds and highlighted the 

strong interaction between inorganic and organic solid state and molecular 

chemistry.  Berzelius et al. had originally described an amorphous solid with a 

composition approximately C6N9H3 which was later named by Liebig et al.  as 

“melon” [183].  In fact polymeric carbon nitrides such as melon are noted as 

being the first reported polymers [184] and so there is a rich history in this field 

of chemistry [185-187].   Of the CxNy compounds the C3N4 polymorphs have 

been predicted to have the most unique and useful properties.  These constitute 

potential high energy materials such energy storage or for explosives [188].  

They have also recently been suggest as a new family of photocatalysts for 

splitting water [18].   

There have been reports of sp2-bonded graphitic layered carbon nitride 

compounds obtained both by vapour deposition and by high-pressure synthesis 

from precursors including heterocyclic aromatic molecules [189, 190]. A C3N4 

graphitic solid was first produced by chemical vapour deposition and 

characterised using electron diffraction and energy loss spectroscopy techniques, 

as well as FTIR [22]. Several related C,N graphitic or single layer graphene 

structures have been studied by first principles calculations [191-194].    

The graphitic starting material reported here is based on condensation of 

triazine (C3N3) rings linked by -(NH)- units. Using high-pressure high 

temperature synthesis techniques in the 0.5-4 GPa range at T~400-500oC, 

Demazeau et al. [195] in Bordeaux and McMillan et al. [189] in Arizona carried 

out condensation reactions between melamine and cyanuric acid to form 

graphitic solids.  Nominally the reactions proceed via elimination of HCl during 

formation of -(NH)- bridges between the triazine ring units, however studies 
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have shown that some chloride is retained within the product, with Cl- species 

occupying voids within the C,N layers giving rise to a composition best 

expressed as  C6N9H3·HCl [189, 190, 196, 197].  During a recent theoretical 

investigation it was predicted that compression of such layered graphitic C,N 

materials should result in formation of sp2/sp3-bonded structures containing C-N 

linkages between the layers [197] [198]. In the present work the g-C6N9H3·HCl 

was compressed at room temperature in a diamond anvil cell, and a structural 

study of the solid and its high-pressure behaviour was examined using 

synchrotron X-ray diffraction.  Also some preliminary work by V. Lees during 

her PhD at UCL had taken the g-C6N9H3·HCl to 30 GPa and had reported the 

sample undergoing amorphisation.  Some of those findings are contested in this 

work.  The study of pressure-induced modifications and the effect of annealing 

the sample are also discussed. To this goal, the sample was annealed at ~1500 K 

at a pressure of around 30 GPa.   The appearance of a new series of diffraction 

peaks signalled the formation of a new carbon nitride phase. The structural 

model for this new-pillared phase is compared to the results of first principles 

calculations. 

 

3.3.2 Experimental Techniques 

 

Samples of graphitic C6N9H3·HCl were prepared by Victoria Lees and 

Edward Bailey at UCL [196, 199].  The sample is made by loading 1:2 mixtures 

of melamine (C3N6H6) and cyanuric chloride (C3N3Cl3) in a piston cylinder 

device at pressures between 0.5-1.5 GPa and T = 500-550oC [189, 196]. All 

manipulations were carried out in an Ar-filled dry box. The structure and 

chemical composition of the material were established using powder X-ray 

diffraction and bulk chemical analysis [189, 196].  

The g-C6N9H3·HCl was loaded into a mechanically driven cylindrical 4-

post cell and gas-driven membrane cells. Diamonds with 300 µm culets were 

used in most cases except for when collecting data between 60-70 GPa, in which 

200 µm culets were opted for. Rhenium gaskets were pre-indented to ~30µm 

and gasket holes ~80 µm in diameter were drilled by electro-erosion. The 

samples were packed into the cell chamber in the glove box using no pressure-

transmitting medium. The ruby fluorescence data indicated that the sample itself 
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being a soft solid provided a reasonably "hydrostatic" medium for the 

compression experiments; no obvious large pressure gradients were detected 

across the cell during the experiments. 

XRD experiments were carried out at beamline I15 (Diamond Light 

Source, UK: λ  = 0.444051 Å) and at ESRF ID27 (Grenoble, France: λ = 0.3738 

Å) using angle dispersive techniques. Diffraction patterns were recorded as 2-D 

angle-dispersive data sets using a MAR image plate or a CCD detector: the data 

were analyzed using Fit2D [169] and FullProf  software [170].  

During the XRD experiments at Diamond the compression data were 

collected using a membrane driven cell, where we had previously calibrated the 

membrane pressure with that of the DAC pressure. We have found this approach 

reliable for observing amorphous systems [16] and reconfirmed our calibration 

using LiF diffraction peaks as pressure markers. This approach allowed the 

sample to remain completely fixed for the duration of the data collection, which 

is vital for a reliable background subtraction, which becomes fundamental when 

observing weakly scattering or disordered systems. More precisely, once the 

data has been collected, the DAC must be able to be removed attached to its 

holder/mount/stage.  At I15 (Diamond) the DAC is held using a kinematic stage 

and the stage is removed with the DAC still firmly held, as to not alter the 

orientation or position of the cell.  The piston is gently removed from the cell 

along with the gasket, both the culets are cleaned and the sample removed from 

the gasket and the gasket cleaned.  It is very important that the part of the cell 

attached to the stage has not moved. To get the best possible background pattern 

it is vital to place the gasket back into its origin position, cleaned, and place the 

piston half of the DAC back into its original position.  With the empty DAC still 

held firmly the whole unit is placed back onto the diffractometer and the centre 

of rotation is located and a background pattern taken with the same exposure 

times as the experiment.  

When carrying out the laser heating (LH) experiments, the sample was 

pressed into a pellet and loaded inside a glove box into the DAC.  NaCl and LiF 

plates were used to provide thermal insulation from the diamonds.  Samples 

were heated to a range of different temperatures from 1000–2000 K. The 

temperatures were determined by measuring the thermal radiation and fitting it 

as a grey body to a Plank function [200, 201].  Direct LH was performed using a 

150 W CO2 (10.6 µm) laser and using NaCl as the thermal insulator.  When 
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using LiF, the salt partially absorbs the CO2 laser and we carried out LH at 

station ID27 (ESRF) using two 50W Nd:YAG (1.064 nm) lasers and having Re 

powder mixed with the sample to couple with the near-IR beam.  

 

 

 

3.3.3 Results and Discussion  

 

3.3.3.1 Ambient Conditions 

 

The original structural model proposed by Zhang et al. [189] described 

the graphitic C6N9H3·HCl as a layered hexagonal (P63/m) structure.  They 

assumed a two-dimensional C6N9H3 framework that is structurally related to the 

hypothetical P6m2 graphitic phase of C3N4, but with an ordered arrangement of 

C3N3 voids.  Their attempts at synthesising C3N4 were unsuccessful as the 

synthesis process using cyanuric chloride (C3N3Cl3) meant that the presence of 

chlorine was incorporated into the graphitic layer.  The chloride ions occupied 

the large voids present in the graphene sheets and the authors had to assumed an 

equivalent number of nitrogen atoms on the framework protonated for charge 

balance.  They confirmed their structural model using FTIR spectroscopy and 
13C NMR which allowed them to suggest the location of the additional H atoms 

associated with the incorporation of the HCl into the structure.  They postulated 

that the H atoms are attached to the N(1) nitrogen atom involved in the triazine 

rings, rather than to the bridging N(2)H groups between triazine units, thus 

forming the C12N12 voids within  the structure.  This was recently confirmed by 

Deifallah et al. [197, 198] using ab initio calculations. 
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FIG. 37: The planar structure of the graphitic- C6N9H3·HCl.  The image on the left is a 

top view of the planar framework and the image on the right is of the unit cell of the 

system.    

 

 

 

FIG. 38:  The complete plot of a comparison of the experimental and theoretical 

patterns with varying composition of HCl.  The top pattern is of the experimental XRD 

pattern of the graphitic C6N9H3·xHCl.   The rest of the patterns are simulated with 

different occupancies for the Cl- ion predicted from DFT calculations.  The space group 

for the DFT patterns is assumed to be P1 [197], which is discussed, and the best match 

to the experimental pattern is when x is defined as 1.  These findings were carried out 

by V. Lees and M. Deifallah during their PhD thesis at UCL.  The plots were 

constructed by myself for the publication [196].   
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Further examination of the ambient model highlights some additional 

problems.  Zhang et al. identified that with the composition it is possible that the 

formulation of the sample could be C6N9H3·xHCl with 0 ≤ x ≤ 1 as not all of the 

chlorines would occupy the void sites within the structure.  Work by V. Lees 

during her PhD at UCL suggested that the best structural solution would have all 

the voids occupied with x = 1 and this was confirmed by Deifallah et al. using a 

computational approach (FIG. 38) [197, 199].  

 

 

3.3.3.2 Determination of the Space Group for g-C6N9H3·xHCl 

 

Zhang et al. had identified the P63/m space group as the best matched to 

their experimental data using Le Bail extraction and Rietveld refinement 

techniques.  However, the quality of XRD pattern generated from this sample 

only allows for a limited refinement of the structure and DFT calculations [196, 

197] have shown that the structural model of this system is more complicated 

than assumed by Zhang et al.   

The difficulty with this system is that the XRD patterns collected have 

broad features not characteristic of a well-ordered crystalline sample.  This 

makes indexing the diffraction pattern very unreliable.  Indexing of the peak 

positions using the software CRYSFIRE and DICVOL generates a number of 

possible space groups, the most stable being P63/mmc and P63/m.   However, the 

reliability of the suggested space groups was not sufficient to be able to identify 

the correct one using this method.  In addition, once the sample was under any 

compression, the shearing of the unit cell, as well as deviatoric stress, made 

indexing impossible.  The challenge was to identify a space group that would 

best describe the structure at ambient and throughout compression [202].  

When comparing a simulated XRD pattern using the structural model 

information provided by Zhang et al. with that of the experimental pattern the 

two do not match well.  The frequency of reflections of the simulated pattern and 

their relative heights and peak shapes do not fit the experimental XRD.  The 

experimental XRD pattern consists of a mixture of broad and narrow peaks for 

which the P63/m space group does not match.  Deifallah et al. [196] have 

suggested that the P63/m does not provide a full description of the unit cell and 
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therefore does not account for the these peaks.  They go on to suggest further 

that the experimental peak shapes are due to disorder-induced broadening and 

the presence of nanocrystallanity within the sample.  They describe the origin of 

this disorder due to slight off-centre shifts in the Cl- positions occupying the 

large voids in the graphitic sheets.  Also additional disordering is assigned to the 

attachment of H atoms to N around the heptazine rings.  During their structural 

modelling they recommend that a P1 unit cell best describes the disordering 

which is present in the material.  They calculate that the NH bonding pattern 

causes distortions within the planar lattice causes a buckling of the C-N 

framework.  This combined with the displacements of the Cl- ions within the 

voids acts upon lowering the overall symmetry of the unit cell.    

 

 

FIG. 39: Experimental XRD pattern of graphitic C6N9H3·HCl  compared with the P63/m 

structure proposed by Zhang et al. [17] (top) and the lower diagram indicates the 

diffraction peaks calculated for a structural model with P1 symmetry that assumes an 

ordered H–N attachment arrangement to the N1 nitrogens and with Cl atoms moved 

slightly off centre with in their sites accordingly [30]. In the true overall structure it is 

likely that the N1–H attachment and Cl displacements occur in a disordered manner 

within each layer. 
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FIG. 40: P63/m vs P1 Le Bail refinement 

 

Although the DFT calculations have used a P1 model to attempt to 

describe the unit cell of the g-C6N9H3·xHCl this space group has no constraints 

(χ2 < 1) when used in structural refinement.  The calculated model describes 

disordering throughout the supercell and its assignment of a P1 space group is 

attempting to describe the lack of possible long range symmetry.  Although this 

disordering can be modelled as P1 symmetry there still must be some symmetry 

throughout the unit cell, especially short order, for the sample to have produced 

a number of defined narrow peaks.  This short correlation range was attempted 

to be model as best it can. An attempt to assign the space group through 

understanding the chemistry of the graphitic system was carried out.  The 

reported structure by Zhang et al. is acknowledged in this work as the most 

suitable description of the unit cell at ambient conditions, data permitting.  

Starting with this P63/m space group Le Bail refinement was carried out and the 

symmetry of the space group reduced to attempt to improve the structural fit. As 

the graphitic system undergoes compression the ab initio calculations by 

Deifallah et al. suggest that the layered system undergoes shearing, as observed 

by the asymmetric peak broadening in experimental data.  To test this the first 

symmetry parameter removed was the mirror plane.   This was examined by 
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reducing symmetry to P63.  Next investigated was the loss of the six-fold and 3 

turn symmetries.  Finally a P1 model was attempted.  The various fits with 

potential space groups are illustrated in FIG. 41.  

 

FIG. 41: The stack of patterns present the experimental XRD pattern of the graphitic 

C6N9H3·HCl collected at 5 GPa and fitted using Le Bail refinement with different space 

groups. 

 

The broad XRD data even at ambient conditions made any attempts at 

improving the refinement fits through the lowering of symmetry difficult.  The 

P63/m, P63 and P6 models all gave roughly the same Rwp and χ2 values of ~7 

and ~30 respectively.  What was made apparent was that improving on the 

structural model proposed by Zhang et al. could not be improved on using 

powder diffraction techniques. The Le Bail refinements were carried out 

assuming two different space groups for the solid: first the P63/m structure 
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suggested in the first synthesis of C6N9H3·HCl by Zhang et al.; and second 

reducing the symmetry to P63, with loss of the horizontal plane of symmetry. 

 The latter choice ensues from the computational results discussed earlier, 

that showed layers in the C6N9H3·HCl solid to be buckled and thus incompatible 

with the Zhang et al. assignment. Although more accurate structure analysis can 

be derived from the computational work [194], the presence of structural 

constraints is very useful in this initial stage of structure refinement using XRD 

patters with broad peaks, and even the P63/m model provides a useful choice.

  

 Experimental Zhang DFT  

 P63/m P1 P63/m P1 

a 8.452 (3) 8.508 (2) 8.4379 8.33 

b 8.452 (2) 8.312 (1) 8.4379 8.37 

c 6.440 (3) 6.463 (3) 6.4296 6.23 

alpha 90 90.837 (5) 90 89.68 

beta 90 90.384 (4) 90 92.56 

gamma 120 119.685 (4)  120 121.2 

volume 398.538 (9) 397.018 (6)   

 

TABLE 7: The unit cell parameters of the experimental graphitic-C6N9H3·HCl 

compared to the Zhang et al. model and the theoretical model calculated by DFT.     

 

3.3.3.3 New Refinement of the Ambient Pressure Structure of g-C6N9H3·HCl 

 

The initial Rietveld refinement reported by Zhang et al. using the P63/m 

space group assumed that the C-N framework was planar and rigid.  All the z 

fractional coordinates for the atomic positions of the atoms in the unit are fixed 

at 0.25, describing the planar structure.  FIG. 42 illustrates the Rietveld 

refinement carried out using the atomic coordinates already reported.  The fit is 

not that well matched to the observed pattern especially when accounting for the 

peak heights as determined by the atomic positions.  However, the structural 

model it is based on does describe a C-N framework and accounts for the C12N12 

voids within the structure.  It also positions the chloride ions within these voids, 

planar to the framework.  Attempts were made to relax the atomic positions of 

the planar unit cell using FullProf as a refinement package.  Keeping the unit cell 
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parameters fixed, the atomic positions were refined initially one at a time as well 

as a full overall refinement.  Although this produced overall better fits to the 

experimental data, the structural models outputted were not accurate in 

describing a C-N framework (FIG. 43).  

The refinement package when allowed to refine the atomic positions 

would not contain the atoms within the initial proposed framework, 

characteristic of a graphitic system.  In all cases the structural models simulated 

from the new atomic positions were not regarded as reliable or realistic.  This 

lead to the conclusion and confirmation of work previously reported that any 

Rietveld refinement carried out the compression data would be invalid and the 

only real data to be extracted would be through Le Bail refinement with which to 

evaluate the volumes of the unit cell at given pressures.  

 

 

 

 

 

 

 

 

 

 

 

 

 

FIG. 42: Rietveld refinement of C6N9H3·HCl using the fractional coordinates as 

determined by the structural model of Zhang et al. [189] (P63/m).  The fit is only 

moderate and highlights the poor match with the suggested structural model.  The 

pattern was collected on Bruker D4 diffractometer using CuKα radiation (λ = 1.5418 Å). 

Rp: 43.1, Rwp: 44.2, Rexp: 23.13, χ2:  3.66. 
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FIG. 43: Rietveld refinement of C6N9H3·HCl allowing for the atomic positions to be 

refined as determined by the structural model of Zhang et al. [189] (P1). The pattern 

was collected on Bruker D4 diffractometer using CuKα radiation (λ = 1.5418 Å). Rp: 

40.0, Rwp: 34.0, Rexp:   27.83, χ2:  1.49.  

 

 

 

3.3.3.4 Structural Changes During Pressurisation at Ambient Temperature 

 

 

The experimental results are now discussed, starting with an initial 

compression of the synthesised material at ambient temperature.  Compression 

runs were carried up to 70 GPa and investigated using synchrotron radiation at 

I15 (Diamond).  The XRD pattern of the sample has defined peaks up to a 

pressure of ~15 GPa, at which point shearing of the graphic layers contributes to 

peak broadening and asymmetrical peak shapes.  Similar shear distortions have 

also been observed computationally. It was possible to carry out Le Bail 

refinement for data sets up to 40 GPa, after which it was decided that the 

diffraction peaks were too broad and weak for reliable refinement. Angle 

dispersive XRD data in this pressure range are reported in FIG. 44 and FIG. 45. 
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FIG. 44: Angle dispersive synchrotron X-ray diffraction data for graphitic C6N9H3·HCl.  

The waterfall plot illustrates the compression data starting from ambient conditions up 

to 40 GPa.   

 

The Le Bail refinement was carried out by fixing the position of the 

(002) reflections to that of the most dominant peak of the diffraction, as 

described by simulated patterns using PowderCell and DFT calculations.  For 

the data sets above 40 GPa the XRD patterns collected were directly compared 

to calculated patterns; this is discussed later. Using the experimental 

compression data the observed lattice spacings (FIG. 46) unit cell volume (FIG. 

48) and lattice parameters (FIG. 50) as a function of pressure are reported. 

Using PowderCell we simulated XRD patterns of the C6N9H3·HCl at 

various pressures (unit cell volume) and predetermined that the (002) reflections 

is defined by the position of the most dominant peak.  With this as a starting 

point the LeBail refinement was carried out with the (002) reflections always 

fixed relative to the most intense peak.  The value of the (002) was determined 

by applying a Lorentzian fit to the peak profile and extracting the mid point 

value of the peak.  This determines the c – axis, the distance between the layers 

of the graphitic system. 

Increasing  

 pressure 
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FIG. 45: Angle dispersive synchrotron X-ray diffraction data for graphitic C6N9H3·HCl.  

The stacking plot illustrates the compression data starting from ambient conditions up to 

70 GPa. 

Within our data sets, it was decided that the visual assignment of 

reflections would not be accurate due to the broad weak features of the XRD 

data, especially at higher pressures (FIG. 46).  Therefore, all reflections were 

followed using a Le Bail fit using FullProf. Using this method, in conjunction 

with calculated simulated patterns, it was possible to follow all the reflections up 

to 40 GPa unlike the observations made by Wolf et al. [190], who reported on a 

similar sample of graphitic C6N9H3·HCl using energy dispersive synchrotron X-

ray techniques. They reported observation of the (002), (200) and (110) 

reflections up to P = 34 GPa, but (210) could only be recorded up to 28 GPa, 

(111) to 12 GPa and the (011) reflection was no longer visible after 4 GPa.  

However, our results are generally consistent with those obtained by Wolf et al. 

as both reports observe a crossover occurring between the (210) and (002) 

reflections at P ~15 GPa (FIG. 47).  In fact, we observe an additional crossover 

of the (012) reflection with that of the (210) at ~5 GPa, as well as a crossover of 

the (002) and (021) reflections (~2 GPa).  The original work by V. Lees [199] 

had not managed to identify any of the observations reported by Wolf et al. 

[190] and provided a different description of the system under pressure.  Having 

the opportunity to reanalyse her original data, I was able to identify the presence 
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of graphite peaks in her XRD diffraction data, probably belonging to a 

graphitised layer on the culet, emerging as the signal from the sample became 

weaker with an increase in pressure.  The undetected presence of this impurity 

effected all of the analysis and was a major reason for why we decided to re-

examine this system using HP techniques.   

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIG. 46: Angle dispersive synchrotron X-ray diffraction data for graphitic C6N9H3·HCl 

shown at 10 GPa intervals up to 40 GPa.  The Le Bail refinement fit is shown in red and 

the experimental data in black.  The markers identify the positions of the reflections 

belonging to the C6N9H3·HCl.  The difference between the observed powder pattern and 

that calculated using the crystal structure is given by the bottom fit in black.   
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FIG. 47: Variation of d spacings with pressure of reflections distinguished as a function 

of pressure.  Reflections were assigned using Le Bail refinement.   

 

The d(P) plot (FIG. 47) illustrates that the reflections describing a non-

zero l value (c axis) undergo a much more rapid compression than those of (h k 

0) type.  This is confirmed by comparing the a, b axis to that of the c axis as a 

function of pressure (FIG. 50).  FIG. 47 and FIG. 50 describe a rapid 

compression (collapse) of the c axis. When examining the V(P) plot of the 

compression data (FIG. 48) there seems to be a change in the gradient of the data 

points at around 20 GPa; fits of these data points to a third-order Birch 

Murnhagan equation of state show that there is a subtle but obvious 

discontinuity starting from ~22 GPa.  The change is less evident in the evolution 

with pressure of the individual a, b and c lattice parameters FIG. 50. When 

nearing the compression data around the 15-20 GPa region the X-ray diffraction 

pattern of the layered g-C6N9H3·HCl phase loses its definition. As mentioned 

earlier, the peaks become broadened, often in an asymmetric manner, in the 

angle dispersive synchrotron X-ray diffraction spectra.  

Deifallah et al. [198] reported that a discontinuity in a pressure versus 

volume plot associated with the formation of the ILB1 structure would also have 

to show a collapse in the c spacing.  The discontinuity seen in the experimental 

data at ~22 GPa is not matched with a collapse in the c axis (FIG. 53) and 
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therefore is not describing the formation of the ILB1 structure as these pressures.  

The DFT work had identified the buckling of the C-N frameworks and this 

change in the V(P) slope could be due to a change from flat to buckled layers 

and a change in symmetry from P63/m space group to P63.  This loss in the 

mirror plane could arise from a buckling effect however the low quality of the 

XRD data makes it very difficult to confirm. Above 40 GPa several 

characteristic reflections of the graphitic structure can no longer be 

distinguished. Above this pressure range it is difficult to assign a crystalline 

structure to the observed diffraction pattern. These data indicate that several 

structural disordering processes occur within the C6N9H3·HCl compound at 

pressures above 15-20 GPa.  Insight into the nature of possible structural 

changes that occur within such layered graphitic carbon nitride phases can be 

gained by making reference to results from the DFT calculations by Deifallah et 

al. 

Having carried out a Le Bail refinement using the higher symmetry space 

group of P63/m, the symmetry was reduced to P1 as suggested by DFT 

calculations and a less constrained unit cell was evaluated (FIG. 49).  The first 

few attempts of using a P1 symmetry provided a random P(V) plot with no 

definable trend.  With no symmetry constrains the refinement package was 

assigning reflections randomly and with no consistency.  Therefore some 

parameters were attempted to be constrained by using predetermined values for 

the zero shift as determined from the silicon standard and a and c lattice 

parameters from the more constrained P63/m model.  The P1 model was only 

allowed to refine the b axis, alpha, beta and gamma variables.  With a more 

constrained unit cell somewhat of a trend can be observed, however, the P1 

model cannot be applied for a refinement procedure as already mentioned.   
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FIG. 48: V(P) plot of the experimental angle dispersive XRD and the previously 

reported energy dispersive XRD work [190].  A discontinuity is observed in the 

experimental work after the 20 GPa range not previously reported.   

 

 

FIG. 49: V(P) plot of the experimental angle dispersive XRD.  The black data points are 

of the experimental data using P63/m, green stars P1 symmetry and the red represent the 

previously reported work as referred to in the previous figure.     

 
Experimental ADXRD 
 
EDXRD results - Wolf et al. 
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FIG. 50: The unit cell parameters are described as a function of pressure.  The current 

work reported here (red circles) is compared to those of the cell parameters derived by 

previously reported energy dispersive work (black squares) [190].   

 

The high-pressure compressibility studies highlights characteristics 

associated with graphitic structures, specifically one with a continuous planar 

network.  This is described in FIG. 50, which examines and compares the 

compressibility’s of the a, b and c axis.  The reader is reminded that within a 

hexagonal unit cell the both the a and b axis are of equal value.  A large 

compression is observed in the c parameter characteristic of a graphitic system.  

By 40 GPa, the c parameter has reached a value of 4.830 Å, representing a 

24.5% reduction with respect to value of 6.339 Å at ambient conditions.  This 

means that the interlayer separation between the graphitic layers by 40 GPa is at 

2.415 Å.  The corresponding change in a is only 7.1%, from 8.418 Å to 7.820 Å.  

It is this low compressibility in the a axis that makes the system highly 

anisotropic, characteristic of a graphitic system that contains a continuous 

network, much like the incompressibility of the basal plane of graphite.  If the 

graphitic carbon nitride system did not have a continuous framework structure 

then it would be expected to possess a large compressibility in all directions.  In 

describing the unit cell of the sample the compressibility of the a axis is 
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considered as being constant throughout the 40 GPa pressure range, with a near 

linear decrease.  When compared to the values reported by Wolf et al. there is a 

good correlation at the lower pressure points.  After ~15 GPa the experimental 

data begins to deviate from the previously reported data and there is a slight 

increase in the a axis which is accommodated with a minimal decrease in the c 

axis.  It is this increase which contributes to the discontinuity observed in the 

V(P) data plots (FIG. 48 and FIG. 49).  
 
 
 

3.3.3.5 Pressure-Induced Hybridisation: Experimental Results vs. Theoretical 

models 

 

Before discussing the high-pressure (above 40 GPa) results of this work 

the reader is informed about the decision to stop the refinement of the 

experimental XRD data above the 40 GPa mark.  The broad non-distinct peak 

shapes made the continuation of refinement unreliable and a different approach 

was adopted.  Theoretical work carried out by Malek Deifallah and Furio Corà at 

UCL [194, 197] on the same system, g-C6N9H3·HCl, as reported here provided 

an excellent and detailed template with which to compare the experimental 

work.   

 Initially the X-ray diffraction pattern of the starting graphitic 

C6N9H3·HCl sample taken inside the DAC at ambient conditions was compared 

to a DFT simulated XRD pattern after geometry optimisations and full 

relaxation.  The experimental data was collected using synchrotron radiation (λ 

= 0.444 Å) at I15 at DLS and the theoretical pattern was calculated with the 

same wavelength in order to generate XRD patterns with the x-axis in the 2θ 

range.  The two XRD patterns can be considered as nearly identical in terms of 

relative peak intensities and absolute width. The slight offset of the dominant 

peak in the experimental data is most likely due a small amount of strain being 

applied with the closure of the DAC.  Both patterns exhibit the distinct 

broadening in the principal peaks as observed with this material.  This provides 

strong evidence of the presence of intrinsic structural disordering within the 

material, rather than to experimental conditions or instrument parameters.  
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FIG. 51: A comparison of the experimental and DFT simulated XRD patterns of the g-

C6N9H3·HCl at ambient conditions.   The experimental XRD data was collected at I15 

of Diamond Light Source.   

 

The theoretical calculations carried out by the Deifallah et al. at UCL 

examined the structural response during pressurisation of an "ideal" graphitic 

layered C6N9H3 material and C6N9H3·HCl [194].    They reported that both 

compounds exhibited similar structural changes occurring during compression 

although at different pressures ranges.  For the purpose of the discussion here the 

C6N9H3·HCl model will be examined in detail.    

 The behaviour of theoretical g-C6N9H3·HCl model displayed two 

discontinuities in the curves representing the pressure variation of lattice 

parameters and enthalpy.  These were estimated to be at ~70 and ~90 GPa, 

respectively, higher than the values provided by the “ideal” C6N9H3 and the first 

experimental discontinuity mentioned above at 20 GPa.    Similar to the 

experimental results however, the theoretical g-C6N9H3·HCl model displayed a 

more pronounced decrease in c parameter then that of the a and b parameters.  

These values were smaller than those of the C6N9H3 model, suggesting that the 

incorporation of Cl- ions within the heptazine rings of the graphitic layers 

renders the material less compressible. 

Ambient XRD  

λ = 0.444 Å 
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FIG. 52: A unit cell of the proposed high-pressure pillared structure of the sp3 bonded 

C6N9H3·HCl by DFT calculations. 

 

The first principles results of Deifallah et al. indicate that interlayer 

bonding should occur within graphitic carbon nitride phases above 

approximately 40-70 GPa following a reduction in the c parameter (FIG. 52).  

This has been described as a sp2 to sp3 rehybridisation process and shown to 

occur abruptly in both of the theory models.   Initially the intralayer stress was 

shown to be absorbed by compressing the C-N intralayer bonds rather than by 

buckling the layers that remain atomically flat.  However, as the pressure is 

increased this formation becomes energetically unfavourable and a buckling of 

the C-N framework occurs. The C-N bonds between adjacent layers can occur in 

a non-systematic fashion between layers above and below the central plane, and 

this likely results in the highly disordered nature of the C6N9H3·HCl sample 

observed above P = 25-30 GPa in the experimental study.  The presence of the 

Cl- atoms located in the C12N12 interstices also contribute to strong short-range 

repulsion resulting in the NH bonds becoming bent out-of-plane and increasing 

the disorder observed in the system.  This has been shown by Deifallah et al. to 

be done so at the expense of π electron delocalisation.  

The theoretical model follows this by prescribing that the continuation of 

an increase in pressure to ~70 GPa leads to the sp3 hybridisation of a C3N3 ring 

and the creation of new bonds between the C and N on adjacent layers.  C3N3 

rings that are directly above each other therefore recombine to form interlayer 

bonds.  The simultaneous bond formation that follows is described as non-

uniform and can lead to structural disordering such as that observed in our 
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experimental study.  In attempting to confirm the existence of this new sp2-sp3 

bonded carbon nitride phase, containing three-dimensional pillars, a direct 

comparison was made between the simulated XRD patterns of the DFT models 

and the collected experimental work (FIG. 53).  The two models used from 

theory consisted of a non-pillared structure, named ILB0, in which the planar 

network was keep rigid and not allowed to undergo interlayer bonding.  The 

second model was named ILB1, here the system was allowed full structural 

optimisation and it described a pillared system with interlayer bonding.     

 
 

FIG. 53: A comparison of the experimental XRD pattern generated at 70 GPa versus 

two simulated patterns from ab initio calculations.  The ILB1 pattern is from a pillared 

graphitic C6N9H3·HCl structure that is shown to be the most stable phase at these 

elevated pressures.  The ILB0 pattern is when the graphitic C6N9H3·HCl structure is 

when there is no interlayer bonding.   

 

There is a direct correlation between the collected experimental XRD 

pattern and that of the ILB1 model is observed in FIG. 53.  The experimental 

pattern is very broad, describing a highly stressed and disordered system.  This 

makes it very difficult for direct peak assignment.  However, the dominant broad 

peak of the (002) reflection in the experimental pattern is described by the ILB1 

pattern whose main peak has a similar 2θ value.  The comparison is further 

confirmed when the ILB0 model is referred to as this fails to simulate a XRD 

pattern any resembling features with that of the experimental pattern.  This 

similarity between the experimental and the ILB1 pattern confirms that the 

graphitic C6N9H3·HCl system is undergoing structural changes as described by 

the pillared model.  

2 Theta (degrees) 
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3.3.3.6 Conclusion  

 

Here we conducted a study of graphitic C6N9H3·HCl using HP techniques 

and angle-dispersive synchrotron methods.  An initial study of this materials was 

carried out by V. Lees et al. who had identified the Cl content in the sample but 

had described an amorphisation of the sample above ~20 GPa.  This was not in 

agreement with the report by Wolf et al. who had described a crystalline phase 

up to 40 GPa.  Theoretical calculations carried out by M. Deifallah et al. in 

conjunction with the work done by V. Lees suggested the formation of a new 

pillared structure forming at ~70 GPa.  With these new findings and uncertainty 

regarding the high pressure behaviour of the graphitic C6N9H3·HCl, the system 

was re-examined.  

The graphitic layered compound C6N9H3·HCl was subjected to pressures 

of up to 70 GPa in a diamond anvil cell and its structural behaviour was 

examined using synchrotron X-ray diffraction.  The initial structural model 

proposed by the work by Zhang et al. of a layered hexagonal (P63/m) structure 

was compared to a theoretical model of a disordered (P1) structure, which 

described the graphitic unit cell as disordered and triclinic.  The work here has 

highlighted the difficulties in using P1 symmetry to carrying out Le Bail and 

Reitveld refinement and how unrealistic the refinement results become during 

the refinement of high pressure data.  The layered hexagonal (P63/m) model was 

shown to be a realistic description of the material at least up to a pressure range 

of 40 GPa.   

Closer examination of the resulting V(P) plot (FIG. 48) indicates a slight 

maximum occurring near 20 GPa that is not normally physically reasonable for 

the compression of a single phase. This anomaly indicates a structural change 

occurring within the material that significantly affects the mechanical properties, 

that is normally associated with a second order or subtle first order transition 

between low- and higher-density forms of the material.  Our third-order Birch 

Murnhagan analysis of the equation of state data indicate discontinuity at ~22 

GPa. Upon approaching the 15-20 GPa region the X-ray diffraction peaks of g-

C6N9H3·HCl phase become broadened and asymmetric. 

The compressibility’s of the cell parameters describe a large compression  

in the c parameter characteristic of a graphitic system.  This axis represents a 

24.5 % reduction with respect to value of 6.339 Å at ambient conditions by a 
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pressure of 40 GPa. This means that the interlayer separation between the 

graphitic layers by 40 GPa is at 2.415 Å.  The corresponding change in a is only 

7.1%, from 8.418 Å to 7.820 Å.  It is this low compressibility in the a axis that 

makes the system highly anisotropic, characteristic of a graphitic system that 

contains a continuous network, much like the incompressibility of the basal 

plane of graphite.  

Attempts at structural refinement were limited to experimental data up to 

a pressure of 40 GPa as it was felt that the quality of the collected data was too 

statistically poor for a reliable assessment.  Data at these pressures (> 40 GPa) 

was compared to the theoretical calculations carried out by Deifallah et al. The 

ab initio calculations had identified the formation of a new pillared structure 

formed at pressure greater than 70 GPa.  The experimental XRD data were 

compared to the theoretical XRD data and confirmed that the predicted pillared 

structure referred to as ILB1 was the most convincing match to the observed 

work.  The formation of the pillared structure was shown to be due to the sp2 

hybridised C in a layered framework undergoing a pressure induced change to 

sp3 bonding with the formation of C-N bonds between adjacent layers in the 

graphitic structure.  The close match between the experimental data and that of 

the ILB1 structure suggests that the graphitic system is undergoing the change in 

hybridisation as shown by the ab initio calculations.   
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3.4 Potential Other Phases in the C-N-H Systems: Results from Laser 

Heating Experiments II 

 

3.4.1 Synthesis of a New CxNy Phase After Laser Heating g-C6N9H3·HCl 

 

During the experimental study, 30 GPa of pressure was applied in a DAC 

to a sample of C6N9H3·HCl, which was then gently laser heated with a ~30 W 

power output using NaCl as the thermal insulator. The sample was monitored in 

situ with Raman spectroscopy; the ambient structure fluoresces heavily 

throughout compression as well as at ambient conditions and does not provide a 

Raman spectrum.  However, after short periods of LH the fluorescence stopped 

and a Raman pattern was observed; this identified a mechanical or electronic 

change in the overall structural of the system. Once this phase change had 

occurred, the LH sample in the DAC was transported to the ESRF and analysed 

with XRD at the synchrotron source. A new series of crystalline X-ray 

diffraction peaks were observed on the sample and which could be followed as 

the sample was returned to ambient conditions.  In order to confirm the 

reproducibility of the experiment, the sample was also LH in situ at the ESRF 

which produced the same diffraction pattern. The diffraction patterns before and 

after laser heating are illustrated in FIG. 54.  The diffraction pattern after LH 

clearly shows the presence of a new crystalline material which is formed.  The 

emergence of the dominant peak at 2.2 Å does not match the (002) reflection of 

the ambient structure at 30 GPa and neither does the presence of the Bragg peaks 

at 4.2 and 4.8 Å. The experimental diffraction was then compared to simulated 

XRD patterns generated using the DFT calculations conducted by Furio Corà  

and Aishia Raman.   

The ILB1 which was described earlier, as a pillared graphitic structure, 

was chosen for comparison.  Although there is no real decipherable match at 

higher pressures (FIG. 55a), upon decompression a similarity develops.  FIG. 

55b shows a comparison of the recovered LH sample at ambient conditions 

compared to the ILB1 structure at 7 GPa.  The purpose of this is the ILB1 

structure has been calculated to collapse into the non-pillared below 3 GPa and 

so the lowest pressure calculated model is at 7 GPa.  The comparison of the two 

XRD patterns does however highlight some similarities between the two 
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structures although the DFT model is translated along the x axis.  Both patterns 

contain the double Bragg peaks at higher d spacings situated around ~4.5 Å and 

some other potential peak matching, although as mentioned the DFT pattern 

does not match the x-axis of the experimental work.   

 

 

 

FIG. 54: A comparison of before and after laser heating of the g-C6N9H3·HCl at 30 GPa.  

The PTM peaks have been masked out.  

 

 

The fully recovered sample after LH was then attempted to structurally 

refinement and a structural model was attempted to be established.  First, the 

sodium chloride peaks were indexed and identified correctly as having a Fm3m 

space group. After modelling the NaCl, the position of the seven strongest peaks 

were indexed in Dicvol which proposed a few tetragonal, hexagonal and 

orthorhombic cells.  Since the starting material was hexagonal and also the 

indexing software had given this type of primitive cell the greatest relative 

stability, the hexagonal cell seemed the best choice.  Following this, the 

diffraction peaks belonging to the sample were re-indexed and a number of 

possible options were given using CRYSFIRE with relative stabilities.  The best 

match with using Le Bail refinement was with the P63 and P6 space groups, 

although a systematic absence of the (003) reflection using P63/m might indicate 

the P6 group as a more accurate description of the unit cell (FIG. 56). Although 

the space groups, as high as P63/mmc and P63/mc were suggested.   

 

d spacings (Å) 
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FIG. 55: A comparison of the XRD pattern of the experimental data after laser heating 

and the simulated patterns of the ILB1 structure from the DFT calculations.  In both 

plots the position of the NaCl diffraction peaks are identified by +. (a) The plot 

illustrates the experimental data immediately after laser heating compared to a DFT 

generated pattern of the closest pressure point. (b) The plot is of the experimental 

structure at ambient conditions following the subsequent decompression compared to 

lowest calculated ILB1 structure available.   

 

An initial attempt was made at Rietveld refinement of the XRD pattern 

using the atomic positions from the DFT calculation of the ILB1 structure at 7 

GPa although this was calculated at a different pressure to that of the ambient 

XRD.  The unit cell parameters from the Le Bail refinement were used along 

with the calculated atomic positions from the DFT calculations.  This approach 

did not work as the DFT model was calculated to have a P1 symmetry and the 

positions of the atoms were not possible to fit into the special positions de 

ermined by the assigned space group.  Several attempts were made by just filling 

in the general positions using the theoretical values.  No real fit to the XRD 

pattern was ever generated and the structural model after refinement seemed 

implausible.  

a 

b 

      + +                   + 

 + +                + 
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FIG. 56: The Le Bail refinement of the recovered laser heated sample at ambient 

conditions using the P6 space group.  Diffraction peaks with intensity greater than 3% 

belonging to the recovered sample are indexed.  The Rietveld method was used to fit the 

presence of the NaCl PTM. (The R values for the PTM phase are Rp: 1.38     Rwp: 1.81     

Rexp:    1.20.  The R values for the new recovered phase are Rp: 11.6     Rwp: 7.86     Rexp:    

5.21. χ2:  2.27 for the overall fit).    

 

 

 An attempt was made at trying to develop a structural solution for the 

XRD pattern to assist with the structural refinement.  It was assumed that the LH 

procedure had not change the composition of the starting material and that a 

similar starting point with the same rigid planar C3N3 ring and a rigid framework 

proposed by Zhang et al. would be attempted.  A rigid planar C3N6 fragment was 

defined and converted in a Z-matrix by iBabel.  This consists of taking the 

Cartesian coordinates of the atomic position within the unit cell and 

transforming them into internal coordinates.  The atoms are defined in this way 

as by their atomic number, bond length, bond angle and dihedral angle.  By 

describing the atoms within the unit cell in this manner the information was then 

imported into the program FOX which is a ab initio crystal structural solution 
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software.  With this software the Cl atoms were inputted with some anti-bump 

constraints to prevent the atoms from approaching each other too closely.  The 

Cl atoms were relaxed in a number of positions, first trying to keep the planar 

rings parallel to the ab plane and then optimising their positions.  This approach 

did not provide a structural model that matched the diffraction pattern well.  

Although some peaks were fitted within a reasonable degree of error, the overall 

model was not sufficient.  Therefore, a correct structural model and the resulting 

structural refinement were not acquired.   

  

3.4.1.1 Conclusion 

 

The g-C6N9H3·HCl system was laser heated at a pressure of 30 GPa after 

the system was identified to be going under some sort of structural changes as by 

the discontinuity of the V(P) plot at a pressure of around 25 GPa.  The broad 

featureless XRD pattern of the g-C6N9H3·HCl sample revealed to have formed a 

crystalline material after being laser heated.  The new crystalline XRD patterns 

seem to have a close match to the predicted pillared structure as calculated by 

the ab initio work at 30 GPa and near ambient conditions.  Although the 

predicted pillared structure has been suggested to collapse below a pressure of 7 

GPa, the new crystalline material is recoverable to ambient conditions as a single 

phase from the point of synthesis.   The new recovered crystalline phase was 

successfully indexed as hexagonal and fitted to a P6 space group.  The Le Bail 

refinement was very convincing however, a structural model was not possible to 

be elucidated and this is something that is on going.    
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3.5 High-Pressure High-Temperature Synthesis and the Solid State 

Chemistry of Ti-O-N Systems 

 

3.5.1 High-Pressure High-Temperature Transformations of Amorphous-

Nanocrystalline TixNy Materials Obtained from Organometallic 

Precursors 

 

3.5.1.1 Introduction 

 

Many of the materials within the transition metal nitride and carbide 

compounds have a number of desirable physical properties [203] including high 

hardness and high melting points [129, 204].  In addition to being metallically 

conductive, some of the semi-metallic compounds can achieve relatively high 

values of the superconducting Tc (e.g. 12-17 K for cubic ε-NbN and hexagonal 

δ-MoN) [205, 206]. In contrast to non-transition metal superconducting 

materials which generally show a decrease in their Tc with high-pressure, the 

transition metal compounds and alloys seem to show a increase in Tc [207, 208].  

Both the nitride and carbide analogous compounds often have hexagonal or 

cubic structures that are based on close-packed metal sublattices with N or C 

atoms occupying interstitial sites [203, 209].  The focus of this work has been to 

investigate the existence of titanium nitride polymorphs.  To date only the 

rocksalt-structured phase "TiN" has been reported which is usually non-

stoichiometric, forming compounds TiNx with x ranging between = 0.6-1.2 and 

that can contain vacancies present on anion or cation sites [210, 211].  A similar 

compositional range is encountered for cubic B1-structured titanium carbide 

materials [209].  

 A new family of nitrides for the group XIV elements with composition 

M3N4 (M = Si, Sn, Zr) was discovered, using HP and carrying out synthesis by 

coupling the element with a nitrogen rich environment.  Zerr et al. showed that 

this is also possible for group IV, having synthesized Zr and Hf nitrides using 

high-pressure techniques [80, 212].  First-principles calculations indicated that 

Ti3N4 spinel would be stable at high-pressure [213] and calculations by P. Kroll 

[31] go further to suggest that a number of Ti nitride polymorphs would be 
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accessible with the application of HP.  Attempts have been made by to 

synthesise this matter by direct reaction between the elements, and from the 

lower nitride.  However, all attempts have been unsuccessful and it is unlikely 

that such a material could be prepared using such a direct route because of the 

very high density and refractory nature of TiN.  However, an alternative method 

we have set out to investigate is whether its synthesis could be achieved by a 

metastable route, starting with a chemically-produced precursor. 

Instead of this HP route, Baxter et al. used a classical chemistry approach 

and originally reported the synthesis of what they identified as an amorphous 

solid titanium nitrides with a bulk composition near Ti3N4 [214, 215].  They had 

carried out reactions between organometallic species (Ti(NMe2)4, Ti(NEt2)4) and 

ammonia, followed by heat treatment in NH3 or N2 atmospheres at 450-1000oC.  

This work was re-investigated recently by Hector et al. with a collaboration 

between Southampton University and UCL [216]. They found that reaction 

between Ti(NMe2)4 and NH3 yielded a precipitate with composition 

TiC0.5N1.1H2.3, which did not have a stoichiometry of TiN1.33, which is required 

for Ti3N4. This indicates that whilst Baxter et al. did not produce Ti3N4, they did 

identify a synthesis route for the manufacture of materials with a high Ti:N ratio 

which could be used as precursors for  DAC work. 

It is expected that nitrogen and carbon in these materials behave 

similarly. Thermogravimetric analysis by Jackson et al. [216] had shown that a 

plateau between ~300-500oC occurs in the weight loss curves of these 

compounds during their transformation into Ti(N,C) compounds.  Heating to 

above 700°C in NH3 had given rise to nearly stoichiometric TiN, with a particle 

size ~8-9 nm as measured by TEM.  However, heating in N2 atmosphere had led 

to 4-12 nm particles of a carbonitride phase, close to TiC0.2N0.8 in composition.  

Heating to ~450°C in N2 gave rise to an X-ray amorphous black powder with 

metallic conductivity, with typical composition TiC0.22N1.01H0.07 [216].  

Analogous materials prepared by heating in NH3 had lowered carbon contents 

and it was these materials that were used as precursors for the HPHT studies 

reported here. 

 The work by Jackson et al. had used X-ray absorption spectroscopy at 

the Ti K edge and EXAFS analysis to determine the T-(N,C) and Ti...Ti 

distances and coordination numbers. The bond lengths were consistent with 

octahedral sites such as those found in the rocksalt structure, but the 



 130 

coordination number analysis indicated that ~50% vacancies were present on the 

Ti sites, and ~40% vacancies on the non-metal sites.  These observations could 

be accounted for by a highly disordered structural model generally based on the 

local bonding present within the rocksalt structure, that could be formed from 

oligomers produced by addition of NH3 groups to the tetrahedral Ti(NMe2)4 

molecules, followed by condensation into corner- and edge-sharing Ti(N,C)x 

clusters with an octahedral geometry around the metal cation [216].  Although 

the powder X-ray diffraction pattern from an in-house diffractometer had 

indicated an "amorphous" structure, TEM analysis as well using synchrotron 

radiation had shown that the materials prepared at 450 oC actually contained 

rocksalt-structured Ti(N,C)x nanoparticles with a size range ~2-4 nm, embedded 

in an amorphous matrix.    

 In the present study, the precursor that had been prepared at 350 oC was 

selected to produce an amorphous structure or at least smaller nanoparticles then 

previously reported.  The high-pressure and high-P,T behaviour of this material 

was examined with synchrotron X-ray diffraction and Raman spectroscopy, in a 

laser-heated diamond anvil cell (DAC).   

 

3.5.1.2 Precursor Synthesis and Diamond Anvil Cell Loading Techniques 

 

The precursors for the H-P H-T experiments were provided by Andrew 

Hector at Southampton University as part of a collaboration with UCL.  The 

samples were prepared by reaction between Ti(NMe2)4 and NH3, with slight 

variations in procedure to investigate whether an amorphous precursor could be 

synthesized [216].  In addition to being amorphous, it was required that the 

precursor should have a Ti:N stoichiometry as close as possible to 1:1.33 and 

that it should contain minimal organic impurities.  Previous attempts at 

producing a truly amorphous material resulted only in nanocrystalline or 

composite materials. 

The precursor materials were transported from Southampton to UCL 

inside sealed ampoules, and all manipulations with the sample as well as the 

preparation of the DACs were carried out inside a glove box. Before loading into 

the DAC, the solid precursor was pressed into pellets between two tungsten 

carbide blocks inside the glove box and loaded onto a tripod of specks of ruby 
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dust on the diamond culet. Diamonds with culets of 300 µm were selected.  Re 

gaskets were pre-indented to ~30 µm thickness and electro-eroded with a 100 

µm diameter hole. N2 was selected as the PTM and it is loaded into the DAC 

cryogenically by submerging the DAC in a liquid nitrogen bath. The nitrogen 

seeps into the DAC through a very small opening between the top diamond and 

the gasket; the DAC is then closed after a period of 20 minutes.  

  

 

Samples Description of sample preparation  

678a Ti(NEt2)4 heated with liquid ammonia in an autoclave at ~50-60 °C 

overnight and the recovered powder heated under flowing dry ammonia at 

350 °C 

678b Same as above but recovered at 450 °C 

679a Ti(NEt2)4 dissolved in a small amount THF and then a large excess of 

liquid ammonia condensed into the solution.  Allowed to evaporate over 

several hours and the recovered powder heated under flowing dry 

ammonia at 350 °C 

679b Same as above but recovered at 450 °C 

TABLE 8: A description of the different sample preparation available to high-pressure 

studies.   

 

One sample, 679a, was selected for LH experiments as its synthesis 

method made it most likely to be amorphous (we were not able to determine 

whether the sample was truly amorphous as the in-house diffractometer cannot 

identify nanocrystals).  The pressure of this sample was mechanically increased 

to 17 GPa and it was heated for several short consecutive heating periods using a 

150 W CO2 laser. Pressures inside the DAC were measured with the ruby 

fluorescence technique [85].  The sample was investigated using Raman 

spectroscopy and a change in spectrum was led to a stop of LH.  Prior to this the 

679a sample had been taken   up to 30 GPa at ambient T and investigated using  

a Raman probe. A custom-built microbeam instrument was used to obtain 

Raman spectra [119].  The scattering was excited with the 514.5 nm line of an 

air-cooled 50 mW Ar+ laser focused into the DAC using a Mitutoyo 50SL 

objective. The Raman scattered signal was collected in backscattered geometry 
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through the same objective. Kaiser® SuperNotch® filters were used to 

discriminate the incident laser from the Raman scattering. Spectroscopy was 

carried out using a 500 mm Acton® 300 spectrometer and a liquid N2-cooled 

back-illuminated Si CCD detector. Following this, the pressure was increased to 

28 GPa and then the sample was decompressed to ambient conditions. 

 Sample 679a was then analyzed using in situ high-pressure angle-

dispersive synchrotron X-ray diffraction at the I15 beamline at the Diamond 

Light Source (Didcot, UK: λ = 0.442110 Å).  Diffraction patterns were collected 

with an image plate detector (MAR345). The two-dimensional diffraction 

images were analysed using Fit2D software yielding one-dimensional intensity 

vs. diffraction angle 2θ patterns [169].   

 

 

3.5.1.3 Results and Discussion 

 

The initial XRD patterns taken at UCL using a Bruker diffractometer (λ 

= 1.540 Å) showed all four precursors to be totally amorphous.  However, 

having taken the sample to the DLS, the angle-dispersive synchrotron X-ray 

experiments revealed that the samples exhibited diffuse Debye-Scherrer rings.  

Integrating the diffraction patterns gave rise to a broad 1-D diffraction pattern 

similar for all of the samples. Having nominated sample 679a for a full 

investigations the maxima for the Bragg reflections occurred at 10.41, 12.05, 

16.97, 20.59 2θ (λ = 0.442110 Å).  The preparation procedure for sample 697a 

and the fact it was annealed at a lower temperature has intended to give an 

amorphous sample, however as the synchrotron data revealed, all the samples 

seem to have the same FWHM and therefore assumed to be of the same 

crystallite size. 

Baxter et al. had originally used such patterns to indicate the 

"amorphous" nature of these materials [215].  However, the positions and 

relative intensities correspond to a pattern calculated for nanostructured B1-

structured TixNy materials, consisting of nanoparticles ~4 nm in dimension (FIG. 

57).  This observation is consistent with the detection of 2-3 nm sized 

nanoparticles embedded within an amorphous "matrix", determined from the 

TEM, XAS and EXAFS analysis by Jackson et al. [216]. The dimension of these 
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nanoparticles correspond to approximately 4-5 times the cubic unit cell edge 

length of rocksalt-structured TiN/TiC compounds (i.e., ao~4.2 Å).  

Sample 679a was then taken to a pressure of 17 GPa in a DAC and laser 

heated in short consecutive burst at a temperature of 1400 K.  Following this the 

system was characterised in situ at HP and upon recovery to ambient conditions 

following the high-P, T experiments by a combination of synchrotron X-ray 

powder diffraction and laboratory Raman spectroscopy in the DAC [217].  Both 

the diffraction and spectroscopy data revealed the formation of a new set of 

peaks and bands uncharacteristic of the thermodynamically stable TiN rocksalt 

phase.   

 

FIG. 57:  The experimental XRD pattern of sample 679a shown against the simulated 

XRD pattern of the TiN.  The crystallite size of the grains in sample 679a were analysed 

to be ~ 4nm by using the Scherrer equation and are compared to an ideal TiN pattern.  
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3.5.1.3.1 Raman Spectroscopy 

 

Raman spectroscopy of the nanocrystalline-amorphous precursor was 

possible due to a particular phenomenon which occurs in such materials with a 

rocksalt structure.  This phenomenon relates to the defects or vacancies which 

may be present on cation or anion sites and are observed in TiNx materials. 

There are usually no Raman active vibrations at the Brillouin zone centre in the 

Fm3m B1 structure, but vacancies or defects within the cubic rocksalt structure 

remove the translational symmetry and thus the definition of vibrational 

propagation within reciprocal space [218]. This alters the normal selection rules 

and produces a vibrational density of states in the Raman spectrum that is 

normally only observed by inelastic neutron or X-ray scattering experiments 

[219-221]. 

  In the Raman spectra at ambient conditions, all the TixNy samples 

exhibit the same broad, featureless bands at ~250 and ~630 cm-1 (FIG. 58).  

Sample 679a was selected for HP investigation using a DAC. At P > 12GPa, 

three well-defined bands emerge which are similar to the acoustic modes seen in 

the vibrational density of states (VDOS) spectrum of Ti(N,C)x compounds with 

a rocksalt structure [220, 221] (FIG. 58). Thus, the amorphous presence in the 

sample may be undergoing densification, enabling the material to support 

acoustic mode vibrations with a dispersion over an appreciable correlation 

length similar to that encountered in the crystalline structure. However, there are 

only two peaks in the 200-340 cm-1 region of the VDOS spectrum of TiN and 

these correspond to the transverse and longitudinal acoustic mode branches. The 

triple peaked structure of the TixNy spectrum may correspond to a separation of 

the TA1 and TA2 branches as a result of anisotropy among the transverse 

acoustic mode propagation. Alternatively, the features in the low frequency 

region of the spectrum of the amorphous solid correspond to localised vibrations 

involving Ti translation modes.  
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FIG. 58: Raman spectra of the 679a sample.  This figure shows three Raman spectrum 

at different pressures and highlights the development of the two bands in the 300-400 

cm-1 region.    

 

On decompression, the triplet of well-defined bands disappears below 

18-20 GPa and is replaced by the broad, low frequency feature observable before 

compression. The high frequency modes in the 500-800 cm-1 region remain 

broad during compression and decompression. They are likely to be associated 

with the local disorder caused by the anion and cation vacancies, resulting in 

local bonding environments within partially completed Ti(N,C)6 octahedra and 

thus a broad distribution of Ti-N and Ti-C stretching frequencies. This work 

corroborates that of Jackson et al who have used X-ray absorption and EXAFS 

techniques to characterise the structure of Tix(N,C)y nanocrystalline-amorphous 

materials. They showed that the local structure was based on the rocksalt 

structured compounds TiN or TiC and that it contained ~40-50 % vacancies on 

both the cation and anion sites [222]. 

Further to the work on the TixNy system under pressure at ambient T, the 

HP behaviour of material prepared from the same precursor was investigated 

using Raman spectroscopy following LH at 17 GPa in the DAC (FIG. 59).  On 

LH, new Raman bands appear at ~500 cm-1 and at ~420 cm-1, both not associated 
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with the rocksalt structure of TixNy (FIG. 59).  These may indicate that LH has 

caused the synthesis of a new material. The high frequency modes at 500-800 

cm-1 remain broad up to a pressure of 65 GPa; this may confirm the local 

disorder associated with anion/cation vacancies, or it may be caused by the 

presence of untransformed precursor remaining in the sample chamber. 

 
TiN nanocrystalline-amorphous material (4500)

Wavenumber, cm-1

200 400 600 800 1000

Intensity

2.7 GPa

7.2 GPa
14 GPa

17.4 GPa

after laser 
heating at 17.4 GPa

27.3 GPa

36.4 GPa

43.4 GPa

52.2 GPa

58.0 GPa

65.2 GPa

 

FIG. 59: Raman spectra of the TixNy nanocrystalline-amorphous material compression 

up to 65 GPa. At a pressure of 17 GPa the sample was laser heated before commencing 

with the compression run.  Spectrum was obtained at UCL and is provided by Dr. Olga 

Shebanova who is currently working at APS.     
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3.5.1.3.2 Synchrotron XRD of TixNy Sample 

 

The sample was initially taken up in pressure, using a membrane driven 

DAC, to a membrane pressure of 50 bar (around 45 GPa, refer to FIG. 13 for 

calibration curve) without the presence of a PTM (FIG. 60).  This was to 

confirm the presence of the expected single phase of the rocksalt structured 

TixNy up to and beyond the desired pressure for laser heating.  The sample 

preparation and loading were then carried out to imitate that of the Raman 

spectroscopy experiment and to reproduce the same synthesized material and 

analyse using synchrotron X-ray powder diffraction.   

 

 

FIG. 60: A XRD pattern of the 679a sample upon compression with no PTM   

 

Following this the sample was loaded in a DAC along with nitrogen as 

the PTM and taken up to 17 GPa in pressure.  The sample was then gently laser 

heated with a ~50 W CO2 and monitored in situ with Raman spectroscopy in the 

laboratory.  Once the emergence of the new Raman band at ~500 cm-1 was 

observed, the LH was stopped and the sample, inside the DAC, was transported 

to the DLS and analysed with angle-dispersive XRD. A new series of crystalline 

X-ray diffraction peaks were observed with the sample and which could be 

followed as the sample was returned to ambient conditions. The diffraction 

patterns before and after laser heating are illustrated in FIG. 61.  The diffraction 

pattern after LH clearly shows the presence of a new crystalline material formed.  



 138 

 
FIG. 61: The hydrostatic compression of sample 679a is shown up to 17 GPa.  

Following this, the data set highlighted in red is after the sample was laser heated for a 

period of 5 mins using a 50 W CO2 gas laser.  The compression was then continued with 

the laser heated sample to 28 GPa.   

 

 An attempt was made to characterise the new crystalline material 

by indexing the new HP structure.  The 13 peaks observed at 17 GPa could not 

be indexed satisfactorily ab initio as a single phase in any reasonable space 

group, even one with a low symmetry.  The sample was therefore taken up in 

pressure to 28 GPa to determine whether the XRD pattern at this higher pressure 

could be indexed.  This was also unsuccessful and the sample recovery to 

ambient conditions was then attempted to determine whether a single phase 

could be isolated and indexed. At 3 GPa four peaks can be observed which are 

identified as belonging to the HP phase, at d-spacings of 2.115, 2.446, 2.546 and 

3.511 Å.  This structure can be followed from 17 GPa although the difficulty has 

been confirming the presence of other phases as the initial XRD pattern at 17 

GPa could not be indexed successfully, suggesting a mixed-phase pattern.  The 3 

GPa pattern has two of the peaks with shoulders, suggesting possibly a mixed 

phase (FIG. 63).  These were not included in the indexing solution.  The sample 

could be recovered to ambient conditions and was removed from the DAC and 

analysed using synchrotron radiation techniques. 
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FIG. 62: A XRD pattern obtained during decompression of sample 679a after LH from 

26 GPa.  The sample was LH at 17 GPa and was taken to 28 GPa before decompression 

commenced.   

 

 

FIG. 63: A close up of the decompression XRD data from FIG. 62    
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Attempts were made to index the HP phase.  The 4 peaks observed of the 

HP structure could be indexed satisfactorily ab initio as a single phase in an 

orthorhombic space group.  A number of different indexing packages were used 

and four solutions were identified, all as being orthorhombic and with merits of 

figure ranging from 228.60 to 157.25.  The XRD data was refined using a Le 

Bail method and is shown in FIG. 64.  Although the overall refinement suggests 

a possible fit there are concerns that having such a limited number of reflections 

observable introduces too much uncertainty with matching four reflections to 

three orders of freedom within the orthorhombic unit cell. 

 

 

 

FIG. 64: The hydrostatic decompression of TixNy at 3 GPa.  The Le Bail refined X-ray 

diffraction pattern is of the recovered high pressure phase of the system and was carried 

out following indexing.   

 

The lattice parameters of the structure as determined by Le Bail 

refinement were given as a = 4.012 (3) Å, b = 3.513 (6) Å, c = 4.888 (3) Å (Vo= 

68.873 (9) Å3) within space group Pmc21 Rwp value of 6.21.  These values are 

comparably smaller than those reported for the orthorhombic phase of Zr3N4 by 

Lerch et al. [223, 224] (TABLE 9).  With this factor considered it is reasonable 
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to assume that either the assigning of an orthorhombic unit cell is not describing 

the material correctly since there is such a large discrepancy between the 

experimental work and its group 14 analogous counterpart or that the new 

orthorhombic system is considerably smaller.   

 

Lattice Parameters a (Å) b (Å) c (Å) 

 9.7294 (5) 10.8175 (6) 3.2810 (1) 

 Fractional Coordinates 

Atom/Site/Oxi. state    

Zr1 / 4c / 4 0.3922(4) 0.0934(4) 0.25 

Zr2/ 4c / 4 0.2671(4) 0.3519(4) 0.25 

Zr3/ 4c / 4 0.238(3) 0.710(3) 0.25 

N1 / 4c / -3 0.138(3) 0.984(3) 0.25 

N2 / 4c / -3 0.999(3) 0.227(2) 0.25 

N3 / 4c / -3 0.606(3) 0.024(2) 0.25 

N4 / 4c / -3 0.4316(4) 0.6241(4) 0.25 

TABLE 9: Lattice parameters of orthorhombic-Zr3N4 (Pna21) as reported by Lerch et al. 

Volume of unit cell is given as 345.318 (8) Å3.   

 

Before continuing with further attempts at refinement the sample was 

removed from the DAC and examined using micro-probe analysis with a SEM.  

The major obstacle with using micro-probe analysis on a system like this is that 

the titanium L-edge and the nitrogen K-edge overlap and it is very difficult to 

use this method for identifying relative ratios of these elements present in a 

sample.  However, this method did confirm that the sample only contained Ti 

and N and no other elements were identified in the sample.  A photograph of the 

recovered sample is shown taken using SEM (FIG. 65).   

Having confirmed only the presence of the starting elements, it was 

suggested that the initially identified orthorhombic unit cell could be describing 

a distorted form of the predicted spinel phase of Ti3N4. Therefore, attempts at 

indexing a cubic unit cell to the experimental data were carried out.  However, 

no reliable solution was given by the indexing software relating to a cubic unit 

cell and so attempts were made at trying to match the experimental data to a 

number of different observed polymorphs of group IV X3N4 systems of hafnium 

and zirconium with titanium substituted into the metal sites.   
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FIG. 65: A SEM image of the recovered sample after LH.   

 

The first comparison analysed was taking the orthorhombic Zr3N4 

structure and substituting in titanium into the metal sites in place of zirconium. 

An attempted at comparing the possibility of the titanium polymorph of the 

already reported zirconium analogous was carried out.  The pattern generated did 

not match that of the experimental work observed, confirming that the material 

synthesised in HPHT does not match that of orthorhombic-Zr3N4 (FIG. 66 (a)).  

A similar treatment was given using the cubic-Hf3N4 phase and entering titanium 

for the hafnium cations (FIG. 66 (b)).  The unit cell information of both the 

cubic phases of hafnium and zirconium nitride are given in TABLE 10.  Once 

again the plot simulated did not match that of the experimental data collected.  

Obviously, the major difference observed with the replacement of the cation 

sites with titanium in both plots described was the change in the overall intensity 

of the reflections due to the weaker scattering contribution from the lighter 

metal, titanium.   
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FIG. 66 (a) (Black) Zr3N4-ortho, (Red) Zr3N4-ortho with Ti substituted in metal sites. 

The unit cell parameters are given in TABLE 9.  (b) (Black) Hf3N4-cubic, (Red) Hf3N4-

cubic with Ti substituted in metal sites. The unit cell parameters are given in TABLE 

10.  In both plots the XRD pattern shown in the top right corner is of the titanium 

substituted unit cell.   

 

Lattice Parameters a (Å) b (Å) c (Å) 

 6.701 (6) 6.701 (6) 6.701 (6) 

 Fractional Coordinates 

Atom/Site/Oxi. state x y z 

Hf / 12a / 4 0.375 0 0.25 

N / 16c / -3 0.063 (3) 0.063 (3) 0.063 (3) 

 

Lattice Parameters a (Å) b (Å) c (Å) 

 6.740 (6) 6.740 (6) 6.740(6) 

 Fractional Coordinates 

Atom/Site/Oxi. state x y z 

Zr / 12a / 4 0.375 0 0.25 

N / 16c / -3 0.063 (3) 0.063 (3) 0.063 (3) 

TABLE 10:  (top) Lattice parameters of cubic-Hf3N4 (I4-3m). (bottom) Lattice 

parameters of cubic-Zr3N4 (I4-3m).  Both systems are reported by Zerr et al. [225]. 
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 The simulated patterns described above do not give the correct relative 

intensity for the reflections as determined by the atomic position within the unit 

cell.  Ignoring this factor the unit cell of the cubic titanium substituted nitride 

was modified to establish whether it was possible to achieve a reasonable fit 

with that of the experimental data in terms of the positions of the reflections nd 

hence describing a similar unit cell shape and size.  The unit cell of the predicted 

structure had to be expanded to achieve a diffraction pattern to match that of the 

experiment which seems to be unreasonable since it would be expected that the 

titanium nitride would have a smaller unit cell than that of its larger hafnium and 

zirconium nitride counterpart.  This details some of the difficulties involved in 

elucidating a reasonable structure for this new crystalline material since there 

such limited number of peaks are observed.  The ability to extracted information 

is hindered and any further progress in terms of crystallographic analysis must 

involve the use of either an attempt at bulk synthesis since the pressure and 

temperature conditions are within the capabilities of a large volume press or the 

DAC experiment must be repeated using a wider backing plate aperture.   

 

 

FIG. 67: A plot of the experimental XRD at 3 GPa of the TixNy sample after laser 

heating compared to the simulated XRD pattern of cubic-Ti3N4 using the atomic 

position given for cubic-Hf3N4.  The unit cell size has been expanded in attempting to fit 

the two patterns.   



 145 

3.5.1.4 Conclusion 

 

 As part of the second class of system investigate we conducted a study of 

" Ti3N4" materials prepared from organometallic precursors (i.e., reactions 

between NH3 and Ti(NMe2)4), followed by heating at T=700-1000 K in N2 or 

NH3 atmospheres, that had been shown to be "amorphous" from X-ray 

diffraction experiments.  Here, our initial goal was to explore the potential 

formation of a new spinel-structured " Ti3N4" material by treating the amorphous 

precursors under high-P,T conditions.  However, during our initial 

characterisation of these precursor-synthesised materials, we made the following 

observations.  First, the amorphous powders treated at high-T in NH3 

atmospheres contained substantial amounts of C and H as well as N, depending 

upon the synthesis/processing conditions; however, the overall Tix(N,C,H)y 

composition was close to x:y = 3:4.  Next, all the compounds formed had a 

structure based on the B1 rocksalt pattern formed by TiN and TiC.  A specific 

precursor was chosen and taken to 17 GPa and laser heated. Both Raman 

spectroscopy and XRD experiments identified the appearance of a new set of 

peaks and the emergence of a new material.  

Attempts at indexing the high pressure XRD after laser heating were 

hindered with the presence of broad features.  Following on from the subsequent 

decompression the data collected at lower pressures were successfully indexed 

and described the possibility of an orthorhombic unit cell.  The large difference 

in the volume determined from refinement compared to values in the literature 

for the orthorhombic-Zr3N4 material give rise to the possibility that either the 

unit cell solutions is not realistic or that the orthorhombic material synthesised 

has a much smaller unit cell then that of its counterpart.  A comparison to a 

cubic structure of the group IV nitrides also did not provide a reasonable match.  

Although the possibility of having synthesised and observed an orthorhombic 

unit cell is considered the possibility that the system could be a distorted form of 

the predicted spinel phase is not ruled out.  In summary, the emergence of a new 

crystalline material after the treatment of HPHT is clearly evident and is 

recoverable to ambient conditions.  The identity of the system has not been 

completed, however, the formation and recovery of a new crystalline material 

composing purely of titanium and nitrogen is a very exciting and encouraging 

result.   
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3.5.2 High Pressure Behaviour and Polymorphism of Titanium Oxynitride 

Phase, Ti2.85O4N. 

3.5.2.1 Introduction 

 

A new titanium oxynitride phase, Ti2.85O4N, has recently been discovered 

by the synthetic route of atmospheric pressure chemical vapour deposition [37, 

226].  Only a small number of titanium oxynitride polymorphs are known to 

have been synthesised at present. There are two major groups of these that have 

been investigated: firstly, the TiOxNy phases, which exist as a solid solution 

between the two rock-salt structured end members TiN and TiO (where x + y 

~1), and also the nitrogen doped TiO2Nx phases, where the nitrogen doping is 

less than 5% and often less than 1%.  The latter of these has been identified as a 

potential visible light photocatalyst, as has Ti2.85O4N.  This, with the relative 

scarcity of known titanium oxynitride phases, makes it a strong candidate for 

further study [227, 228].  

Ti3O5 is considered as a n=3 member of the titania Magneli phases and is 

found at room temperature as an insulator with a monoclinic crystal structure 

(β).  A first phase transition is observed in this material at 450 K with the system 

transforming to a second monoclinic structure (β’) with a sharp 6% increase in 

the unit cell volume.  Extended heating to 500 K leads to a second phase 

transition to the orthorhombic α crystal structure [229].  The phase transition and 

volume increase at 450 K are associated with an insulator to metal transition. 

The β phase which is formed at low temperature has the titanium d-electrons 

localised in a metal-metal bond which above the transition temperature become 

delocalised - it the breaking of the metal-metal bond which results in a relaxation 

of the structure and unit cell expansion.  Previous work has found that reduction 

of the Fermi level by substituting titanium ions for cations of lower charge 

causes a lower temperature of transition to be observed as the number of 

electrons available for metal-metal bonding is reduced [230-232].  Hyett et al. 

have recently demonstrated that a similar effect can be observed using higher 

charge anionic substitution in the compound Ti2.85O4N which at room 

temperature is found to crystallise with the α crystal structure, associated in 

Ti3O5 with temperatures above 500 K [233]. 
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The application of extreme compression has been shown to be a powerful 

tool in materials chemistry for synthesis and phase discovery, where systems 

undergo a forced volume change that correlates to phase and structural 

transformations [11].  When applied to solid state compounds [234], these 

techniques can bring fundamental changes to structural, thermal, optical or 

mechanical properties of  matter.  The use of high pressure can therefore lead to 

the formation of new dense crystalline materials [168, 235] which are not 

accessible through other techniques.  A high-pressure study by Åsbrink et al. 

[236] on β-Ti3O5 (C2/m) up to pressures of 40 GPa was unable to identify the 

presence of any of the proposed phases as observed by varying the temperature 

of synthesis.  In this report we present the first high-pressure X-ray diffraction 

studies on the novel compound Ti2.85O4N.  Using a diamond anvil cell we have 

carried out compression studies and observed two high-pressure phases.  

Compressibility measurements are reported for the ambient structure and the 

high pressure phases are indexed.  This work had been carried out in 

collaboration with Dr Geoff Hyett and Professor Ivan Parkin.  

 

3.5.2.2 Experimental Techniques  

 

A sample of Ti2.85O4N was prepared as described by Hyett et al. [37] via 

atmospheric pressure chemical vapour deposition from the reaction of gaseous 

TiCl4 (Aldrich, 99.9%), ethyl-acetate (Fisher, Reagent grade) and ammonia onto 

a glass surface.  The thin film was then delaminated and ground into a powder 

sample and its purity confirmed by X-ray diffraction.  The Ti2.85O4N was pre-

compressed between tungsten carbide cubes before being loaded into a 

cylindrical DAC. For the hydrostatic compression runs nitrogen was used as the 

pressure-transmitting medium (PTM).  Two diamond culet sizes were opted for: 

300 µm for data collection up to 50 GPa and 200 µm for pressures recorded up 

to 68 GPa.   Rhenium gaskets were pre-indented to a thickness of 30 µm and 

drilled using electro-erosion with holes with a diameter of 80 µm.  Pressure was 

determined using ruby fluorescence [85].  X-ray diffraction experiments in the 

DAC were carried out at beamline I15 at Diamond Light Source (Didcot, λ0 = 

0.4441 Å) and station ID27 of the European Synchrotron Radiation Facility 

(Grenoble, λ0 = 0.3738 Å).  For the ambient Ti2.85O4N XRD patterns were 
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recorded on an in-house Bruker diffractometer (λ0 = 1.54 Å).  All compression 

and decompression data were collected at I15.  The data collected at ID27 were 

of the recovered material out of the DAC after compression; the micro-focused 

beam available at the high-pressure station was used to map the sample.  The 

two-dimensional diffraction rings were recorded on either a CCD detector or a 

MAR 345 image plate and integrated with Fit2D [169] and analyzed using 

WinPLOTR, GSAS [237, 238], FullProf [170] and PowderCell [171].   

 

 

3.5.2.3 Results 

3.5.2.3.1 X-Ray Diffraction 

 

Confirming the purity of the starting sample Ti2.85O4N following chemical 

vapour deposition synthesis was vital for the high-pressure study.  The choice of 

a pure starting sample enabled high quality powder diffraction patterns to be 

recorded of the material inside the diamond anvil cell up to ~20 GPa.  The 

identity of the starting sample was confirmed by powder X-ray diffraction 

conducted under ambient conditions, producing a pattern that could be indexed 

in the Cmcm space group with lattice parameters, a = 3.80(1) Å, b = 9.62(1) Å 

and c = 9.88(1) Å, matching, within error, the previously published values [37]. 

An impurity peak at 2.52 Å was identified corresponding to TiC, however 

refinement of the phase fraction found that this impurity represented less than 

0.5% of the sample by mass. 

The complete X-ray diffraction data from all patterns collected under 

pressure were initially analyzed prior to any refinement methods (FIG. 69).  This 

permitted the identification of any impurity present and the ordered cubic phase 

of the pressure transmitting medium.  Using nitrogen as the pressure transmitting 

medium, 17 diffraction patterns were recorded between pressures of 2 to 30 

GPa, at approximately 1 GPa intervals (FIG. 68).  The unit lattice parameters at 

these pressures of the ambient phase are provided in TABLE 11.  Le Bail refined 

x-ray results at 2, 8.3, 11.6, 14.2, 18.4 GPa are shown in FIG. 70. 

 



 149 

 

FIG. 68:  Figure shows the compression of Ti2.85O4N from a pressure 2 to 30 GPa.  In 

total 17 diffraction peaks were collected at ~1.5 GPa intervals.    

 

An earlier attempt at collecting synchrotron XRD data without the use of 

a PTM had led to poor-quality data and highlighted the importance of a good 

hydrostatic loading.  A number of cryogenic loadings were carried out at station 

I15 and checked for crystallographic quality before commencing with the HP 

run. The initial few pressure steps were collected a number of times using 

different exposure times and different levels of rocking with the rotational stage 

on the diffractometer.  Once the optimum conditions were confirmed and a 

suitable loading identified, the compression data was collected over a period of 

18 hours as the earlier run had shown that rapid compression of the sample led to 

the transformation of an amorphous phase.   Dr Geoff Hyett used GSAS and the 

EXPGUI suite of software packages and I myself used both GSAS and 

WinPLOTR to carry out a Le Bail refinement process to extract the lattice 

parameters of the ambient phase (CmCm) for each pressure data set recorded. 
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Pressure 

(GPa) 

a (Å) b (Å) c (Å) Volume 

(Å3) 

2 3.7751(2) 9.577(1) 9.8053(8) 354.51(3) 

3 3.7710(2) 9.5644(9) 9.7906(8) 353.12(3) 

4 3.7636(3) 9.540(1) 9.767(1) 350.68(6) 

5.3 3.7583(2) 9.520(1) 9.742(1) 348.53(5) 

6.8 3.7474(3) 9.481(1) 9.730(1) 345.69(4) 

8.3 3.7456(2) 9.455(1) 9.674(1) 342.58(4) 

9.5 3.7364(3) 9.428(1) 9.665(1) 340.49(5) 

10.2 3.7321(2) 9.409(1) 9.650(1) 338.84(5) 

11.6 3.7272(2) 9.397(1) 7.638(1) 337.59(4) 

12.4 3.7211(3) 9.373(2) 9.604(2) 334.95(7) 

14.2 3.7207(3) 9.337(1) 9.585(1) 332.99(5) 

15.6 3.7221(3) 9.325(1) 9.576(1) 332.39(5) 

17.2 3.7156(4) 9.294(2) 9.530(2) 329.10(7) 

18.4 3.7159(4) 9.268(2) 9.513(2) 327.63(7) 

19.7 3.7149(5) 9.264(2) 9.499(2) 326.91(9) 

21.4 3.7197(5) 9.190(2) 9.449(2) 323.0(1) 

23.1 3.7245(5) 9.194(2) 9.442(2) 323.3(1) 

TABLE 11: Cell constants and unit cell volume for Ti2.85O4N (CmCm) as determined by 

Le Bail refinement.  These values were determined by Dr G. Hyett and myself.   

 

A selection of the experimental diffraction patterns is shown in FIG. 70.  The 

first two patterns at 2 and 11.6 GPa highlight the compression of the ambient 

structure as a single phase as the raw data and the Le Bail refined model pattern 

are well matched.  The diffraction pattern at 18.4 GPa begins to clearly show the 

presence of a second phase emerging along side the still present ambient 

structure.  In fact, the ambient orthorhombic (CmCm) phase of Ti2.85O4N 

remains stable up to 15.6 GPa from which point the onset of a new phase begins.  

The full transformation of the ambient phase to the HP phase is complete at 25 

GPa.  The pattern at  23.1 GPa shows that the peaks associated with this new HP 

phase dominate the pattern and although the ambient pressure phase peaks are 

reduced in intensity they can still be observed.  
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FIG. 69: The position of the diffraction peaks present in the XRD data in d spacings (Å) 

as a function of pressure (GPa) over two different d spacings scales.  The selected 

region of interest in this plot is from 1.75 to 2.8 Å and highlights the presence of the 

ambient phase (Cmcm) beyond the onset of the transition to the high pressure phase 

(Pmc21).  The impurity TiC from the starting material is identified along with the 
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presence of the pressure transmitting medium, the ordered cubic (δ) phase of N2.  Two 

sets of diffraction peaks in the XRD data with relatively low intensity could not been 

identified or assigned to any of the phases present throughout.  Some of the peak 

positions of the high pressure phase (labelled as HP phase in the figure) were inputted 

from the non-hydrostatic data and are in confirmation with the trends described when 

having a pressure transmitting medium present.  

 
FIG. 70: Diffraction data for the sample collected at 5 different pressures. Data is shown 

in red, refined Le-Bail in black and difference plot in blue throughout the data sets. The 

tick-marks below the data indicate the peaks for each phase. Black tick-marks for 

ambient structure of Ti2.85O4N, red for TiC impurity, blue for δ-N2 pressure medium at 

11.6 and 21.4 GPa and green for high pressure structure of titanium oxynitrides at 21.4 

GPa.  * The broad peak labelled in the lower pressure data sets was not identified 

successfully and is shown in FIG. 69 as an unknown.  This plot was provided by Dr G. 

Hyett.   
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 A second series of compressions runs were carried out up to 70 GPa but 

this time as a non-hydrostatic experiment with no PTM.  Although an earlier 

non-hydrostatic compression turn had revealed that the XRD data collected was 

not refinement quality this attempt did allow the phase transition from the 

ambient structure to the HP phase to be observed much more clearly than the 

hydrostatic experiment.  The phase transition in the hydrostatic run had been 

noted from 18 GPa but not yet complete at 23 GPa.  In FIG. 71 the diffraction 

pattern at 24 GPa has shown the phase transition to the HP phase to have gone to 

completion.   

 

 
FIG. 71: The non-hydrostatic compression data of the Ti2.85O4N system at 24, 30 and 42 

GPa.  The Le Bail refined X-ray diffraction patterns are of the high pressure phase of 

the system and the reflections highlighted were used for indexing to identify the unit 

cell parameters. * The broad peaks labelled are identified as the remaining ambient 

phase in the sample.  This plot was provided by Dr G. Hyett.   
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Pressure 

(GPa) 

a (Å) b (Å) c (Å) Volume 

(Å3) 

19 2.446(1) 4.799(1) 6.107(1) 71.686(3) 

21.4 2.422(1) 4.714(1) 6.022(1) 68.755(3) 

23.1 2.410(1) 4.692(1) 6.023(1) 68.106(3) 

24 2.401(1) 4.712(1) 6.019(1) 68.096(3) 

30 2.371(1) 4.612(1) 5.906(1) 64.582(3) 

42 2.315(1) 4.481(1) 5.735(1) 59.492(3) 

TABLE 12: Cell constants and unit cell volume for the high pressure phase of Ti2.85O4N 
(Pmc21) as determined by Le Bail refinement.   

 

The presence of a new phase at high pressure was observed in both the 

hydrostatic and non-hydrostatic X-ray diffraction data.  However, unexpectedly 

the diffraction data from the non-hydrostatic work provided clearer patterns of 

the high pressure phase then that of the loadings using a pressure transmitting 

medium.  Reasoning for this is discussed later in this report.  

At 24 GPa five peaks can be observed in the non-hydrostatic data 

belonging to the high pressure phase, at d-spacings of 2.019, 2.191, 2.355, 2.409 

and 2.535 Å.  This phase is stable beyond 42 GPa. The unit lattice parameters 

for the first high pressure phase are given in TABLE 12.   The 5 peaks observed 

between 24 GPa and 42 GPa of the HP structure could be indexed satisfactorily 

ab initio as a single phase in an orthorhombic unit cell with lattice parameters at 

24 GPa of a=2.401 Å, b=4.712 Å, c=6.019 Å (V = 68.10 Å3).  Systematic 

absences within the orthorhombic unit cell identified Pmc21 as the appropriate 

space group. At 68 GPa two of the peaks develop shoulders, suggesting a 

potential further phase change (FIG. 72). 

At 68 GPa a second high pressure is apparent, seemingly related to the 

phase observed from 18 to 42 GPa but with two additional peaks. This phase has 

been indexed as monoclinic and identified with a P21/c space group, describing a 

distortion of the orthorhombic cell of the first high pressure phase with an 

increase of the β bond angles to 99.7(1)°.  A Le Bail refinement was carried out 

in this space (FIG. 71 (top)) with lattice parameters at 68 GPa of a = 4.3456(5) 

Å, b = 5.177(3) Å, c = 2.872(1) Å. 
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FIG. 72:  The non-hydrostatic compression data of the Ti2.85O4N system.  The 

appearance of two new peaks at 68 GPa, highlighted in red, could be due to the 

emergence of a new phase.   

 

 

 

3.5.2.3.2 Compressibility Measurements  

 

The synchrotron X-ray diffraction data was used to construct a P(V) plot 

and evaluate the molar volume and compressibility parameters of the ambient 

Ti2.85O4N phase.  Rietveld refinement was used to identify the presence of the 

ambient phase up to 7 GPa.  However, it was assumed that Le Bail refinement 

would be accurate enough to identify the presence of the ambient throughout the 
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compression data and was used to determine the volume of the unit cell.   The 

presence of the nitrogen PTM was assumed to be negligible and was not 

accounted for during the refinement process. Having confirmed the presence of a 

single phase throughout the decompression the data were analysed using a finite 

strain Birch-Murnaghan equation of state (EOS) expression expanded to third 

order as given in Eq.  9 and shown in FIG. 73.  The data matches the EOS fit 

very well and this confirms the existence of the ambient phase up to a pressure 

of 23 GPa.  The data was then re-analysed by fitting it to a linearised version of 

the P(V) equation which is more useful determination of K0 and K0’ values 

[177].  These expressions have already been given in Eq.  10 and Eq.  11 and are 

used to give a F-f plot (FIG. 74).  This permits a linear relationship to be 

observed, which is well adapted to a least-squares fitting and error analysis of 

the results. The data indicate a bulk modulus value K0 = 154±22 GPa with K0ʹ′ = 

5.2±0.5 for the Cmcm phase of Ti2.85O4N. This value is similar to that for β-

Ti3O5 (K0 =173 GPa) which is described with a highly anisotropic compression 

along the [010] direction [236].  However, the bulk modulus is comparably less 

then what is determined for the high-hardness ceramic TiN (K0 = 251 GPa) and 

TiO2 (K0 = 215.5 GPa) [239].  The intercept as F→0 defines K0 and the gradient 

of the slope determines K0ʹ′.  Within the Birch-Murnaghan third-order equation of 

state formulation when the gradient is equal to zero, K0ʹ′  is defined as 4.  The 

value of V0 was determined by extrapolating it from the V(P) plot.  The error 

analysis for the F-f plot was carried by first evaluating the error given for the 

volume of the unit cell at V0 and V at various pressures using the GSAS which 

were provided by Dr Geoff Hyett and were worked through a standard error 

analysis.  The other variable present in F is that of Pressure (P), the error for this 

was estimated on the work carried out on the C2N3H project.     
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FIG. 73: A V(P) plot of compression data for the CmCm phase of Ti2.85O4N.  A Birch-

Murnaghan equation of state reduced to the third order is fitted to the single phase. 

 

 

FIG. 74: Normalised pressure (F) vs Eulerian strain (f) 
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3.5.2.4 Discussion 

 

 

In attempting to index the hydrostatic data it was apparent that the X-ray 

diffraction patterns were of lower quality then that of the non-hydrostatic data at 

the phase transition pressure range.  The hydrostatic data, loaded with a nitrogen 

pressure transmitting medium had provided high refinement quality diffraction 

patterns up to 18 GPa.  A sudden reduction in quality of the diffraction peaks 

and profiles occurs during the same pressure range as the phase transition seen 

by the Ti2.85O4N as described before.  In addition to this there is also a phase 

transition that occurs for the nitrogen pressure transmitting medium at 16.5 GPa.  

This transition is from the δ-N2 phase which has disc-like and spherical 

molecules orientated, within a disordered cubic (Pm3n) unit cell [240, 241] to 

the ordered rhombohedral ε- N2 (R3) structure [242, 243].  Both the sample and 

the pressure transmitting medium are undergoing a phase transition within a 

similar pressure range.  This contributed to a heterogeneous environment within 

the sample chamber and a drastic effect on the X-ray diffraction patterns during 

this pressure range.    

The start of the phase transition into the high-pressure phase begins at 

around 18 GPa and is from orthorhombic Cmcm to Pmc21.  The ambient 

structure is still present up to 42 GPa confirming a mixture of both the ambient 

and high pressure phases present during compression. There is a presence of a 

second high pressure phase by 68 GPa and was successfully indexed as 

monoclinic (P21/c).  Our experiments had also shown that a rapid compression 

of the sample led to an amorphous system, highlighting the fact that the 

transformation from the ambient to the first high pressure phase is in fact a first 

order phase transition.  The high pressure phase was attempted to be recovered 

following the subsequent decompression. This was carried out once the presence 

of the ambient sample was minimised at above 30 GPa.  The recovery of a 

crystalline material was not achieved and decomposition led to the formation of 

an amorphous system.  Previous experiments had shown that a rapid 

compression of the sample led to an amorphous phase and this highlights the fact 

that the transformation from the ambient to HP phase could be a first order phase 

transition.  It was considered that if the transition was truly first order then the 
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HP phase could in fact be recoverable to lower pressures if not ambient 

conditions.  

 

 

 

FIG. 75: X-ray diffraction patterns of the decompression of the high-pressure phase of 

Ti2.85O4N from 27 GPa to 0 GPa. Patterns shown in red are for reference and from the 

compression data sets at 2GPa and 24GPa showing the patterns of the ambient structure 

and high pressure structure respectively. 

 

 

The recovery of the high pressure phase was studied following the 

subsequent decompression to ambient conditions.  This was conducted above 30 

GPa as to minimise the presence of the ambient phase in the X-ray diffraction 

data.  Following the decompression data the diffraction pattern of the high-

pressure phase (Pmc21) was clearly visible during the first two pressure steps 

down to 25 GPa (FIG. 75).  However, the relative intensities of the XRD data 

became distorted and the general overall quality of the XRD data was reduced.  

Any changes between the relative intensities observed between two pressure 



 160 

points are likely due to changes in crystallite orientation occurring relative to the 

incident beam.   

Continuing with the decompression the main diffraction peaks by 20 GPa 

became further broadened and a series of additional peaks began to become 

apparent.  Below the pressure range of the transition during the compression 

study to the first high pressure phase, the pattern at 15 GPa stills showed remains 

of the high pressure phase but also revealed a number of additional sharper 

peaks that became further defined by 10 GPa.  Although more diffraction peaks 

appeared between the 5-6 GPa region, these features disappeared by 2 GPa and 

the pattern was replaced by a simple peak pattern superimposed on a broad 

amorphous background.  The various known polymorphs of TixOyNz were 

unsuccessfully attempted to be matched to the decompression data.  These 

patterns are likely to correspond to metastable phases occurring as the highly 

metastable high density Ti2.85O4N structure is decompressed beyond its low 

pressure stability limit.  The full decompression to ambient conditions revealed a 

XRD pattern of only weak broad bands indicating an amorphous or high 

disordered nanocrystalline material remain in the pattern. Pmc21 phase was not 

recoverable to ambient conditions, and decompression in the diamond anvil cell 

at room temperature resulted in recovery of amorphous material. 

 

 

The compressibility measurements of the ambient Cmcm phase gave the 

values of K0 = 154±22 GPa with K0ʹ′ 5.2±0.5.  The first of the high-pressure 

phases was not recoverable to ambient conditions and only possible to follow on 

the subsequent decompression to 15 GPa.  Therefore, no attempt to extrapolate a 

theoretical value for the volume at ambient pressure was carried out, as 

calculating a value for K0 would have no physical relevance.  FIG. 76(a) shows 

how the lattice parameters of the ambient structure of Ti2.85O4N behave under 

compression, with values taken from the Le Bail refinement (TABLE 11) at 

different pressures and plotted.  These results show that in the b and c directions 

an approximately linear decrease in cell dimension occurs with increasing 

pressure.  However, in the a direction the unit cell responds in a different 

manner and the compression seems to cease at around 12 GPa, with the cell 

constant settling at 3.72(1) Å regardless of increasing pressure up to 23.1 GPa.  

This effect can be seen more starkly in FIG. 76(b) where the cell dimensions are 
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plotted as percentages of the initial value at 2 GPa.  In this figure it can be seen 

that initially all three lattice parameters decrease at approximately the same 

extent (approximately 0.2% per GPa), and the b and c parameters continue to 

decrease up to 24.3 GPa, where they are 96% of their initial values.  The a lattice 

parameter, however, reduces to 98.5% of its initial value by 12 GPa, but does 

not decrease with further compression. The compressibility behaviour exhibited 

by the high pressure phase of Ti2.64O4N (Pmc21) is considered more isotropic 

(FIG. 76(c)).   All of the lattice parameters of this phase follow a near linear 

relationship throughout compression up onto the onset of the second high 

pressure phase (P21/c). 
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FIG. 76: (a) Plot of the a, b and c lattice parameters (Å) for the ambient phase of 

Ti2.85O4N (Cmcm) against pressure (GPa).  The lattice parameters were determined 

using Le Bail refinement and are plotted with their corresponding y-axis.  (b) Plot of the 

lattice parameters of Ti2.85O4N (Cmcm) at different pressures, shown as a percentage of 

the their initial values at 2 GPa.  (c) Plot of the a, b and c lattice parameters (Å) for the 

first high pressure phase of Ti2.85O4N (Pmc21) against pressure (GPa).   
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3.5.2.5 Conclusion 

 

An investigation of the high-pressure behaviour of Ti2.85O4N was carried 

out using the application of the diamond anvil cell combined with synchrotron 

X-ray techniques.  The ambient Cmcm phase of the ambient structure was 

observed as a single stable phase up to 18 GPa.  Compressibility measurements 

were carried out on the ambient structure using a Birch-Murnaghan equation of 

state to describe a relatively soft material (K0 = 154 GPa) compared to its 

constituent component TiN and TiO2 but similar to β-Ti3O5 (K0 =173 GPa).  The 

compressional behaviour showed that the b- and c-axis parameters decreased in 

a near-linear relationship throughout the pressure range.  The a-axis parameter 

exhibits different characteristics and showed a much smaller compressibility and 

stopped above 12 GPa.   The first of the high pressure phase transitions was 

observed at 18 GPa, the transformation of the ambient structure to an 

orthorhombic Pmc21 system.  An examination of diffraction data revealed the 

ambient phase remained persistent in the diffraction data up to a pressure of 42 

GPa, this combined with the discontinuity between the volume of the ambient 

and high pressure phases confirmed a first order phase transition.    

The second high pressure phase above at 65 GPa was also successfully 

indexed, a monoclinic unit cell with P21/c symmetry was identified. The 

recovery of this first high pressure phase (Pmc21) was attempted to be recovered 

following the subsequent decompression study.  During decompression 

experiments the Pmc21 phase was not recoverable to 1 atm. A number of 

metastable crystalline phases were observed to be present during decompression 

and these have not yet been identified. The material recovered to ambient 

conditions was amorphous.  
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4 General Conclusion and Future Works 
 

 

The work conducted and presented throughout this thesis is primarily 

focused on the use of molecular precursors for the synthesis of materials through 

the application of extreme conditions.  The application of the diamond anvil cell 

coupled with laser heating techniques have provided the synthesis tools to access 

solid state systems that are not accessible at ambient conditions or through other 

techniques.  The unique properties of diamond and the advancements in cell 

design, optical spectroscopy and synchrotron facilities have enabled in situ 

measurements of samples at high pressure and high temperature to be conducted: 

using Raman spectroscopy and synchrotron radiation.  These two analytical 

techniques have been used to assist in describing the compressional behaviour of 

materials within two solid-state systems, C-N-H and Ti-N-O.   

 The major challenges facing the systems examined were involved in the 

identification of new unreported materials and having to work within the 

limitations of the diamond anvil cell; as discussed in this work.  The micron 

sized samples and the requirement of high-energy synchrotron radiation 

amounted to collecting XRD data with relatively low resolution as compared to 

the use of an in-house diffractometer.  This combined with the limited two theta 

range permitted by the backing plates of the diamond anvil cell provided the 

single most challenging aspect of this work.  The limited information provided 

by this source of collecting XRD data meant that for most of the systems 

investigated the opportunity to carryout full Rietveld refinement and the 

determination of a structural model were not statistically reasonable.  This was 

relevant with the new materials synthesised using laser heating within both of 

the C-N-H and Ti-N-O systems.    

This problem is first encountered with the C2N3H system.  Although the 

dwur-C2N3H was fully recovered and fully structurally refined in agreement 

with DFT calculations carried out, the metastable phase identified during the 

intermediate laser heating stages only gave three distinct reflections relative to 

the dominant dwur-C2N3H.  This limited amount of crystallographic information 

prevented attempts at indexing and obviously any further crystallographic 

analysis.  This problem was been addressed by collaboration within UCL and 

using DFT to conduct structure prediction calculations.  Already a number of 
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energetically favourable new systems have been identified to which there is a 

match to the experimental XRD data.  This has now become an ongoing project 

and is intended to be taken to completion.  Although there also is accompanying 

Raman spectroscopy data identifying the presence of the metastable phase, a 

similar problem arises, as vibrational calculations are required to assist in 

identifying any symmetry aspects of this system.   

 Continuing within the C-N-H systems, the recovered laser heated g-

C6N9H3.HCl material provided similar problems.  Although the new recovered 

material was successfully indexed and convincingly refined using a Le Bail 

approach no further information regarding a structural model could be 

interpreted.  Difficulties arise with the permitted range of the two theta angle 

accessible using the diamond anvil cell.  This problem is being attempted to be 

resolved by repeating the experiment using a new generation of Boehler-Almax 

backing plates that enables a range of a 45 degrees two theta to be accessed.  The 

larger two theta range would allow a greater number of reflections to be 

observed and possibly provide the additional information that will allow a sound 

structural model to be elucidated.  

 With the Ti-O-N systems determining a structural model for the phases 

observed at high pressure were also not possible.  The Ti2.85O4N system was 

identified undergoing two phase transitions during compression.  Both were 

successfully indexed and Le Bail refinement allowed the unit cell information to 

be determined.  However, any attempts at carrying out a full Rietveld refinement 

were hindered by the limited number of observable reflections.  This problem 

was again encountered when attempting to identify the system synthesised using 

the TixNy molecular precursor.  The XRD data was successfully indexed and 

refined using the Le Bail method but again the analysis could not be taken any 

further.   

 The work conducted here highlights some of the major problems facing 

high pressure chemistry and the compulsory analysis that follows it.  The 

preparations of samples, loadings and the challenges facing the analysis process 

involved have been discussed in depth.  The general approach adapted in this 

work when dealing with light elemental systems specifically within the high 

pressure field has been to use a multidisciplinary undertaking to allow as much 

information to be extracted from either the experimental results or to ensue a 

theoretical route to assist and guide in the analytical process.     
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6 Appendix  
 

 

Using a Density Functional Method to Assist with High-Pressure Structural 

Refinement. 

 

 The application of pressure may be described as forcing materials to a 

state of lower volume, resulting in higher densities and structural changes.  It is 

necessary to consider how a material responds to this state of higher density and 

the effect of compression on the energetics of its electrons.  One approach to this 

is using a density functional method to assess energetic stabilities of solid-state 

systems as a function of volume change.  Combining this ab initio method with 

high pressure research can provide a strong technique for exploring potential 

new systems and assist in analysing diffraction patterns especially for powdered 

samples, in which crystallographic data can be poor quality.  Throughout the 

projects I have been involved with during my PhD, theoretical computational 

work has been indispensable.  Many of the problems facing the crystallographic 

contribution would not have been resolved without a better understanding of the 

chemistry as provided by the computational work.  The collaborations 

throughout the works presented here are given in each respective chapter.  Here, 

the reader is referred to appendix A where a paper is presented on the density 

functional calculations I carried out whilst working on a project regarding the 

high pressure study of sodium silicide.  Although no description of the 

methodology or results are provided here (see appendix for the full journal) an 

explanation of the aim of the computational work is given.    

 My involvement, under the supervision of Dr. Dewi Lewis (UCL), was 

to provide structural models of the high-pressure phase of the NaSi using density 

functional theory calculations.  The problem with the XRD data collected at 

high-pressure was that it was too poor in quality to allow a full refinement and 

structure solution.   Although some reliable information could be extracted using 

Le Bail and Rietveld refinement it became obvious that to improve our 

understanding of the system and confirm the refinement data, computational 

calculations were needed.   The aim of my computational work was therefore to 

obtain structural models of the high-pressure phase which could then be used as 
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starting points for full structural refinement of the experimental data.  This 

method of supporting the crystallographic analysis proved to be important and 

successful and highlights the important interaction between the two disciplines. 
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Tetrahedrally bonded dense C2N3H with a defective wurtzite structure: X-ray diffraction
and Raman scattering results at high pressure and ambient conditions
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Synchrotron x-ray diffraction and Raman scattering data supported by ab initio calculations are reported for
the dense tetrahedrally bonded phase �C2N3H� with a defective wurtzite �dwur� structure synthesized by laser
heating from dicyandiamide �C2N4H4� at high pressure in a diamond anvil cell. This work confirms the
structure deduced in previous work from electron diffraction experiments. The phase �Cmc21� is recoverable to
ambient conditions. The ambient pressure volume �V0=137.9 Å3� and bulk modulus �K0=258�21 GPa� are
in excellent agreement with density functional calculations �V0=134.7 Å3; K0=270 GPa�. The calculated
Raman frequencies and pressure shifts are also in good agreement with experiment. Ammonia �P212121� was
identified among the reaction products as expected from the synthesis reaction.

DOI: 10.1103/PhysRevB.80.104106 PACS number�s�: 62.50.�p, 31.15.A�, 61.50.Ks

I. INTRODUCTION

Since the theoretical prediction that sp3-bonded forms of
carbon nitride �C3N4� might be superhard1,2 there has been
intense interest in developing high-density materials within
the C-N-H system. Such compounds could also have appli-
cations for energy storage.3 Analogous compounds include
refractory ceramics based on Si3N4 �Ref. 4� and Ga, Ge con-
taining nitrides that provide wide band-gap materials for op-
toelectronics applications.5 High-pressure, high-temperature
�HPHT� synthesis experiments have resulted in spinel-
structured forms of Si3N4 �Ref. 6� and Ga3O3N �Refs. 7 and
8� with low compressibility, high hardness, and wide band
gaps. These materials were prepared by direct synthesis from
the elements or using molecular precursors treated under
HPHT conditions. Various dense CxNy and CxNyHz materials
have been produced using physical or chemical vapor depo-
sition methods but their structure, properties, and chemical
composition have not yet been fully determined.9–11

Horvath-Bordon et al.12 recently reported the synthesis of
a new solid state compound C2N3H prepared from the mo-
lecular precursor dicyandiamide �DCDA: C2N3H� in a laser-
heated diamond anvil cell �LH-DAC� at P�27 GPa and T
�1800 K. The new material was recovered to ambient con-
ditions. Several grains were studied by electron energy loss
spectroscopy in the TEM along with nano-SIMS to deter-
mine the chemical composition and show that C and N were
tetrahedrally bonded with sp3 hybridization.13 The structure
was studied using electron diffraction. The results combined
with density functional theory �DFT� predictions indicated
the structure was of a defective wurtzite �dwur� type as found
in Si2N2O, Si2N2�NH� �i.e., Si2N3H�. The structure of dwur
C2N3H is related to a tripled 3�3 cell of hexagonal
C-lonsdaleite. N atoms occupy one set of tetrahedral sites
and tetrahedral C atoms fill 2/3 of the other sublattice. The
remaining positions are filled with H atoms bound to N �Fig.

1�. In the present work, we have obtained x-ray diffraction
�XRD� data in the DAC at high pressure and during decom-
pression that confirms the structural model and that no phase
transitions occur upon release of pressure and recovery to
ambient conditions. The results are also confirmed by Raman
spectra obtained following synthesis in the DAC and during
decompression.

II. EXPERIMENTAL TECHNIQUES

Dicyandiamide �C2N4H4: Aldrich, 99%� was loaded under
O2 /H2O-free conditions into cylindrical DACs using either
sodium chloride �NaCl� or lithium fluoride �LiF� as a
pressure-transmitting medium �PTM� and to provide thermal
insulation to the diamond windows during laser heating ex-
periments. We found no evidence for reactions occurring be-
tween the C-N-H phases and the PTM during synthesis ex-
periments. The choice of PTM was an important issue for the
x-ray diffraction experiments. NaCl has been well tested for
LH-DAC experiments but it has strong diffraction lines that
mask some of the key reflections of the C2N3H phase. The
situation is further complicated by the B1-B2 transition that
occurs at P�27 GPa and with considerable hysteresis dur-
ing decompression.14 LiF is less well established as a PTM
for LH-DAC synthesis studies: however, we found it per-

FIG. 1. C2N3H with a defective wurtzite �dwur� structure.
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formed well during these experiments and its use enabled us
to complete the set of diffraction data observed for C2N3H.

Rhenium gaskets were preindented to 30 �m with
100 �m holes drilled by electro-erosion and used to contain
the samples. Pressures were determined by ruby
fluorescence.15 The pressure was raised initially to 30–45
GPa and samples were heated to T�2500–2800 K using
either a 150 W CO2 laser �10.6 �m� at UCL or a Nd3+:YAG
laser �1.064 nm� at ESRF. Tests using Nd3+:YAG laser heat-
ing were also conducted at UCL prior to the synchrotron
runs. For Nd3+:YAG LH-DAC experiments Re powder was
mixed with the sample �100:1 ratio� to couple with the
near-IR laser beam. XRD experiments were carried out at
beamline I15 of Diamond Light Source �Didcot, UK: �0
=0.350714 Å� and at ID27 of the European Synchrotron
Radiation Facility �Grenoble, France: �0=0.26473 Å�. Some
preliminary studies were also carried out at station 9.5 of
the Synchrotron Radiation Source �Daresbury, UK: �0
=0.443970 Å�.16 Diffraction patterns were recorded as two-
dimensional �2D� angle-dispersive data sets using MAR im-
age plate or charged couple device �CCD� detectors: the data
were transformed to intensity vs wavelength/energy/d-value
spectra and analyzed using FIT2D17 and FULLPROF18 software
packages. Raman spectra were obtained at University Col-
lege London with 514.5 nm Ar+ laser excitation using a
home-built high-throughput optical system based on Kaiser
supernotch filters, an Acton spectrograph and LN2 cooled
back-thinned CCD detector or using an inVia Renishaw
micro-Raman system using 785 nm excitation.

DFT calculations were carried out under periodic bound-
ary conditions using CRYSTAL06.19 We employed two differ-
ent hybrid-exchange functionals, namely, B3LYP20 and PBE0.21

All atoms were described with an all electron 6–21G�� basis
set,22 apart from the ambient pressure Raman mode calcula-
tion, which used Pople 6–21G� basis sets for C and N atoms
and 8111G� for H atoms. Full geometry optimizations of the

periodic systems were carried out to determine local minima
on the potential energy surface �PES� using analytical gradi-
ents of the energy with respect to atomic positions and cell
parameters. Symmetry was preserved throughout the optimi-
zations. The SCF convergence threshold was set to 1
�10−7 Hartree on the total energy. Calculations were per-
formed using Pack-Monckhorst grids for integration in recip-
rocal space, with k-point nets of 4�4�4. Geometry optimi-
zation was checked against root mean square �RMS� and
absolute value of the largest component for both gradients
and nuclear displacements, and considered complete when
four conditions are simultaneously satisfied for both frac-
tional coordinates and unit cell parameters, using the default
values of 4.5�10−4 for the maximum gradient and 1.8
�10−3 for the maximum displacement �all measured in a.u�.
Zone center phonons were calculated at the optimized struc-
ture for each pressure, using numerical differentiation of the
analytical gradients of the energy with respect to atomic dis-
placements using Cartesian displacements of 0.001 Å and a
tighter convergence tolerance of 1�10−9 Ha in the total en-
ergy. The effects of pressure were simulated by performing a
series of constant volume geometry optimizations for all
structures, in which the volume varied between 109% and
80% of the ambient-pressure value. Following the constant-
volume optimizations, a cubic fit to the internal energy �E� vs
volume �V� curve was used to obtain pressure and enthalpy.
Bulk moduli and their first derivatives were obtained from
the E�V� results using a third-order Birch-Murnaghan equa-
tion of state. Simulated XRD patterns were created using
PowderCell.23

III. RESULTS AND DISCUSSION

A. X-ray Diffraction

We obtained x-ray diffraction patterns �Diamond� for
samples synthesized from the DCDA precursor in the DAC
at pressures ranging from 30–45 GPa following laser heating
at UCL and also in situ during laser heating experiments
combined with synchrotron XRD at the ESRF. Our prelimi-
nary studies indicated that several C-N-H phases might co-
exist metastably within the sample following initial heating
and that either prolonged heating ��15 mins� or several
consecutive laser heating runs were necessary to fully con-
vert the material to a single phase �Fig. 2�. Those preliminary
findings are confirmed in this study and the results are dis-
cussed below. Following prolonged heating in the DAC, an
x-ray diffraction pattern was obtained that could be fully

TABLE I. Lattice parameters and refined fractional coordinates
of dwur-C2N3H �Cmc21� at ambient conditions.

Lattice parameters a �Å� b �Å� c �Å�
7.618 �5� 4.483 �2� 4.038 �1�

Fractional coordinates x y z

C 0.325 �3� 0.328 �3� 0

N1 0.310 �1� 0.364 �4� 0.358 �2�
N2 0 0.285 �3� 0.422 �4�

In
te
ns
ity

(a
.u
.)

d spacings (A)

(1)

(2)

(3)

1 2 3 4 5

FIG. 2. XRD patterns obtained at 45 GPa following LH-DAC
synthesis of dwur-C2N3H from DCDA. �1� Pattern obtained after
extended heating and pattern �2� is captured beforehand during the
initial heating period. Additional peaks � �� correspond to an uni-
dentified C-N-H metastable phase formed during the initial synthe-
sis reaction. The main peak of NH3-III is identified in both experi-
mental patterns. �3� Corresponding calculated pattern �DFT� at 45
GPa. ��+� indicate Bragg peaks from LiF, used as PTM�.
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assigned to dwur C2N3H, in agreement with the structure
suggested previously from electron diffraction and DFT
calculations.12 Identification of nearly the full set of pre-
dicted diffraction peaks for each pressure recorded was made
possible by combining data from several runs carried out
using both NaCl and LiF PTM in the DAC during decom-
pression. The lattice parameters of the structure recovered to
ambient conditions were determined by LeBail refinement:
a=7.618 Å, b=4.483 Å, c=4.038 Å �V0=137.904 Å3�
within space group Cmc21 �Table I�, in excellent agreement
with DFT predictions �Fig. 3 and Table IV�. Rietveld refine-
ment was carried out on the ambient pressure sample follow-
ing recovery, allowing the fractional coordinates of the
atomic positions to be determined �Table I�.

Following LH-DAC synthesis at 45 GPa x-ray diffraction
patterns were recorded during decompression to ambient
conditions. Approximately 20 of the predicted reflections
could be followed throughout the decompression process
when examining data from experiments using the 2 different
PTMs. Table II shows the ten most intense peaks at ambient
conditions that are possible to follow throughout decompres-
sion using LiF as the PTM. That result confirms that the
dwur-C2N3H phase produced by laser heating in the DAC
from the DCDA precursor is fully recoverable to ambient
conditions, that no decomposition or phase transitions occur
during decompression, and thus that it has the chemical com-
position and structure deduced from electron diffraction,

EELS and nano-SIMS experiments on recovered materials
combined with DFT predictions.12 This then constitutes a
high-density tetrahedrally bonded material produced in the
C-N-H system that might have interesting and useful prop-
erties in its own right, as well as providing a potential pre-
cursor to dense carbon nitride phases.

We used the synchrotron x-ray diffraction data to con-
struct a P�V� plot and evaluate the molar volume and com-
pressibility parameters of the dwur-C2N3H phase �Figs. 4
and 5�. The data were analyzed using a finite strain Birch-
Murnaghan equation of state �EOS� expression expanded to
third order:24

P�V� = 3K0f�1 + 2f�5/2�1 +
3

2
�K0� − 4�f� �1�

Here K0 is the zero pressure bulk modulus and K0� its pres-
sure derivative. Transforming the volume strain into the re-
duced variable

FIG. 5. �a� P�V� plot of structure A from DFT, PBEO �K0

=288 GPa�, and B3LYP �K0=270 GPa� against the experimental
data �K0=258 GPa� �b� Normalized pressure �F� vs Eulerian strain
�f�

1 2 3 4

(1)

(2)

d spacings (A)

FIG. 3. XRD patterns for the dwur-C2N3H structure at ambient
conditions: �4� Pattern of recovered sample after LH-DAC synthe-
sis. �5� Predicted pattern from DFT calculations. ��+� indicates
Bragg peaks from LiF, used as PTM�.

TABLE II. The crystal structure of dwur C2N3H at ambient
conditions. The ten most intense reflections, that are possible to
follow throughout decompression, are noted.

hkl
d �calc�

�Å�
I �calc�

�%�
d �exp�

�Å�
I �exp�

�%�

110 3.832 25 3.869 49

200 3.786 81 3.808 91

111 2.768 100 2.780 100

020 2.221 27 2.246 28

310 2.195 78 2.210 65

002 2.002 57 2.008 48

021 1.942 34 1.960 54

311 1.925 44 1.936 59

211 1.712 16 1.724 15

330 1.277 24 1.290 18

45 GPa

34 GPa

22 GPa

10 GPa

5.5 GPa

In
te
ns
ity

(a
.u
)

Ambient

3.3 GPa

d spacings (A)
1 2 3 4 5

FIG. 4. XRD pattern obtained during decompression following
LH synthesis of DCDA in the DAC at pressure to ambient P, T
conditions using LiF PTM
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f =
1

2
��V0

V
	2/3

− 1� �2�

and using a normalized pressure F defined by:

F = P�3f�1 + 2f�5/2�−1 �3�

provides a linearized version of the P�V� equation for useful
determination of K0 and K0� values21 �Fig. 5�b��. The data
indicate a bulk modulus value K0=258�21 GPa with K0�
=6.3�0.8 in good agreement with theoretical calculations
�K0=271 GPa, K0�=3.97: B3LYP; K0=288 GPa, K0�=3.94:
PBE0: Table IV�. The bulk modulus for dwur C2N3H is com-
parable with that determined for the refractory high-hardness
ceramic Si3N4 �K0=256 GPa�.4

B. Raman Spectroscopy

In our initial studies of synthesis of C2N3H from the
DCDA precursor we reported a Raman spectrum taken in
situ at high pressure in the DAC that contained sharp peaks
at 577 and 874 cm−1 and a broader asymmetric band at
770 cm−1. The 770 cm−1 band varied in relative intensity
between syntheses carried out at MPI Mainz �Germany� and
at UCL. During the present runs a doublet remains in this
region but with greatly reduced intensity. We conclude that
the strong broad 770 cm−1 feature observed in the initial
runs is mainly due to a metastable C-N-H phase formed dur-
ing the LH-DAC synthesis. In the present study, we have
now determined that the 577 and 874 cm−1 peaks corre-
spond to different phases. After initial laser heating in the
DAC at 30–45 GPa a spectrum is obtained that is dominated
by the 874 cm−1 peak and there is no evidence for the
577 cm−1 feature: after prolonged heating, the 874 cm−1

peak disappears and the 577 cm−1 band dominated the spec-
trum at high pressure �Fig. 6�a��. That material is assigned

from our in situ x-ray diffraction results to the dwur-C2N3H
structure. During decompression this feature remained as the
dominant peak in the 440–600 cm−1 region. It is assigned to
the dwur-C2N3H from our DFT calculations �Table III�.

For the Cmc21�C2v
12� structure we expect 33 Raman active

vibrations:

�Raman = 9A1 + 8A2 + 7B1 + 9B2 �4�

We observe 16 peaks occurring between 200–1300 cm−1

that can be assigned to vibrational modes of dwur-C2N3H
with symmetry species defined by the DFT calculations
�Table III�. All of the modes observed in the DAC at high
pressure following the complete laser-heating synthesis
could be followed to ambient conditions �Fig. 6�b��.

TABLE III. Frequencies and symmetries of experimental and
theoretical predicted active modes for C2N3H at ambient pressure.
All the bands are Raman active although the A2 are expected to be
weak. In addition, with the exception of the A2 bands the rest are
also IR active. The corresponding experimentally determined Grü-
neisen parameters are also given.

�Calc�
Peak position

� cm−1�

�Exp�
Peak position

�cm−1� Symmetry

�Exp�
I

�%�

�Exp�
Grüneisen
parameter

394 410 A1 22 1.003

442 460 B1 14 -

444 449 A1 100 1.620

458 A2

583 592 B1 13 -0.380

613 605 A1 19 0.432

654 A2

663 B2

715 714 A1 28 0.752

716 728 A1 17

769 773 B1 46 0.509

780 A2

809 B2

850 A2

903 891 B2 21 0.639

907 908 A1 48 -

938 953 A1 22 0.395

983 988 B1 32 0.505

1033 A2

1034 1004 A1 12 0.806

1056 1065 B2 11 0.733

1067 B2

1070 A2

1099 1091 B1 28 0.622

1104 1114 B2 19 0.679

1120 A2

1124 1147 B1 36 0.678

1180 1170 A1 18 0.766

(a)

(b)

32 GPa

45 GPa

21 GPa

9 GPa

1.4 GPa

Ambient

FIG. 6. �a� Raman spectra obtained following initial and ex-
tended laser heating of DCDA in a DAC at 45 GPa. �1� Spectrum of
the dwur-C2N3H structure after extended LH. �2� Spectrum of an
intermediate metastable phase formed during the initial stages of
the heating reaction. �b� Raman spectra obtained following the de-
compression of dwur C2N3H from 45 GPa to ambient conditions.
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In addition the experimental mode Grüneisen parameters
were defined by:

�i = � � ln 	

� ln V
	

�T�
=

K0

	0
� �	

�P
	

�T�
�5�

During decompression the dominant Raman peak at
440–600 cm−1 range exhibits significant broadening at
�21 GPa �Fig. 6�b��. From examination of the calculated
mode eigenvector we identify this as an A1 symmetry mode
due to a deformation vibration of the C-N-C linkage coupled
with a large displacement of the H atoms �Fig. 7�. That result
indicates that some change might occur in the N-H ordering
pattern within the dwur-C2N3H structure during decompres-
sion. That possibility is examined below using DFT calcula-
tions. We did not observe the N-H stretching modes pre-
dicted to occur at 3046 and 3131 cm−1, and the N-H bending
mode at 1594 cm−1 is only observed weakly in the high-
pressure spectra.

C. Density Functional Theorem

In addition to providing support and interpretation for the
x-ray diffraction and Raman spectroscopy results DFT calcu-
lations were used to investigate N-H bond rearrangements
that might occur within the unit cell during decompression
by considering different proton-ordered phases of the

dwur-C2N3H structure. This part of the study was motivated
by the observation that the dominant Raman peak in the
450–600 cm−1 region exhibited noticeable broadening dur-
ing decompression at P�21 GPa �Fig. 6�b��. A full geom-
etry optimization using both DFT methods was carried out
for three C2N3H systems with different N-H ordering pat-
terns within space groups Cmc21 or Pmc21� �Table IV�. In
Structure A the dwur unit cell has H atoms in identical sites
with the N-H vectors aligned in the same direction. In Struc-
ture B, the H atoms occupy opposing axial positions, and
Structure C contains a mixture of A and B structural units
�Fig. 9�. Energy optimizations within the three structures all
converged and suggested that they might each occupy a sub-
sidiary minimum within the potential energy surface. How-
ever, the energies are indistinguishable indicating that the
structure formed experimentally might correspond to any one
of the possibilities, or to an average among the structures
with different N-H bonding patterns. The different structures
examined by DFT methods have indistinguishable structural
and compressibility parameters �Table IV�.

Z

Y

X

H

C

N

FIG. 7. The N and H displacements for the dominant A1

Raman-active mode of dwur-C2N3H at 450–600 cm−1 are illus-
trated from DFT calculation results.

300 μm

Metal Gasket

Sample

LiF PTM

Ammonia
bubble

FIG. 8. A photograph looking through the top anvil of the DAC
into the sample chamber upon opening. The ring shows a bubble of
ammonia effervescing through the sample chamber. Available as a
video sequence from the authors on request

TABLE IV. A comparison of ambient-P lattice parameters and bulk modulus values calculated �DFT� for
different N-H ordered phases of dwur C2N3H and that of the experimental data.

Structure

PBE0 B3LYP

ExperimentalA B C A B C

Space Group Cmc21 Cmc21 Pmc21 Cmc21 Cmc21 Pmc21 Cmc21

a �Å� 7.580 7.583 7.581 7.656 7.663 7.659 7.618

b �Å� 4.447 4.393 4.421 4.500 4.447 4.475 4.483

c �Å� 4.023 4.065 4.043 4.058 4.102 4.079 4.038

K0 �GPa� 288 281 285 271 264 267 258 �21�
K0� 3.94 4.18 4.04 3.97 4.01 3.94 6.3�0.8�
Vol �Å3� 135.596 135.399 135.510 139.803 139.786 139.824 137.904�0.126�
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IV. DISCUSSION

Since the first report of synthesis of dwur-C2N3H from
DCDA �C2N4H4� by LH-DAC methods at P�27 GPa and
T�1800 K it has been assumed that the reaction proceeds
by elimination of NH3 to produce the solid-state compound.
That reaction has now been confirmed by our synchrotron
x-ray results that show the appearance of solid NH3 �phase
III: P212121�25,26 identified in the diffraction patterns at high
pressure and during decompression �Fig. 2�. During the final
stages of decompression the ammonia solid phase becomes
liquid and escapes from the cell �Fig. 8�. The principal broad
peak of solid NH3 at 2.3 Å could be followed during decom-
pression down to 5 GPa.

V. CONCLUSION

Using a combination of synchrotron XRD and Raman
spectroscopy supported with DFT calculations we conclude

that the high-density dwur-structured compound C2N3H is
produced by heating DCDA �C2N4H4� as a molecular precur-
sor at high pressure. This C2N3H phase is recoverable to
ambient conditions and it has a large bulk modulus compa-
rable with high hardness silicon nitride ceramics. An uniden-
tified metastable C-N-H phase is also produced during the
initial synthesis reaction. Recently Liu et al.27 identified
XRD lines that they assigned to the theoretically predicted
phase 
-C3N4 among the products of their shock synthesis
experiments using DCDA as a precursor. Our results indicate
that the XRD pattern obtained by Liu et al. likely corre-
sponds mainly to dwur C2N3H along with some intermediate
phases produced by high-P, T shock synthesis.
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High-Pressure Behavior and Polymorphism of Titanium Oxynitride Phase Ti2.85O4N
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We report a crystallographic study of Ti2.85O4N, a new titanium oxynitride phase discovered using chemical
vapor deposition and combinatorial chemistry techniques, under high-pressure conditions. Synchrotron X-ray
diffraction was used to monitor structural changes in the material during compression up to 68 GPa. The data
indicate that the orthorhombic (Cmcm) ambient-pressure phase (K0 ) 154 ( 22 GPa with K0′ ) 5.2 ( 0.5)
undergoes a first-order transition at 18 GPa to a new orthorhombic (Pmc21) structure. This new high-pressure
polymorph remains stable up to 42 GPa, after which the emergence of a second high-pressure monoclinic
(P21/c) phase is observed.

Introduction

A new titanium oxynitride phase, Ti2.85O4N, was recently
discovered using the synthetic route of atmospheric pressure
chemical vapor deposition combined with combinatorial materi-
als exploration:1 this new material was shown to be an active
photocatalyst under UV illumination.2 Chemical vapor deposi-
tion (CVD) is a technique more normally associated with thin
film synthesis and industrial-scale deposition processes than with
exploratory materials discovery research.3 Recent studies con-
ducted within the UCL group are now establishing the technique
as a method for synthesizing new solid-state compounds and
materials that may have technologically important properties,
including photocatalysis. This work has focused recently on
synthesis of novel semiconducting titanium oxynitride poly-
morphs that are poorly represented in the database at present.
These are of primary interest for exploration because of the
known optoelectronic and photocatalysis properties of TiO2 and
its N-doped equivalents, combined with predictions of new Ti3N4

and related oxynitrides based on ab initio theoretical studies
combined with high-pressure-high-temperature synthesis
studies.4-6 Such new metal nitride and oxynitride compounds
and their crystalline polymorphs are of great interest for
development of new materials for photocatalysis, including
water-splitting for energy applications, fine chemical production,
and water decontamination and disinfection procedures.7-9 Two
main groups of titanium oxynitride materials have been inves-
tigated so far: first, TiOxNy phases that exist as a solid solution
between the rock-salt structured end members TiN and TiO
(x + y ∼ 1) and N-doped TiO2Nx phases, with the nitrogen
doping <1-5%.10,11 These latter materials have been identified
as potential visible light photocatalysts.12 Here, we have adopted
the novel technique of using the CVD-synthesized material as
a precursor for high-pressure studies to investigate the formation
and recovery of new crystalline polymorphs. We predicted that
this approach would result in higher-density titanium oxynitride
structures with useful optoelectronic properties that could be
developed for photocatalytic applications.13,14

The archetype Ti3O5 material for our investigations is a
member of the Magnéli series of TinO2n+1 phases with n ) 3.
It occurs at room temperature as an insulator with a monoclinic
structure (�-Ti3O5). It undergoes a phase transition at 450 K to
a second monoclinic structure (�′) with a sharp 6% increase in
unit cell volume. Further heating to 500 K leads to a second
phase transition to the orthorhombic R-Ti3O5 structure.15 The
phase transition and volume increase at 450 K are associated
with an insulator-metal transition. In the low T � phase, the
titanium d electrons are localized within a metal-metal bond,
which, above the transition temperature, become delocalized:
breaking the metal-metal bond results in a relaxation of the
structure and unit cell expansion. Previous work has found that
reduction of the Fermi level by substituting Ti4+ with cations
of lower charge causes a lowered transition T to be observed.16-18

Hyett et al. demonstrated that a similar effect can be observed
using anionic substitution in the new compound Ti2.85O4N
prepared by CVD, comparable with that achieved in R-Ti3O5

at T > 500 K.1 High-pressure techniques provide a powerful
tool for investigation of polymorphism and synthesis of new
materials.19 There have been a few previous studies of titanium
oxides and nitrides under high-pressure conditions.20,21 The
polymorphism in TiO2 has been investigated extensively,
including studies of nanomaterials.22-24 Åsbrink et al. investi-
gated �-Ti3O5 (C2/m structure) up to 40 GPa but were unable
to identify any pressure-induced phase transitions.25 Here, we
report high-pressure polymorphism of the new oxynitride
compound Ti2.85O4N using synchrotron X-ray diffraction tech-
niques in a diamond anvil cell.

Experimental Techniques

A thin film of Ti2.85O4N was synthesized via atmospheric
pressure chemical vapor deposition (APCVD) from the reaction
between gaseous titanium(IV) chloride, ethyl acetate, and
ammonia deposited onto a glass surface. Titanium(IV) chloride
(Aldrich, 99.9%) and ethyl acetate (Fisher, Reagent grade) were
heated in bubblers to 82 and 39 °C, respectively, to generate
vapors of these precursors, which were then transported to a
mixing chamber with N2 gas (BOC), with flow rates of 2 and
0.5 L min-1 through the titanium(IV) chloride and ethyl acetate,
respectively. Ammonia vapor was transported to the mixing

* To whom correspondence should be addressed. E-mail: p.f.mcmillan@
ucl.ac.uk (P.F.M.), i.p.parkin@ucl.ac.uk (I.P.P.).
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chamber using its own room temperature vapor pressure. In the
mixing chamber, the precursor gases were combined with a plain
N2 flow of 12 L min-1 and carried into the reaction chamber.
All gas transport pipes and the mixing chamber were heated to
200 °C to avoid precursor condensation. The reaction chamber
consisted of a 330 mm long silica tube with a diameter of 105
mm, containing a half-cylinder graphite block on which rested
the glass substrate (220 × 90 × 3 mm3). Whatman heater
catridges inserted into the graphite block heated the substrate
to 660 °C, at which temperature the precursors reacted to form
a thin film of the titanium oxynitride. The deposition was
conducted for 5 min. Additional details of the synthesis
experiments along with chemical and structural characterization
of the samples have been given previously.1

For high-pressure experiments, the thin film sample was
removed from the substrate and ground into a powder. The
Ti2.85O4N material was precompressed between tungsten carbide
cubes before being loaded into a cylindrical diamond anvil cell.
Runs were carried out both nonhydrostatically without any
pressure-transmitting medium and also using nitrogen cryogeni-
cally loaded into the DAC as a quasi-hydrostatic medium over
at least part of the pressurization range. Experiments were
carried out up to 68 GPa using 200 or 300 µm diamond culets.
Rhenium gaskets were preindented to 30 µm and drilled using
electroerosion to provide 80 µm holes. Pressure was determined
using ruby fluorescence.26 X-ray diffraction data were obtained
at station ID27 of the European Synchrotron Radiation Facility
(Grenoble, λ0 ) 0.3738 Å) and at beamline I15 at Diamond
Light Source (Didcot, λ0 ) 0.4441 Å). At the ESRF, the 2 ×
3 µm beam permitted micrometer-scale mapping of the sample
chamber, whereas at Diamond, the incident beam was collimated
to 30 µm. Two-dimensional diffraction data were recorded using
either a CCD detector or a MAR 345 image plate and then
integrated and transformed to 1-D patterns using Fit2D27 and
analyzed using GSAS,28,29 FullProf,30 and PowderCell.31

Results and Discussion

The composition of the starting Ti2.85O4N sample produced
by APCVD synthesis was determined previously using a
combination of chemical analysis methods and Rietveld refine-
ment of the powder X-ray synchrotron diffraction data.1 A minor
impurity peak at 2.52 Å identified as TiC represented <0.5% of
the sample.

In a first series of high-pressure runs, we loaded the sample
using N2 as the pressure-transmitting medium and obtained high-
quality data in the low-pressure range that we could analyze
using refinement methods (Figure 1). Above 16-18 GPa, the
data quality was reduced dramatically. We can partly associate
this with the δ-ε transition of crystalline N2.32,33 However, a
phase transition occurring in the Ti2.85O4N sample was also
indicated from the X-ray data in the same pressure range (Figure
2). We carried out a second series of runs with no pressure-
transmitting medium present. This clearly showed the same
transition occurring within the titanium oxynitride compound
at around 18 GPa.

The X-ray diffraction data were analyzed using Le Bail
methods to provide information on unit cell and dhkl spacing
variations with pressure (see Table 1).34 These clearly identified
contributions from the N2 pressure-transmitting medium and the
TiC impurity (Figure 1). The X-ray diffraction patterns of
Ti2.85O4N could be modeled using the ambient-pressure structure
until ∼14 GPa: above 18 GPa, the diffraction pattern first
showed the emergence of a second orthorhombic phase mainly
characterized by the appearance of a new peak at 11.6° 2θ. The

new structure could be refined within Pmc21 symmetry, based
on systematic hkl absences. However, the low-pressure Cmcm
phase could still be identified in the diffraction pattern until
∼42 GPa, indicating that the transition must be first-order in
nature. By 24 GPa, at least five peaks were observed due to the
new high-pressure phase. These were indexed to an orthorhom-
bic Pmc21 structure with a ) 2.401 Å, b ) 4.712 Å, and c )
6.019 Å (V ) 68.10 Å3) at a pressure of 24 GPa (see Table 2).
This phase was found to be stable to beyond 42 GPa. By 68
GPa, at least two of the peaks develop shoulders, indicating a
potential further phase change (Figure 3). Experiments con-
ducted with no pressure-transmitting medium to above this
pressure clearly revealed a potential second high-pressure phase
transition. The second high-pressure phase is indexed as

Figure 1. Le Bail refinements of diffraction data obtained up to 21.4
GPa in N2 pressure-transmitting medium. Data points and Le Bail fits
are overlaid in red and black, respectively, and difference plots are
shown. The tick marks indicate peaks for the Cmcm Ti2.85O4N structure
(below), the high-pressure Pmc21 present at 21.4 GPa, and the TiC
impurity and the δ- and ε-N2 phases of the pressure medium. Asterisks
(/) mark an identified broad peak that was assigned to an unknown
impurity.
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monoclinic (P21/c), corresponding to a distortion of the orthor-
hombic Pmc21 high-pressure phase. Le Bail analysis indicates
a ) 4.3456(5) Å, b ) 5.177(3) Å, c ) 2.872(1) Å, and � )
99.7(1)° at P ) 68 GPa.

Figure 4 shows the variation of lattice parameters of Ti2.85O4N
structures during compression, beginning with the ambient T

structure prepared by APCVD. The b and c parameters show
an approximately linear decrease with pressure, corresponding
to a 4% shortening in these parameters at a pressure of 20 GPa.
However, a behaves differently: the initial compression is much
lower (∼1%) and it completely ceases at ∼12 GPa. Interestingly,
the same effect was observed previously for the monoclinic

Figure 2. Positions recorded for diffraction peaks observed in the XRD
data as a function of increasing pressure (GPa). The data indicate the
appearance of a new phase (assigned by Le Bail refinement to Pmc21

symmetry) above 15-20 GPa. The low-pressure Cmcm phase persists
to at least 23-27 GPa, indicating that the transformation is first-order.
The dhkl vs P data clearly reveal peaks due to e and δ phases of N2

used as a pressure-transmitting medium as well as TiC and weak
features due to an unidentified impurity phase.

TABLE 1: Cell Constants and Unit Cell Volume for
Ti2.85O4N (Cmcm) As Determined by Le Bail Refinement

pressure
(GPa) a (Å) b (Å) c (Å) volume (Å3)

2 3.7751(2) 9.577(1) 9.8053(8) 354.51(3)
3 3.7710(2) 9.5644(9) 9.7906(8) 353.12(3)
4 3.7636(3) 9.540(1) 9.767(1) 350.68(6)
5.3 3.7583(2) 9.520(1) 9.742(1) 348.53(5)
6.8 3.7474(3) 9.481(1) 9.730(1) 345.69(4)
8.3 3.7456(2) 9.455(1) 9.674(1) 342.58(4)
9.5 3.7364(3) 9.428(1) 9.665(1) 340.49(5)
10.2 3.7321(2) 9.409(1) 9.650(1) 338.84(5)
11.6 3.7272(2) 9.397(1) 7.638(1) 337.59(4)
12.4 3.7211(3) 9.373(2) 9.604(2) 334.95(7)
14.2 3.7207(3) 9.337(1) 9.585(1) 332.99(5)
15.6 3.7221(3) 9.325(1) 9.576(1) 332.39(5)
17.2 3.7156(4) 9.294(2) 9.530(2) 329.10(7)
18.4 3.7159(4) 9.268(2) 9.513(2) 327.63(7)
19.7 3.7149(5) 9.264(2) 9.499(2) 326.91(9)
21.4 3.7197(5) 9.190(2) 9.449(2) 323.0(1)
23.1 3.7245(5) 9.194(2) 9.442(2) 323.3(1)

TABLE 2: Cell Constants and Unit Cell Volume for the
High-Pressure Phase of Ti2.85O4N (Pmc21) As Determined by
Le Bail Refinement

pressure
(GPa) a (Å) b (Å) c (Å) volume (Å3)

19 2.446(1) 4.799(1) 6.107(1) 71.686(3)
21.4 2.422(1) 4.714(1) 6.022(1) 68.755(3)
23.1 2.41(1) 4.692(1) 6.023(1) 68.106(3)
24 2.401(1) 4.712(1) 6.019(1) 68.096(3)
30 2.371(1) 4.612(1) 5.906(1) 64.582(3)
42 2.315(1) 4.481(1) 5.735(1) 59.492(3)

Figure 3. Nonhydrostatic compression data obtained with no pressure-
transmitting medium at 24, 30, 42, and 68 GPa. The Le Bail refined
X-ray diffraction patterns are of the Pmc21 high-pressure phase of
Ti2.85O4N. Asterisks (/) mark peaks resulting from remaining contribu-
tions from the ambient-pressure Cmcm phase. At 68 GPa, additional
contributions indicating a second transformation into a monoclinc (P21/
c) phase are observed.

Figure 4. Plot of lattice parameters for the low- and high-pressure
phases of Ti2.85O4N. The a, b, and c lattice parameters (Å) for the
ambient phase of Ti3O4N (Cmcm) against pressure (GPa) are reported.
The lattice parameters were determined using Le Bail refinement and
are plotted with their corresponding y axis.
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�-Ti3O5 phase,25 indicating that it does not depend on the
presence of Ti vacancies or the degree of O/N substitution. In
the case of Ti3O5, the a axis was found to have a linear
compression of 0.8% that ceased at ∼10 GPa compared with
6.7 and 5.4% for the b and c axes across the entire range up to
38 GPa. In both �-Ti3O5 and Ti2.85O4N (Figure 5), the noticeably
stiffer lattice direction is associated with dense columns of
distorted edge-sharing TiO6 octahedra along the 100 direction.
These highly constrained structures have little possibility for
angular distortion, and the linked Ti-O bonds resist compres-
sion along the axis. By 10-12 GPa, the maximum compress-
ibility limit of the (TiO6)n chains has been reached. The
polyhedral compressibility for unlinked TiO6 octahedra was
estimated to be ∆V/Vo ∼ 0.04 GPa-1, giving a maximum Ti-O
bond compression at 10 GPa of ∼1.5%. Along the 010 and
001 directions, the dense layers are interconnected by three
coordinate anion sites that allow greater angular flexibility and,
thus, the larger compressibility values recorded for the b and c
dimensions over the entire pressure range, with no compression
limit observed in the 10-12 GPa range. This observation
indicates that the Ti3O5 and Ti2.85O4N materials constitute
remarkably rigid structures along one crystallographic direction.

The V(P) data were used to estimate the bulk modulus and
its pressure derivative for the ambient-pressure Ti2.85O4N
compound as well as the new high-pressure phase. The
compression data were analyzed using a finite strain Birch-
Murnaghan equation of state (EOS) expression expanded to third
order and the K0 and K0′ values refined by constructing an
Eulerian finite-strain reduced variable F-f plot (Figure 6).35 The
data indicate a bulk modulus of K0 ) 154 ( 22 GPa with K0′
) 5.2 ( 0.5 for the ambient-pressure Cmcm phase of Ti2.85O4N.
This is slightly lower than that obtained for �-Ti3O5 (K0 ) 173
GPa25) that can be attributed to the presence of cation vacancies
in the oxynitride structure.

Recovery of the high-pressure phase to ambient conditions
was studied during decompression from above 27 GPa, where
the presence of the ambient phase was minimized in the X-ray
diffraction pattern. The diffraction pattern of the high-pressure
phase (Pmc21) is clearly visible during the first two pressure
steps down to 25 GPa (Figure 7). Here, we have superposed
the diffraction pattern obtained at 24 GPa for comparison. The
peaks that are quite broad could indicate inhomogeneous strains
present within the sample or structural disordering or even a
nanocrystalline state. Although all of the diffraction peaks can
be identified, there are marked changes in relative intensities
between pressure points that could be due to changes in
crystallite orientation relative to the incident beam. By 20 GPa,
the main diffraction peaks become further broadened and new

features begin to appear in the pattern. At 15 GPa, below the
first-order transition observed during the compression run, the
broad diffraction peaks of the high-pressure phase can still be
discerned in the pattern, but now a series of additional sharper
peaks are clearly present that become better defined as the
pressure is lowered to 10 GPa (Figure 7). A further new set of
peaks is observed in the 5-6 GPa region that disappear by 2-3
GPa to be replaced by a simple peak pattern superimposed on
a broad amorphous background. None of these series of peaks

Figure 5. Representation of the unit cell of Ti2.85O4N, showing the
titanium ions (gray) and anion sites (red). View of the (a) 100 face
and (b) 001 face. From this can be seen the three coordinate anion
sites between the tense titania layers that allow the relatively higher
compressibility in the b and c directions.

Figure 6. (a) A V(P) plot of compression data for the Cmcm phase of
Ti2.85O4N. A Birch-Murnaghan equation of state reduced to the third
order is fitted to the single phase. (b) The volume per formula unit is
plotted as a function of pressure. A discontinuity is observed between
the ambient phase (Cmcm) of Ti2.85O4N and that of the first high-
pressure phase (Pmc21). (c) Normalized pressure (F) vs Eulerian strain
(f).

Figure 7. X-ray diffraction patterns of the decompression of the high-
pressure phase of Ti3O4N from 27 to 0 GPa. Patterns shown in red are
for reference and from the compression data sets at 2 and 24 GPa
showing the patterns of the ambient structure and high-pressure
structure, respectively.
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correspond to structures identified within the TixOyNz system
to date, and they likely correspond to metastable phases
occurring as the highly metastable high-density Ti2.85O4N
structure is decompressed beyond its low-pressure stability limit.
Upon complete decompression to a pressure of 1 atm, only weak
broad bands indicating an amorphous or high disordered
nanocrystalline material remain in the pattern. The results
indicate that, following its formation at high pressure, the
orthorhombic Pmc21 phase is not recoverable to ambient
conditions, and decompression in the diamond anvil cell at room
temperature results in recovery of amorphous material. We also
carried out preliminary experiments using a multianvil apparatus,
heating the Ti2.85O4N at a pressure greater than 20 GPa to
attempt to obtain a better crystallized sample that might be
recoverable to ambient conditions. However, all of these
investigations resulted in formation of a mixture of TiO2 and
TiN that is likely to be thermodynamically stable under the high-
pressure-high-temperature conditions.

Conclusion

An investigation of the high-pressure behavior of Ti2.85O4N
was carried out using a diamond anvil cell and with synchrotron
X-ray powder diffraction techniques. The diffraction pattern of
the ambient-pressure Cmcm phase could be analyzed up to a
pressure of 20 GPa to study its compressional behavior. The b-
and c-axis parameters showed a near-linear decrease throughout
the pressure range. The a parameter had a much smaller
compressibility, and this stopped above 12 GPa. This behavior
is similar to that of �-Ti3O5, and it can be explained by the
relative incompressibility of edge-sharing chains of TiO6

octahedra along the (100) direction.36 The appearance of a new
phase is indicated in the diffraction data above 18 GPa. The
new compound can be indexed as an orthorhombic Pmc21

structure. However, the ambient-pressure Cmcm phase can still
be recognized in the diffraction pattern up to a pressure of 42
GPa, indicating that the transition is first-order. The compress-
ibility parameters of the two phases were analyzed using a third-
order Birch-Murnaghan equation of state. Further compression
to above 65 GPa indicates a further transition into a phase with
P21/c symmetry. During decompression experiments, the Pmc21

phase was not recoverable to 1 atm. At least three new
metastable crystalline phases were observed to occur during
decompression that have not yet been identified. The material
recovered to ambient conditions was amorphous. High-pressure,
high-temperature synthesis experiments resulted in transforma-
tion of the material into a mixture of TiO2 and TiN phases that
are thermodynamically stable under these conditions.
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