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Besides temperature at one atmosphere, the applied pressure is another important parameter for

influencing and controlling reaction pathways and final reaction products. This is relevant not

only for the genesis of natural minerals, but also for synthetic chemical products and

technological materials. The present critical review (316 references) highlights recent developments

that utilise high pressures and high-temperatures for the synthesis of new materials with unique

properties, such as high hardness, or interesting magnetic or optoelectronic features. Novel metal

nitrides, oxonitrides as well as the new class of nitride-diazenide compounds, all formed under

high-pressure conditions, are highlighted. Pure oxides and carbides are not considered here.

Moreover, syntheses under high-pressure conditions require special equipment and preparation

techniques, completely different from those used for conventional synthetic approaches at

ambient pressure. Therefore, we also summarize the high-pressure techniques used for the

synthesis of new materials on a laboratory scale. In particular, our attention is focused on reactive

gas pressure devices with pressures between 1.2 and 600 MPa, multi-anvil apparatus at P , 25

GPa and the diamond anvil cell, which allows work at pressures of 100 GPa and higher. For

example, some of these techniques have been successfully upgraded to an industrial scale for the

synthesis of diamond and cubic boron nitride.

1. Introduction

High-pressure is used so extensively in technology that it is

almost impossible to catalogue the many ways in which our

lives depend upon or are improved by it. From pneumatic

tyres, household belongings and foodstuffs to advanced

plastics, metals, ceramics and composite materials, there are

countless materials that are fabricated, processed or shaped

using high-pressure technology.

The modern era of high-pressure research and technology

was ushered in with the work of P. Bridgman, who received the

1946 Nobel Prize in Physics for his pioneering experimental

studies.1,2 Bridgman’s efforts were built upon by workers in

the earth and mineral sciences, and by researchers seeking to

reproduce the synthesis of diamond in the laboratory.3–5,32 In

recent years there have been rapid advances in both

instrumentation and techniques, leading to a substantial

growth in high-pressure science and technology. Stimulated

by the quest to understand the structure and dynamics of the

earth’s deep interior and in the search for new materials, a

combination of laboratory-scale diamond anvil cells (DACs)

and ‘‘large-volume’’ synthesis presses, including apparatus

designs such as belt, multi-anvil, toroidal and piston-cylinder,
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are being applied in laboratories around the world to explore

the structural chemistry, bonding and reactions of crystalline

and amorphous solids and liquids under high-pressure

conditions.6,7 These investigations in ‘‘static’’ high-pressure

science are complemented by the ‘‘dynamic’’ shock-wave

experiments generally carried out in large-scale facilities.

Dynamic high-pressure and temperature conditions can be

achieved by applying projectile impact on the initial sample by

explosions or laser shock, or by discharging large quantities of

electrical or magnetic energy into the sample chamber.8,9 The

shock-wave experiments provide the most extreme high-

pressure and high-temperature conditions. Pressures into the

multi-megabar range (.1 000 000 atm or several hundred

GPa) and extending up to 50 TPa (50 000 GPa), with

simultaneous heating to thousands or tens of thousands of

uC, can be achieved. Shock wave techniques enable the

synthesis of new materials, and samples can be recovered for

study under ambient conditions.10,11,78 However, the methods

are expensive and they must be carried out in the context of a

large facility. Also, the transient pressurization only lasts for a

matter of milliseconds to microseconds and it is difficult to

obtain detailed structural information on the compressed

sample.

At the other end of the scale there is the hand-held DAC, in

which the sample is compressed between the flattened tips of

two gem-quality diamonds. A DAC allows ready access to the

100 GPa (megabar) regime (1 Mbar = 100 GPa). Resistive-

and laser-heating techniques enable controlled simultaneous
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heating of samples from a few hundred up to several thousand

degrees while they are being held at high-pressure.

Most experiments in solid state chemistry that lead to

technologically useful materials are carried out under pressure

conditions close to ambient (P = 1 atm), using mainly variable

temperatures combined with chemical composition to explore

the range of available compounds and their properties. The use

of high pressures, combined with high temperatures and

compositional variables, provides an opportunity to synthesize

entirely new classes of materials and/or to tune their electronic,

magnetic and structural properties for a wide range of

applications. Synthetic diamond and the cubic phase of boron

nitride, c-BN, are the hardest known solids, were the first

industrially synthesized high-pressure materials and are still in

use today for a wide range of cutting and grinding applica-

tions.12 High-pressure and high-temperature research to

improve the synthesis and processing methods for diamond

and c-BN is still on-going, as are studies to establish new

‘‘superhard’’ materials that have mechanical properties and

chemical and thermal resistance comparable-with or superior-

to those of diamond and c-BN phases.13,14 New materials

explored and synthesized using high-pressure techniques

include binary nitrides with spinel (Si3N4, Ge3N4) and thorium

phosphate (Zr3N4, Hf3N4) structures. The high-pressure

nitrides possess high hardness, and the new polymorphs

of Si3N4 and Ge3N4 have a wide direct band gap between

3.0–4 eV, comparable to the newly-developed UV/blue light

emitting diode materials based on Al, Ga and In nitride.15,16

Most studies in materials chemistry and high-pressure

research have focused on oxides, which have provided the

largest group of inorganic compounds leading to technologi-

cally important materials. Research on superhard materials

has centred around variations on the diamond theme, with

exploration of new compounds in the B–C–N–O system, some

of which have been discovered and are synthesised under high-

pressure, high-temperature conditions. There is another grand

family of high hardness materials among the carbides and

nitrides of transition metals, including WC, TiN, etc. These

materials also provide metallic materials with useful electronic

and magnetic properties, and can be superconducting, with

high values of Tc (NbN, MoN). The solid state chemistry of

nitrides has been relatively neglected compared to that of oxide

compounds, although there has been considerable activity in

the area over the past two decades.17–19 Many new nitride

compounds with novel physical and chemical properties have

attracted attention as potential technological materials. For

this reason, we focus in this review on the high-pressure

materials chemistry of nitrides and related phases, including

nitride-imides, oxonitrides and azo compounds. We present
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the results of recent research on several binary, ternary and

quaternary materials including C–N, Si–N, Ge–N, Sn–N,

Zr–N, Hf–N, Mo–N, Si–Ge–N, Si–C–N, B–C–N, Si–O–N,

Al–O–N, Ga–O–N, Si–Al–O–N and related systems. These

compounds are expected to show a unique combination of

high hardness, oxidation resistance and chemical inertness,

along with useful electronic, magnetic and optoelectronic

properties.20,21 It is predicted that different high-pressure

phases can be used as high-temperature or optically-active

semiconductors because of their variable band gap.12

In parallel with the rapid development of experimental

techniques, tremendous advances have been made in the

theory and computation of materials in the past few decades,

often driven by the needs and results of high-pressure materials

science. Especially with the advent of density functional

methods and the widespread availability of powerful and

inexpensive computers, it has become possible to calculate

reliably and efficiently the structure and energy of existing and

hypothetical phases on a relatively routine basis. For example,

a problem containing several dozen atoms within the unit cell

can now be treated readily using a desktop computer, and with

a parallel supercomputer that can be implemented either at

national or international facilities, or enabled by networking

desktop PCs, a manifold of structural approximants can be

investigated at almost any level of accuracy and pressure–

temperature condition.

In the mutual interplay between problem generation and

problem solving involved in high-pressure and temperature

research, experiment and computation play a constant game of

‘‘leap-frog’’: sometimes the experiment is in advance of theory

and sometimes the computation provides a theoretical predic-

tion that must be tested experimentally. In most studies, the

two evolve simultaneously and in close collaboration.

Therefore, the use of high-pressure synthesis and in situ

characterization methods combined with theory are indispen-

sable to predict, test and confirm the presence of a new high-

pressure compound or structure and its potentially useful

material properties.

The present review highlights current research in the field of

materials chemistry, including exploration, synthesis and

characterization of likely new technological compounds under

extreme high-pressure and temperature conditions. As high-

pressure techniques, we discuss (i) reactive high-pressure

devices, (ii) multi-anvil apparatus (MA) and (iii) DAC. In

particular, we focus our attention on the scientific efforts and

issues associated with the synthesis, structure, properties,

processing and modelling of novel nitrides and oxonitrides of

elements within groups 13 and 14, as well as transition metal

nitrides.

2. High-pressure methods

2.1 Reactive gas pressure devices

The design and development of the reactive gas pressure

devices described in the following paragraphs established solid

state reactions in the pressure range between 1.2 and 600 MPa,

and with different gases, e.g. H2, N2 and Ar.22,23 All the

loading and unloading procedures of the autoclaves are carried

out under an inert gas atmosphere (argon glove boxes) in order

to protect all materials against impurities. This special

equipment for the syntheses and handling of samples under

high purity conditions and a protective atmosphere is closely

related to the general progress made in the area of solid state

chemistry.

Reactive gas pressure experiments, up to 12 bar reaction

pressure, are carried out in the pressure device shown in Fig. 1

and Fig. 2. The autoclave, made of ATS-340 steel, is closed by

the use of a ball valve before being connected via a flange to

the low pressure equipment (Fig. 2) outside the box. The whole

system is evacuated to 1026 bar and thereafter filled with N2

(99.999%, purified by Oxisorb-cartridges, Messer Griesheim)

to a starting pressure maximum of 10 bar, followed by heating

up to the desired reaction temperature. The progress of a

reaction can be followed by using a pressure gauge.

Pressure experiments up to 6000 bar are carried out in the

pressure device shown in Fig. 3 and Fig. 4. The autoclave

(Fig. 3) is closed with a copper gasket (3), which is placed in a

back-up ring and fitted to the inner ram cylinder connected to

a high-pressure valve (2). Afterwards, the autoclave is closed

by using threaded studs. The female screws are tightened as

much as possible in the glove box and finally tightened outside

the box with an adjustable torque wrench up to 140 Nm. Next,

the autoclave is fitted to the high-pressure equipment (see

Fig. 4). The whole system is evacuated to 1026 bar and filled

up with nitrogen gas up to the desired starting pressure (room

temperature). Pressures higher than 200 bar (above gas bottle

pressure) can be obtained by using the following procedure:

The medium pressure storage vessels (9) are cooled with liquid

Fig. 1 Schematic sketch of the pressure autoclave (1–12 bar). (1)

Reaction boat; (2) Ball valve; (3) Cooling jacket; (4) Flange connection

with trapped centring O-ring.

Fig. 2 Schematic sketch of the pressure equipment (1–12 bar). (5)

Low pressure autoclave (see Fig. 1); (6) Furnace; (7) Connection to

vacuum; (8) Connection to argon.
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nitrogen and the gas is condensed up to a maximum 200 bar

pressure. The medium pressure vessel is thawed to room

temperature, the high-pressure autoclave is cooled down with

liquid nitrogen and the reaction gas is condensed from the gas

bottles into the autoclave. To achieve the highest pressure, a

second autoclave (5) (all autoclaves are connected in series) is

pre-cooled in an analogous manner, and the medium pressure

vessel cooled again and filled with nitrogen. Then, the reaction

autoclave (6) is cooled and filled step-by-step with nitrogen

from the gas bottle, the medium pressure vessels (9) and the

second autoclave (all three systems are at room temperature).

This technology allows the reaction pressure in the autoclave

to be set to the desired value (the maximum pressure is defined

by the materials and the construction of the high-pressure

equipment). The reaction volume of the autoclave is about

14 cm3. The valves which are next to the autoclaves are water-

cooled (8) during the heating process. The reaction pressure is

measured and registered during the synthesis. After the

reaction is finished, the autoclave is cooled down to room

temperature. The autoclave is detached from the high-pressure

equipment and the female screws are released slightly before

the autoclave is transferred into the glove box, wherein the

autoclave is unloaded. The copper gasket can easily be

removed with a three-jaw adjustable puller in order to prepare

the autoclave for the next experiment.

2.2 Multi-anvil apparatus

Generating the wide range of high-pressure and high-

temperature conditions for materials exploration and synthesis

covers a selection of dynamic and static compression

techniques. On the one hand, extreme high-pressure and

temperature conditions can be generated simultaneously by

dynamic shock-wave compression with a time duration in the

microsecond range. However, high-pressure conditions at

relatively low temperatures cannot be realised by this dynamic

method. In contrast, static compression is stable for a longer

time at controllable temperature and pressure conditions,

though the maximum pressure attainable is limited by the

strength and design of the vessel. A convenient device for

working in a lower pressure range (4–6 GPa) was the piston

apparatus developed by Boyd and England.24 This device had

a tungsten carbide (WC) supported core and a very large

sample chamber (several cubic centimetres). The synthesis of

large samples is required for the study of magnetic properties,

electrical conductivity, viscosity, thermal and mechanical

properties. Beyond the limit of the piston cylinder (ymax-

imum 6 GPa) and Belt apparatus (ymaximum 10 GPa), multi-

anvil devices can be used for reaching pressures exceeding

25 GPa.31,32 By using large sintered diamond anvils instead

of tungsten carbide, the higher pressure limit can be

extended.25–27 However, in the field of static compression,

the highest pressure and temperature regimes can only be

generated with a laser heated DAC (see below).

The evolution of multi-anvil devices has been reviewed in

several articles and books.28–36 The reachable pressure depends

on the geometrical design of the devices, the frictional strength

of the gasket and the compression strength of the anvil.

Developments and improvements in this area led to several

designs of anvil devices. Early designs for high-pressure

generation were developed by Bridgman.1,2 In fact, there are

two basic types: the Bridgman opposed-anvil and multiple

symmetrical anvils, as well as their variations.

The principle of a Bridgman opposed-anvil apparatus relies

on compressing the sample between supported WC anvils. In

this design, the maximum pressure depends on the cone angle

(a) and the compressive strength of the WC anvils. Generally,

a a = 5u cone angle and a compressive anvil strength of 5 GPa

will generate pressures up to 20 GPa in the Bridgman

geometry.

Essentially, in multi-anvil systems, a sample volume is

compressed between variable numbers of identically shaped

anvils in two stages, which move each other forward. The

multi-anvil apparatus simply consists of a hydraulic press. The

applied uniaxial loads can vary. In standard experiments this

can be between 600 and 1000 tons, and in particular cases at

5000 tons e.g. at the Bayerisches Geoinstitut, Bayreuth,

Germany.37

Fig. 3 Schematic sketch of the high-pressure autoclave (up to

6000 bar). (1) Reaction boat; (2) High-pressure valve; (3) Copper

gasket in a back-up ring; (4) High-pressure tube connection to the

pressure equipment (see Fig. 4).

Fig. 4 Schematic sketch of the high-pressure equipment (up to 6000

bar). (5) High-pressure autoclave (see Fig. 3); (6) Furnace; (7) Dewar

for cooling the autoclave with liquid nitrogen; (8) Cooling jacket; (9)

Medium-pressure storage vessels; (10) Connection to vacuum; (11) Gas

outlet.
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The Walker-type multi-anvil press is based on a split

cylinder geometry, in which six wedges (three at the top and

three at the bottom) define an inner cubic cavity, as shown in

Fig. 5a. The eight second-stage WC inner anvils, with

truncated corners, are placed in the cubic cavity (Fig. 5b and

5c). The truncated corners form triangular faces with a

different edge length. The pressure cell is placed in the

octahedral cavity, which is formed by the eight WC cubes

with truncated corners. The sizes of the truncation edge length

(TEL: 3, 4, 5, 8, 11, 12 mm) of the WC cubes and the

octahedral edge length (OEL: 7, 10, 14, 18, 19) of the pressure

cell determine the sample volume and the reachable pressure

range. The sample assembly is introduced into a cylindrical

hole drilled into the octahedral pressure cell, which is made

from semi-sintered MgO–5%Cr2O3 ceramic. The sample

assembly, depicted in Fig. 5d and 5e, shows the sample, the

sample capsule, the resistance furnace, the thermocouples and

the ceramic spacers. The temperature of the sample is usually

determined by W–Re or Pt–Rh-based thermocouples and the

pressure is derived from the applied load. Prior to the actual

experiments, pressure calibration is performed by press-load

experiments based on room temperature and high-temperature

phase transitions of well-known materials (metals, minerals,

etc.).

The multi-anvil method allows the synthesis of samples up

to a few cubic millimeters in volume, while the DAC device can

only produce sample volumes of a few cubic micrometers.

However, the sample chamber within the multi-anvil is only

partially accessible for in situ measurements, including high

energy X-ray synchrotron diffraction and imaging studies. In

contrast, the DAC readily allows a variety of in situ

experiments, including laboratory-based optical spectroscopy.

2.3 Laser heated diamond anvil cell

It has been clearly demonstrated that the laser heated diamond

anvil cell (LH-DAC) technique provides a powerful recon-

naissance method for the synthesis and exploration of new

promising high-pressure materials. Syntheses can be performed

over an extremely wide range of pressures and temperatures;

up to a few hundred GPa and a few thousand degrees Kelvin,

for example. Under these extreme high-pressure conditions,

novel bonding patterns, high coordination numbers and higher

oxidation states for elements with multiple valances (e.g. iron,

zirconium, or cerium) become favored, so that not only the

production of new polymorphs of known compounds can be

achieved, but also the synthesis of new compounds with

stoichiometries not accessible at atmospheric pressure.38,39

This is especially true when high-pressure and temperature

synthesis is combined with the use of chemical precursors and

unusual mixtures of elements. The materials obtained can be

examined in situ at high-pressure, as well as after recovery,

using different spectroscopic and diffraction methods. The

range of techniques now in existence, including advanced

microbeam techniques available at synchrotron sources,

allow us to gain information on the structure and chemical

composition of synthesized phases and compounds, even

for samples of only a few tens of micrometers in size,

typical of syntheses carried out in a LH-DAC. Moreover,

electrical and mechanical properties, of potential interest for

developing industrial applications, can now be determined

experimentally for such small samples, especially using nano-

probe techniques.147

The DAC was invented in 1959 by scientists at the

University of Chicago and at the National Bureau of

Standards (USA) with the initial aim of studying X-ray

diffraction and the infrared (IR) spectra of solids in situ at high

pressures.40–42 This new technique revolutionized the develop-

ment of high-pressure research, since it led to a significant

extension of the pressure region where the physical and

chemical behavior of condensed matter could be investigated,

and it enabled the in situ observation and diffraction (or

spectroscopic characterization) of samples under high-pressure

conditions. Today, static pressures in excess of 500 GPa are

reported to be attainable at room temperature using this

technique.43 A large variety of DACs are now available, all of

which are based on the same principle of opposed anvil

technology for pressure generation but differ in the methods

used for anvil alignment, load generation and sample

mounting.44–46,30 A great advantage of the DAC technique is

the remarkable transparency of diamond to light over a broad

spectral range: from far IR to near ultraviolet and to X-ray

radiation for l , 1 s.45–48 This allows in situ sample analysis

to be carried out at high pressures by various different

spectroscopic techniques, including Raman and Brillouin

scattering, IR, UV-visible absorption spectroscopy, X-ray

Fig. 5 Details of the multi-anvil apparatus: (a) Walker-type module;

(b) Eight WC cubic anvils; (c) Schematic of the compression of the

octahedral pressure cell between the eight truncated WC anvils; (d)

Cross-section of the octahedral pressure cell; (e) Cross-section of the

sample.
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absorption, emission and fluorescence spectroscopy, c-ray

spectroscopy (i.e., Mossbauer), or by X-ray diffraction and

scattering experiments. The structure of recovered metastable

samples can be determined at a micro- to a nanoscale by

electron diffraction and imaging techniques using transmission

electron microscopy (TEM). Chemical composition can be

obtained using X-ray fluorescence techniques such as EDX-

spectroscopy or electron microprobe analysis, or electron

energy loss spectroscopy (EELS). The development of the

convenient ruby pressure scale, where the red shift of the R1-

fluorescence line of ruby with pressure is used for pressure

determination, led to practical applications of the DAC

techniques.49–51

The high transparency of diamond to IR and near-IR

light40,41 allows the heating of samples in a DAC through the

absorption of focused intense laser radiation; the method first

being implemented by Ming and Bassett,52 who used a pulsed

ruby laser and also a continuous-wave (cw) Nd:YAG

(yttrium–aluminum–garnet) laser to heat samples in a DAC

to above 3300 K and 2300 K, respectively. Today, two types of

continuous-wave IR lasers are extensively used for sample

heating: solid state Nd:YAG lasers (or Nd:YLF, yttrium–

lithium–fluorite), with the most intense line at a wavelength of

l = 1.064 mm (or 1.054 mm for Nd:YLF lasers), and CO2 gas

lasers, with the most intense line at l = 10.6 mm. The Nd:YAG

(or Nd:YLF) lasers are used for heating semiconductors53 and

metals, as well as insulators containing transition metals such

as Fe, Ni, etc.52 The CO2 laser heating technique, first

employed by Boehler and Chopelas,54 has been used in

experiments on numerous non-conducting inorganic (oxides,

silicates, nitrides etc.) and organic materials.55–58 Continuous

development of the LH-DAC technique now allows tempera-

tures to be achieved that are not attainable by any other static

high-pressure technique. The maximum values reported in the

literature for both laser types, Nd:YAG (or Nd:YLF) and

CO2, today approach 7000 K.57–59

In experiments with the LH-DAC, temperatures developed

within the sample chamber can be determined from the

thermal radiation of heated samples IRB(T, P, l) measured in

the visible and near-IR wavelength region (400 nm to 1600 nm).

Temperature is obtained by fitting a product of Planck’s

formula and emissivity e(T, P, l), which is, in general, a

wavelength-, pressure- and temperature-dependent function,

to the measured emissivity spectrum (eqn. 1):

IRB T ,P,lð Þ~e T ,P,lð Þ|IBB T ,lð Þ

~e T ,P,lð Þ| 8phc

l5
|

1

ehc=lkT{1ð Þ
(1)

Here h is Planck’s constant, k the Boltzmann constant, c the

velocity of light in a vacuum, T the absolute temperature and l

the wavelength. Planck’s formula60 describes the temperature

and wavelength dependence on the thermal radiation intensity

of the black body (BB), IBB(T,l). Emissivity is always less than

unity, indicating the deviation of thermal radiation in a real

body (RB) from that of a hypothetical BB.48 Since there is as

yet no reliable method to estimate the change of the

wavelength-dependences on emissivities at high pressures

and temperatures, and experimental data are scarce, this

characteristic material property is usually assumed to be

wavelength-independent. Such assumptions can result in errors

in temperature determination approaching a few hundred

degrees Kelvin in LH-DAC experiments.57,59,61,62

However, although the unknown wavelength-dependences

of emissivities at high pressures and temperatures provide

almost an inevitable source of errors, there are other experi-

mental details that can cause even larger avoidable errors in

temperature determination. A long-standing subject of debate

was the question of whether a reliable measurement of tem-

perature in a LH-DAC was possible when thermal radiation

spectra were collected using refractive optics.56,61,63–69 In

contrast to reflecting optics, the spectral intensities of spectra

collected using refractive optics are biased by chromatic

aberrations that can cause temperature errors of 100% or

more.70 The current state of the debates on this matter is

remarkable.71,72 It now appears that the use of refractive optics

for temperature measurements in a LH-DAC can only be

tolerated when temperature gradients in the examined sample

area are negligible and sharp sample images have to be

obtained during the experiments. However, temperature

gradients can only be minimized in the center of the heated

spot by using high power lasers and by incomplete focusing of

the heating laser beam on the sample surface. Thermal

isolation of samples from the diamond anvils allows a more

effective use of the laser radiation, as well as a reduction of the

axial temperature gradients.

The design of a sample assemblage in a LH-DAC depends

on the aim of the particular experiment. Two examples are

shown schematically in Fig. 6. The sample container is made

by drilling a hole in a pre-indented metal gasket (typical

dimensions: 150 mm diameter and 50–60 mm height). The

samples, which could be single crystals, glass chips or pressed

powder pellets (typical dimensions of about 70 6 70 6 15 mm),

can be isolated from the highly thermally conducting diamond

anvils using small grains of the sample material (Fig. 6a) or a

layer of alkali halides (for example NaCl or KBr) (Fig. 6b).

The samples can also be embedded in pressure transmitting

media such as Ar or N2. Depending on the chemical com-

position of samples and the intended temperature conditions,

Fig. 6 Schematic drawings of sample assemblages in a LH-DAC. The

sample is heated with the radiation of an IR laser. (a) Argon, neon or

helium can be used as pressure media when chemically inert and/or

quasi-hydrostatic loading conditions are required. (b) Nitrogen should

be used as a pressure medium in experiments on nitrides to preclude

their decomposition. In experiments on the synthesis of nitrides from

elements, the nitrogen pressure medium also served as a reactant

source. The fluorescence of ruby crystals can be excited using an Ar

laser.
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different pressure media are chosen. To provide quasi-

hydrostatic pressure conditions and/or a chemically inert

environment, an argon, neon or helium pressure medium can

be used. Alkali halides, which are less hydrostatic and less

chemically inert, are however better thermal isolators and do

not require the use of gas loading devices. Nitrogen (which is a

solid above 2.3 GPa at room temperature)73 can be used in

experiments on nitrides to ensure their chemical stability at

high temperatures, by providing a high N2 chemical poten-

tial.55,74,75 The possibility of using nitrogen as a pressure

medium in a LH-DAC also makes this technique ideally suited

for the synthesis of new nitrides.77,182,183 This allows the use of

nitrogen-free starting materials (e.g. elemental metals and their

alloys) or materials with a low nitrogen content (e.g. mono-

nitrides, ZrN or HfN) in synthesis. Such an option is of

particular importance when starting materials of the required

stoichiometry are not available and/or if their preparation at

ambient pressure is very difficult. Additionally, high nitrogen

pressures significantly extend the kinetic and thermodynamic

stability of nitrides at high temperatures. This phenomenon is

of tremendous importance for the synthesis of new covalent

nitrides because high temperatures allow kinetic barriers to be

overcome and phase transitions or chemical reactions to be

accelerated to reasonable rates. Sample contamination does

not take place for nitride samples in a DAC embedded in a

high purity nitrogen pressure medium, heated with IR laser

radiation. In the pressure medium, temperatures decrease

rapidly from those on the surface of the heated sample to

nearly room temperature on the diamond anvil surface.76 A

pressure transmitting medium with such a strong temperature

gradient works as a chemically uniform capsule, isolating the

sample from the environment. As nitrogen can be easily

substituted by oxygen, special attention should be paid to the

elimination of possible oxygen sources from the reaction

volume. One of the typical ways that oxygen (in form of water/

ice) is introduced into the reaction volume in a LH-DAC is by

the use of impure commercial liquid nitrogen, or by cryogenic

loading of pure liquid nitrogen from the laboratory air

atmosphere.

The only significant disadvantage of the LH-DAC technique

is the extremely small size of the synthesized samples, which

are usually in the order of 20–50 mm. However, such small

sample amounts can be reliably characterized using

microbeam and nanoscale techniques, including optical

spectroscopy, diffraction and electron microscopy55,77

In summary, from the point of view of materials chemistry,

a LH-DAC provides a very wide pressure and temperature

range for the synthesis of new materials and phases, some of

which can be recovered metastably under ambient conditions.

The heating of different element combinations at high

pressures in a LH-DAC can result in the formation of new

compounds that are not accessible via any other ambient- or

high-pressure technique, including shock compression. In

contrast to shock compression techniques, in which samples

are subjected to high pressures and temperatures for only

about one microsecond,78 samples in a LH-DAC can be

subjected to the desired pressure–temperature conditions for

long periods (e.g., up to a few hours). Last, but not least, a

great advantage of LH-DACs are the lower investment and

operational costs compared to shock compression techniques

and even large volume multi-anvil devices (the static HP-HT

apparatus with next accessible pressure and temperature

maxima of about 25 GPa and 3000 K, respectively). For

seeking new materials, the LH-DAC is highly time efficient

and cost effective compared to other techniques. For example,

synthesis experiments in a multi-anvil device require long

periods of time for the compression (a few hours) and

especially the decompression (up to 12 h) of a sample, even

if, at high pressures, the samples are to be heated only for a few

minutes. In contrast, for a LH-DAC, the experiment duration

(typically below 1 h) is defined by the time needed for the

alignment of the laser beam and for sample heating.

3. Nitrides

3.1 Binary and ternary main group element nitrides

The most explored high-pressure phase in the A3N4 family is

the carbon nitride, C3N4. Research in this field was initiated by

theoretical predictions in the 1980s that saturated sp3-

hybridised carbon(IV) nitride phases, in particular a b-C3N4

phase with the b-Si3N4 structure, should be as hard as or even

harder than diamond.79–81 In addition to the potential b-C3N4,

the existence of other a-, pseudocubic, cubic and graphitic

polymorphous carbon nitride phases have been suggested on

the basis of calculations.82–84,113

Structural data of the hypothetical C3N4 phases, together

with their calculated bulk moduli, are arranged in Table 1.

During the 1990s, the number of publications related to CVD

and PVD synthesis approaches to C3N4 increased exponen-

tially. The theoretical and experimental results of the C3N4

research were summarized and analyzed in several review

articles.85–90

Numerous experimental attempts to synthesize carbon

nitride in any structural form have exploited various synthetic

methods (Fig. 7), such as chemical (CVD) and physical (PVD)

deposition techniques, and static (MA, DAC) and dynamic

(shock compression) high-pressure methods.91–97,121,126 The

synthesis of carbon nitride precursors adopt several routes.

The most common of these are solid state metathesis reactions,

successfully applied to the synthesis of lanthanides and

transition metals nitrides, and the solvothermal route, used

for the efficient preparation of GaN.98–103 Furthermore,

Table 1 Predicted C3N4 phases (B = the calculated bulk modulus, r =
the calculated density)

Modification Space group a/s c/s b/u r/g cm23 B/GPa Ref.

a-C3N4 P31c (159) 6.35 4.46 — 3.78 189 84
a-C3N4 P31c (159) 6.47 4.71 — 3.58 425 82
a-C3N4 P31c (159) 6.45 4.70 — 3.61 n.d.a 113
b-C3N4 P3 (143) 6.35 2.46 — 3.56 250 84
b-C3N4 P3 (143) 6.40 2.40 — 3.58 451 82
b-C3N4 P63/m (176) 6.39 2.40 — 3.60 n.d. 113
b-C3N4 P63/m (176) 6.44 2.47 — 3.58 427 80
c-C3N4 I-43d (220) 5.40 — — 3.88 496 83
pc-C3N4 P-43m (215) 3.42 — — 3.82 n.d. 113
pc-C3N4 P-42m (111) 3.42 — — 3.81 448 82
g-C3N4 P-6m2 (187) 4.37 6.69 90 2.35 n.d. 113
g-C3N4 P-6m2 (187) 4.74 6.72 — 2.33 n.d. 82
a n.d. = not determined.
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various starting materials, such as single-source precursors

(C3N3(NH2)3, C10H18N2O4S, C2N2, C6N4) or a mixture of

compounds between carbon (graphite, C60, CH4) and nitrogen

(N2, NH3, Li3N, C3N3(NH2)3, C6N7(NCNK)3, C3N3Cl3,

C6N7Cl3) sources, have been synthesised.104–112

The difficulties faced in the synthesis of carbon nitrides with

a C3N4 stoichiometry are probably related to their low

thermodynamic stability with respect to carbon and nitrogen,

as indicated by the positive values of their enthalpies of

formation.125 The synthesis at high pressures and temperatures

may offer a more promising route to achieving this goal,

keeping in view the reported successes in the high-pressure

synthesis of other nitrides. An overview of the reported high-

pressure experiments with P . 1 GPa are listed in Table 2

Predominantly, the products obtained from the high-

pressure experiments are amorphous materials, with nitrogen

contents much lower than the expected value of 57 at% for

C3N4. In addition, several groups have reported the synthesis

of polycrystalline materials consisting of small a-, b- and

c-C3N4 crystallites embedded in an amorphous carbon nitride

matrix.

However, none of the theoretically predicted C3N4 poly-

morphs have been obtained, or at least reliably characterized

in the laboratory, despite statements to the contrary. Despite

numerous reports describing the ‘‘successful synthesis’’ of

different C3N4 phases, the existence of high density poly-

morphs of C3N4 is still a matter of controversy that is

discussed within the solid state chemistry and materials science

communities.85–90 Further investigations and detailed analysis

are obviously needed to explore, study and determine the

existence of crystalline carbon nitride phases and their

potentially useful material properties.

Prior to 1999, no examples of silicon or germanium

octahedrally-coordinated by nitrogen had been reported in

the literature, although such highly coordinated species were

well-known to occur among the oxides.4 In 1999, Kollisch and

Schnick reported the synthesis of Ce16Si15O6N32, containing

octahedral SiN6 groups.133 Later in the same year, the nitrides

c-Si3N4 and c-Ge3N4, with a spinel-type structure containing

octahedrally-coordinated SiN6 and GeN6 species, were found

by means of high-pressure and temperature syntheses in LH-

DAC and multi-anvil experiments (Table 3).55,134,135

The pioneering synthesis of the cubic nitride c-Si3N4 was

accomplished by the LH-DAC technique, using elemental Si

and N2 as starting materials.55 In this case, nitrogen adopts

Fig. 7 The diagram presents an overview of the reported experi-

mental routes to produce C3N4 phases. The bold route indicates the

most promising synthetic pathway, as suggested by several authors.
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simultaneously the role both (i) as the pressure transmitting

medium and (ii) as source of one of the reactants.20 The

corresponding cubic spinel phase, c-Ge3N4, was synthesized

near-simultaneously by two different groups, one using LH-

DAC techniques applied to elemental Ge and N2, and the

other starting from b-Ge3N4 in a resistively-heated DAC and a

multi-anvil device.134,135 In later studies, both a- and b-Si3N4

were shown to transform into the new cubic silicon nitride

phase at P . 15 GPa and T . 2200 K in LH-DAC and multi-

anvil experiments, and also by shock-wave treatment.136–139

Analogously, c-Ge3N4 has now been obtained from various

mixtures of hexagonal a- and b-polymorphs under DAC,

multi-anvil and shock-wave experiments.134,137

The structural and chemical characterisation of cubic silicon

and germanium nitride, obtained in various LH-DAC, multi-

anvil and shock syntheses, has been achieved by Raman

spectroscopy,55,135 X-ray diffraction (XRD),137 transmission

electron microscopy (TEM)55,135 and energy dispersive X-ray

analysis (EDX).55,134,135 Mechanical properties, such as hard-

ness and elastic moduli, were determined both by in situ

synchrotron experiments, and by indentation studies of

recovered samples.137–139,155 Optoelectronic properties of the

new spinel nitride materials have been investigated by X-ray

and optical absorption measurements, as well as predicted by

ab initio theory.148,149,161,177

At the same time as the new polymorphs of Si3N4 and

Ge3N4 were being reported and investigated, a new Sn3N4

compound of spinel-type structure was discovered following a

synthesis at ambient pressure from chemical precursors. Scotti

et al. obtained c-Sn3N4 by the reaction of SnI4 with KNH2 in

liquid ammonia at low temperature.140 An alternative route to

this compound has now been found to involve a solid state

metathesis (SSM) reaction at P = 2.5 GPa and T = 623 K

(eqn. 2).141 The presence of NH4Cl was adjusted to optimize

the reaction’s temperature and to provide a higher spinel phase

yield.

ð2Þ
The spinel-type structure was described for the first time in

1915 in the form of the type mineral phase MgAl2O4.142 In

general, spinel compounds are characterized by a composition

of AB2X4, where A and B represent the cations and X the

anions. The structure is face-centred cubic with the space

group Fd-3m (no. 227) including Z = 8 formula units. Among

the 56 atoms, the 32 X anions lie on the 32e site of the

structure, while 8 cations are in tetrahedral (a) sites and

16 cations are in octahedral (16c) sites. Due to the occupation

distribution of the two different cations between the tetra-

hedral and octahedral sites, two classes of spinels have to be

considered, denoted as normal spinels and inverse spinels. In a

normal spinel (A(BB)O4), the A-cations occupy tetrahedral

sites, whereas the B-cations are located at the octahedral site.

In inverse spinels (B(AB)O4), the tetrahedral sites are filled

fully by B-cations and in the octahedral sites reside the

majority B-cations and the minority A-cations.143 A summary

of the structural data determined for silicon, germanium and

tin nitride spinels, recovered under ambient pressure and

temperature conditions, is presented in Table 4. In c-Si3N4,

c-Ge3N4 and c-Sn3N4, nitrogen is four-fold-coordinated by

cations (Si, Ge, Sn), while the cations are found in two

different environments—in tetrahedral and octahedral coordi-

nation to the nitride anions. The unit cell of c-Si3N4, with its

tetrahedral SiN4 and octahedral SiN6 sites, is depicted in Fig. 8.

Table 3 Synthesis details of cubic silicon and germanium nitride A3N4

Modification Starting material Synthesis conditions Method Ref.

c-Si3N4 Si + N2 15 GPa, 2200 K LH-DAC 55
a-, a-, b-Si3N4 15–30 GPa, y2800 K LH-DAC 136
a-Si3N4 20 GPa, T = n.d. LH-DAC 146
Si2N2NH, a-Si3N3+x 13–15 GPa, 1873–2073 K MA 138
b-Si3N4 36/.20 GPa, .1300 K Shock-wave 154, 155

c-Ge3N4 Ge + N2 14–19 GPa, y2000 K LH-DAC 135
a-Ge3N4 + b-Ge3N4 14.7 GPa, 1080 K LH-DAC 134
a-Ge3N4 + b-Ge3N4 12 GPa, 1273–1373 K MA 134
b-Ge3N4 40–46 GPa, 1300–1500 K Shock-wave 139

Fig. 8 Crystal structure of spinel c-Si3N4.

Table 4 Results of the structure refinements of c-Si3N4, c-Ge3N4 and
c-Sn3N4

c-Si3N4 c-Ge3N4 c-Sn3N4

Space group Fd-3m
a0/s 7.8 8.3 9.03
Formula units, Z 8
Cation positions Si(1); Ge(1); Sn(1): 8a(1/8, 1/8, 1/8)

Si(2); Ge(2); Sn(2): 16d(1/2, 1/2, 1/2)
N: 32e(x, x, x)

Anion positions x = 0.25 + d
d = 0.00968 d = 0.0077 d = 0.0095

Ref. 55, 138 135, 134 140
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The new spinel nitrides have several potentially useful

technological properties that are now being developed for

possible applications: they exhibit high hardness and good

thermal stability and possess wide direct band gaps

(Table 5).144–153 The synthesis of c-Si3N4 spinel using shock-

wave methods provides a high throughput route to powdered

materials.154,155

The formation of ternary spinel nitrides was predicted to

occur by analogy with the well-known ternary spinel oxides.

On the basis of the successful synthesis of c-Si3N4 and

c-Ge3N4, a new ternary compound was established within

the c-(Si,Ge)3N4 system.164,165 Early exploratory experiments

were performed in the LH-DAC at pressures about 20 GPa

and temperatures up to 2300 K using starting mixtures of

a-Si3N4 and b-Ge3N4. The reaction products consisted of

two co-existing spinels. One had a lattice parameter (a =

7.99–8.01 s) and revealed a chemical composition of

c-(Si0.05Ge0.95)3N4, very close to that of c-Ge3N4. The other

spinel phase was much richer in silicon and had a composition

of c-(Si0.59Ge0.41)3N4. Due to the relative intensities of the

X-ray diffraction patterns, the authors judged that the new

phase was a normal spinel, with Si4+ occupying the octahedral

sites and Ge4+ located in the tetrahedral sites.164

Dong et al. investigated the thermodynamic stability of solid

solutions and intermediate compounds within the ternary

spinel nitride system Si3N4–Ge3N4.166 The ternary normal

spinel, GeSi2N4, was predicted to form a stable phase within

the system. It was further predicted to have a Vickers hardness

of 28 GPa and a direct wide-band gap. More recently,

Soignard et al. re-investigated the Si3N4–Ge3N4 spinel system

using multi-anvil high-pressure and temperature synthesis

methods, and reported the preparation of continuous solid

solutions at P = 23 GPa and T . 2000 uC. An unexpected

result of these studies was finding that the nominally larger

cation Ge4+ occupied the tetrahedral sites within these ternary

spinel nitride structures and the ‘‘smaller’’ Si4+ cation occupied

the ‘‘larger’’ octahedral sites. The result was rationalised by

considering the bond valency and site preference requirements

around the anion N32. These considerations provided a

new way of understanding site occupancies within spinel

structures.164,166,241

The first ternary crystalline compounds in the SiCN system,

namely SiC2N4 and Si2CN4, were discovered in 1997 under

ambient pressure.167 In theoretical publications, such crystal-

line SiCN compositions had been proposed as potentially new

precursors for superhard ceramics, as their composition is

located directly on the tie line between the hypothetical C3N4

and Si3N4 in the isothermal section of the ternary SiCN phase

diagram.167,168 Very recently, Kroll calculated a linear inter-

polation (i.e., using Vegards’ law) between C3N4 and Si3N4,

pointing out a possibility of the high-pressure synthesis

(y35 GPa) of a Si2CN4 phase with the willemite-II struc-

ture.169 Lowther et al. dedicated two theoretical papers to the

computational design of new advanced materials in the SiCN

system.170,171 In one publication, the potentially superhard

material b-SiC2N4 was compared with hypothetical b-C3N4 by

replacing two C atoms with Si in the 14-atom unit cell

of b-C3N4.170 The relaxation of Si atoms leads to a hexagonal

P2/m structure. The calculated bulk modulus (B) of b-SiC2N4

(330 GPa) is about O that of b-C3N4 (432 GPa) and shows that

the origin of the high bulk modulus is related to strong C–N

bonds. The lower limit of conversion pressure in order to

overcome the energy barrier between the experimentally

synthesized cubic form of SiC2N4 and the hexagonal form of

b-SiC2N4 was predicted to lie between 6–12 GPa. The second

report examined several structural forms of Si-rich Si2CN4 and

their properties, and a possible spinel-structured phase was

investigated. The predicted bulk modulus was large (344 GPa).

However, we now recognize from further theoretical calcula-

tions that the inclusion of C into b-Si3N4 network structures

dominated by Si should cause such great elastic stress that no

new b-Si2CN4 phases would be energetically favored.172

The various theoretical predictions are tested, supported and

complemented by high-pressure and temperature studies,

including synthesis and recovery experiments. In the case of

SiCN phases, Solozhenko et al. (2004) have studied Si2CN4 up

to 8 GPa and reported its equation of state using EDX

diffraction with synchrotron radiation.173 The compressional

behavior is distinctly anisotropic due to the particular solid

state structure of silicon(carbodimide)nitride, Si2CN4, which is

significantly more compressible in the b-direction, determined

by the flexibility of Si–NLC bond angles in the b-direction vs.

the rigid Si–N–Si bond angles in the a- and c-directions.

3.2 Binary and ternary transition group element nitrides

A logical extension of the work described above on the spinel-

nitrides of group 14 elements, c-M3N4 (M = Si, Ge and Sn),

were experiments on the synthesis of high-pressure nitrides of

group 4 elements (Ti, Zr and Hf) having, similar to Si, Ge and

Sn, four valence electrons. Even though Ti, Zr and Hf exhibit

the maximal oxidation number of +4 in many of their

compounds, including the oxides, special efforts are required

Table 5 Comparison of structural and physical properties of silicon, germanium and tin nitride polymorphs

Phase a-Si3N4 b-Si3N4 c-Si3N4 a-Ge3N4 b-Ge3N4 c-Ge3N4 c-Sn3N4

Structure P31c P63/m Fd-3m P31c P63/m Fd-3m Fd-3m
Density/g cm23 3.183136 3.20136 3.9355 5.25156 5.28156 6.36135 6.67

Bulk modulus/GPa 230136 250136 300136 165157 187157 296157 186153

286153

Hardness (HV)/GPa 24–45136 14–26136 33136 — — 28 (5)153 28 (5)153

43153

Band gap/eV 5.3158,159 5.18160 3.45161 3.18113 3.10113 2.22161 1.40161

4.03160

Thermal expansion coefficient (a)/1026 K21) 2.4211 3.0211 3.89 (295 K)162 — — — —
3.16 (300 K)163
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in order to attain an oxidation state higher than +3 in the

compounds with nitrogen. Prior to high-pressure synthesis

experiments, the existence of a bulk stoichiometric nitride

with a cation valence of +4 had been confirmed only for

Zr3N4.174–176 Following the discovery of spinel nitrides of the

group 14 elements, the stability and properties of correspond-

ing hypothetical dense nitrides of other elements of +4 valency

were considered theoretically.177–179 The predicted structure

and physical properties of three forms of Zr3N4, namely

c-Zr3N4, orthorhombic-Zr3N4
174–176 and an ordered defect

model with the rock salt structure, Zr3hN4, were calculated

and compared.180 It was predicted that Zr3hN4 would have

the lowest energy at ambient pressure. In contrast to these

predictions, a previously unknown family of high-pressure

nitrides of the group 4 elements, having the stoichiometry

A3N4 (A = Zr and Hf) and a cubic Th3P4-type structure, was

synthesized experimentally using LH-DAC techniques.77 The

research has been extended further to the synthesis of novel

nitrides of other transition metals such as molybdenum,181

platinum and iridium.182,183

In the first high-pressure experiments on the synthesis of

stoichiometric A3N4, chemical reactions of zirconium and

hafnium metals, and of their mono-nitrides (d-AN), with

nitrogen were ignited in a LH-DAC at 16–18 GPa by heating

with a Nd:YAG laser to 2500–3000 K.77 The reaction products

were the stoichiometric nitrides Zr3N4 and Hf3N4, having

cubic Th3P4-type structures (Fig. 9A), denoted hereafter as

c-A3N4.77 The stoichiometry and structure were verified by

XRD and EDX measurements. This work presented the first

evidence for the existence of a new bulk hafnium nitride

compound of stoichiometry Hf3N4. In the Th3P4-type struc-

ture, the coordination number of the anions is six (Fig. 9C)

and the cations is eight (Fig. 9B)—well above that in the spinel

or NaCl-type structure or in the NaCl-type structure of the

mono-nitrides d-AN. Moreover, novel c-A3N4 (A = Zr and Hf)

are the first binary nitrides to have such a high cation

coordination number. The cubic lattice parameter of c-Zr3N4,

with a0 = 6.740(6) s, was found to be larger than that of

c-Hf3N4, with a0 = 6.701(6) s. This finding is in line with the

general trend that lattice parameters and/or volumes of binary

hafnium compounds (nitrides, oxides, phosphides, fluorides,

etc.) are smaller than those of the corresponding zirconium

compounds. The density of c-Zr3N4 was analyzed to be

r = 7.159 g cm23, which exceeds that of the previously

reported orthorhombic-Zr3N4 by about 13%.

For the synthesis of macroscopic amounts of c-A3N4 at high

pressures and temperatures in large volume, high-pressure

devices, large quantities of starting materials with a nitrogen-

to-metal ratio N : A . 4 : 3 are required. After extended

research, suitable starting materials were prepared. In parti-

cular, nanocrystalline powders of Zr3N4 and of nitrogen rich

Hf3N4 were synthesised via a simple process of the ammono-

lysis of metal dialkylamides, i.e. Zr(NEt2)4 and Hf(NEt2)4, at

temperatures below 700 uC.184 The obtained nitrides were

found to have a rhombohedrally-distorted NaCl-type struc-

ture, which was previously reported only for nitrogen rich

films of these compounds.185 Very recently, nanocrystalline

Zr3N4 was used as a starting material in the successful

synthesis of c-Zr3N4 in a multi-anvil high-pressure device.186

The obtained samples were used to determine the elasto-

mechanical properties and thermal stability of c-Zr3N4.

The ability of the LH-DAC to achieve very high tempera-

tures at high pressures was used recently to transform the

mono-nitride of molybdenum (MoN) into the structure with

ordered positions of anions in the crystal lattice.181 At ambient

pressure, the solid state synthesis methods (e.g. ammonolysis

of MoCl5 at high-temperature) result in a disordered material,

with a hexagonal structure described by the P-6m2 space

group, similar to that of WC. Laser heating of this material in

a DAC to about 2800 K at 5.6 GPa led to a transformation

into an ordered material of excellent crystallinity, whose hexa-

gonal structure is described by another space group P63mc.181

Very recently, the discovery of the first noble metal nitride,

namely platinum nitride, was reported. It is not surprising that

this compound was synthesized from elements in a LH-DAC

at pressures in excess of 45 GPa.182 The material obtained was

found to be quenchable under ambient conditions and was

initially believed to be a mono-nitride with a minor deficit of

nitrogen, PtN1 2 x (x , 0.05). The structure was suggested to

be cubic and related to that of zinc blende. However, the extra

peaks in its Raman spectrum and the XRD pattern of the

reaction product could not be explained by this structure. A

potential shortcoming of this report was the lack of informa-

tion on the method used to load the nitrogen into the LH-

DAC. The bulk modulus of this cubic platinum nitride was

measured as 354–372 GPa, which is similar to that of cubic

BN. However, subsequent theoretical considerations indicated

that the suggested structure and, most probably, the composi-

tion of the synthesized material had to be revised. The first

argument for the revision was the 50% lower bulk modulus of

PtN with the zinc blende structure, independent of the method

used in these first principles calculations.187–192 Furthermore,

the zinc blende structure of PtN was found to be mechanically

unstable, since the value of the elastic stiffness constant C11

was found to be lower than that of C12. This required

spontaneous distortion of the cubic lattice to a tetragonal

one.191,192 It was suggested that all tetrahedral interstitial sites

of the metal sub-lattice of the cubic platinum nitride, not a

half, as in the zinc blende structure, could be occupied by

nitrogen anions. The stoichiometry of the compound would be

then PtN2 and its structure of the fluorite type.192 For the

latter material, the bulk modulus was calculated to be about

Fig. 9 Ball-and-stick model of c-Zr3N4, having a Th3P4-type struc-

ture (A). In this structure, cations and anions are eight- and six-fold-

coordinated, respectively. The coordination polyhedron of Zr cations

is an irregular octaverticon (B). The coordination polyhedron of N

anions can be considered as a distorted octahedron (C).
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290 GPa, which is still 22% below the experimental

value.191,192 As a consequence of these theoretical considera-

tions, the first author of the original experimental publication

revised, after further measurements, the stoichiometry of the

platinum nitride to PtN2 but did not suggest any solution for

the structure.193 In very recent work on the high-pressure

synthesis of platinum and iridium nitrides, both PtN (with the

zinc blende structure) and PtN2 (with the fluorite-type

structure) were calculated to be highly unstable at both

high and ambient pressures.183 Due to this finding, the authors

re-examined the composition and structure of the material they

obtained at about 50 GPa and 2000 K in the reaction of

platinum and molecular nitrogen, loaded cryogenically. They

also reported to have synthesized an iridium nitride under

similar pressure and temperature conditions. Examination of

samples using EDX and XPS revealed that the reactions were

not complete and that nitrogen was not homogeneously

distributed in the reaction products. From a comparison of

the shifts in binding energies of the observed elements, the

most probable composition of both nitrides was estimated to

be PtN2 and IrN2. Oxygen peaks were also detected in the

EDX and XPS spectra, but the authors attributed them to

adsorbed water.183 In this work, another cubic structure,

related to that of pyrite (FeS2), was reported to better match

the observed Raman spectra and preliminary X-ray powder

diffraction pattern of platinum nitride. This structure solution

was further supported by ab initio calculations. In contrast, the

structure of the obtained iridium nitride was found to have

much lower symmetry than that of cubic.

Despite the obvious uncertainties in the stoichiometries and

structures, the discovery of noble metal nitrides demonstrates

impressively that the application of high pressures and tem-

peratures is one of the most promising ways to explore new

advanced materials that are not accessible at ambient pressure.

Following this idea, a systematic study on the formation and

crystal structure of 3d-transition metal (Ti–Cu) nitrides was

performed at nitrogen pressures up to 10 GPa and tempera-

tures up to 1800 K.194,195 The synthesis was performed, once

again, in a LH-DAC via direct nitriding of elemental metals.

Since the applied pressures were relatively low, only the phases

and compounds reported earlier were found.

Examination of the properties and possible applications of

high-pressure transition metal nitrides is still in its infancy,

mostly due to the absence of macroscopic amounts of these

materials. As already mentioned above, for nitrides of the

group 4 elements having the Th3P4-type structure (c-A3N4),

this obstacle is now eliminated. Moreover, first reports have

appeared on the outstanding mechanical properties of the

high-pressure transition metal nitrides, demonstrating their

potential industrial applicability.

In the original report on the stoichiometric nitrides of

zirconium(IV) and hafnium(IV), c-A3N4, where A = Zr or Hf,

large bulk moduli of around 250 GPa were derived from

preliminary compression measurements and high hardnesses

were suggested.77 Subsequent theoretical calculations have not

only confirmed the structures but also large bulk moduli for

both compounds.196,197 The shear moduli were predicted to be

around 150 GPa, similar to the lower limit value measured for

the cubic silicon nitride of spinel structure, c-Si3N4.147 Such

shear moduli could be considered moderate compared to other

superhard materials such as diamond or cubic boron nitride.

Furthermore, these two nitrides were considered as the first

members of a large group of high-pressure transition metal

nitrides with interesting functional, magnetic or superconduct-

ing properties.77 Theoretical calculations on c-A3N4 have also

shown that they are semiconductors with small-band

gaps.196,197 In a very recent detailed study of the compression

behavior of c-Hf3N4 at room temperature to about 44 GPa, its

bulk modulus, Bo, was determined to be 227(7) GPa and the

first pressure derivative, Bo9, to be 5.3(6).198 Assuming the first

pressure derivative to be Bo9 = 4, the bulk modulus was

derived in the same work as 241(2) GPa. Another author’s

group has presented an outstanding observation that, using a

modified filtered cathodic arc method, c-Zr3N4 can be

deposited on carbides as a thin film (about 1 mm in thickness)

with good adhesion.199 Moreover, the films of c-Zr3N4 were

shown to have an extraordinary wear resistance by the

machining of low carbon steel. The new hard material

‘‘dramatically outperforms’’ uncoated carbide tools, as well

as those coated with traditional d-TiN; the wear resistances

differ by about one order of magnitude.199

The first work on the synthesis and characterization of a

platinum nitride attracted attention by its finding that the bulk

modulus of this noble metal nitride, 372 GPa, was similar to

that of cubic BN.182 This result was supported by the later

work of Crowhurst and colleagues, who reported a Bo value in

the range 350–410 GPa.183 Independent of the uncertainties

over the composition and structure of this platinum compound

(considered above), this exciting result gave the hope that

other noble metal nitrides with outstanding physical properties

would be discovered. The hope is supported by reports on the

synthesis of iridium and osmium nitrides at high pres-

sures.183,200,201 For iridium nitride, a bulk modulus value

similar to that of platinum nitride was suggested.183 However,

it has to be investigated in more detail if the quite large

experimental value of Bo reported for platinum nitride could

be biased by the suggested structure.

4. Oxonitrides

A useful strategy in new materials synthesis is to integrate and

optimize the properties of end-member components through

the formation of compounds containing mixed cation or anion

species. This has led to the development of new families of

oxynitride materials that can have structures and properties

related to those of their parent oxides and nitrides, but that can

also be quite different. High-pressure syntheses and studies on

oxynitride compounds are only now beginning to lead to

entirely new classes of materials having interesting physical

properties.

In general, bonding among solid oxides is more ionic than in

the corresponding nitrides. Main group oxide compounds are

usually insulators, whereas nitrides are often wide-gap

semiconductors. Among the transition metal oxides, a wide

range of oxidation states are encountered, usually including

the maximum oxidation number for each metal. The metal

atoms in the corresponding nitrides generally possess lower

oxidation states, and the compounds are usually best described
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as structures containing interstitial N atoms, with the bonding

dominated by metal–metal interactions.202–204 The same is true

among the corresponding carbides (e.g., TiN, WC). The

metallic nitrides are often superconductors, and can achieve

high values of Tc (e.g., up to 13–17 K for cubic NbN and

ordered hexagonal MoN).203–210 The metal nitrides and

carbides possess a high cohesive energy, which makes them

highly refractory. They are very high hardness materials,

developed for cutting and grinding applications, and as

scratch-resistant coatings (TiN, WC, etc.).202,203 The nitrides

of main group elements provide important ceramics (Si3N4,

AlN).211,212 They also give rise to wide-gap semiconductors

(e.g., GaN, InN), in which direct band gaps can lead to

important applications in light-emitting diodes and solid state

lasers.15,16 Transition metal oxides tend to be highly refractory

due to their ionic bonding, but they are generally less

refractory than their corresponding nitrides and also have

lower hardness (e.g., TiO2 and ZrO2 vs. ZrN and TiN).

However, some highly-coordinated transition metal oxide

structures synthesized under high-pressure conditions (e.g.,

RuO2) are predicted to lead to very incompressible and high

hardness materials,213–215 as are new metal nitride compounds

obtained at high-pressure (Zr3N4, PtNx).77,182,183 High-

pressure syntheses have also resulted in novel high density

oxides and nitrides of main group elements (SiO2, Si3N4,

P3N5).55,216–218 The formation of oxynitrides permits tuning of

the bonding and electronic properties. There has been recent

progress in the synthesis and studies of new families of

oxynitride materials at high-pressure.

In the 1970s, these compounds were first proposed as a new

class of ceramics in the SiO2–Al2O3–Si3N4–AlN system. They

were, in part, designed to improve the oxidation resistance and

high-temperature mechanical properties of Si3N4, which is a

well-known refractory ceramic used extensively for engine

parts and gas turbines, and in cutting and grinding tools.219–228

A series of solid solutions based on the b-Si3N4 structure has

the general composition Si3 2 xAlxOxN4 2 x for x , 2.1; these

are termed the ‘‘ b9-sialons’’ (SiAlONs).229,221,222,230 They also

have certain structural features in common with the ceramic

phase mullite, which exists over a compositional range within

the SiO2–Al2O3 system. The b9-sialon structures contain

polymerised Si(O,N)4 and AlN4 tetrahedra, and AlOx groups.

Other families of SiAlONs include yttrium-containing phases

like YSiO2N, with a chain structure like that of wollastonite

(CaSiO3), Y2Si3O3N4 melilite, and Y5(SiO4)3N, which is

isostructural with apatite, Ca5(PO4)3OH.231,232 These phases

can be structurally correlated with the a-Si3N4 polymorph and

provide useful hosts for luminescent ions such as Tb3+.

SiAlON-based compounds like Li2SiAlO3N have a ‘‘stuffed’’

cristobalite structure, in which the fully polymerised frame-

work is formed by corner-shared (Si,Al)(O,N)4 tetrahedra.

SiAlON glasses have been reported and studied.233 These

amorphous phases form an intergranular cement in the high-

temperature sintering of oxynitride ceramics and provide

important ceramics in their own right.226,234 A series of

layered AlOxNy compounds, extending into the SiAlON

system from the Al2O3–AlN binary, is also well-known.235,228

These materials possess layered structures derived from the

close-packed arrangement of anions and cations found in

wurtzite-structured AlN (hcp) or its sphalerite-structured

equivalent (ccp), arranged in various stacking sequences.

Metastable polymorphs of Al2O3 are known to form

‘‘defective’’ spinel structures based on a ccp array of O22

ions, with tetrahedrally- and octahedrally-coordinated Al3+

cations that can contain vacancies on both cation and anion

sites. Oxynitride spinel structures are formed close to the

composition Al3O3N.

Dense oxynitride and nitride ceramics are usually processed

as polycrystalline materials via ‘‘hot-pressing’’ methods in

high-pressure gas environments at T y 1500–1800 uC and at a

few atmospheres pressure. These pressurization conditions are

ideal to achieve the synthesis and sintering of high density

polycrystalline materials, but are not sufficient to effect

structural phase transitions into new high-pressure polymorphs.

Recently, high-pressure experimental techniques at P . 10 GPa

and extending into the megabar range (P . 100 GPa) have been

applied to study the synthesis and solid state chemistry of oxide

and nitride compounds. These experiments, combined with

theoretical predictions, have resulted in the discovery of several

new high density polymorphs, including phases in the SiAlON

and related systems. These techniques are now being applied to

investigate the high-pressure and temperature phase relations,

and solid state chemistry, of oxynitride materials.

The oxynitride spinel samples were determined to have a

Vickers hardness, VH, of y 27.5 GPa, greater than that of

c-Si3N4, and the fracture toughness (4.6 MPa mK) was found

to be comparable with the upper range of values recorded for

the tetrahedrally-coordinated SiAlONs (3–4.5 MPa mK).236

Within the system Al–O–N, spinel-structured compounds

occur close to the ideal composition Al3O3N. Corresponding

GaxOyNz spinels could be of interest as selective reduction

catalysts, as gas sensors, and as electron emitters, magnetic

memory materials or wide-gap semiconductors for optoelec-

tronic applications. Gallium oxynitride, Ga3O3N, was pre-

dicted theoretically to form a new spinel-structured compound

within the Ga2O3–GaN system.237 There were early experi-

mental reports of a cubic gallium oxynitride phase with a

composition close to Ga2.8O3.5N0.5 that formed metastably

during GaN thin film synthesis from chemical precur-

sors.238,239 Formation of a new spinel-structured compound

with a composition close to Ga3O3N has now been reported as

a result of high-pressure and temperature syntheses.240,241 The

experiments used a combination of LH-DAC and multi-anvil

synthesis techniques to establish the formation of spinel-

structured GaxOyNz materials from Ga2O3 and GaN mixtures,

or using organometallic precursors. The materials were

characterised both in situ and following recovery using a

variety of methods, including electron microprobe analysis to

determine the composition, electron and X-ray diffraction

followed by Rietveld analysis to determine the structure, and

Raman spectroscopy combined with ab initio calculations to

determine the lattice dynamics and the influence of O/N

disorder. Both sets of high-pressure syntheses resulted in a new

spinel-structured material that was slightly O-rich and

N-deficient compared with the ideal Ga3O3N phase, with a

chemical composition close to Ga2.8N0.64O3.24. The compound

was also shown to contain vacancies at the octahedrally-

coordinated Ga3+ sites.
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The silicon oxynitride compound Si2N2O has a structure

based on SiO3N tetrahedra. It is found as a natural mineral

(sinoite) within meteorite samples and is also present as an

interface phase in polycrystalline oxide–nitride ceramic com-

posites. An early study of the compressional behavior of

Si2N2O and Ge2N2O was carried out by Catz and

Jorgensen.242 The oxynitrides exhibited a compressibility that

was intermediate between those of the nitrides and corre-

sponding oxides. Kroll and Milko recently evaluated the

possibility of synthesising new Si2N2O materials under high-

pressure and temperature conditions.243 Sekine et al. studied

the recovered products from shock-wave treatment of sinoite

powders to 28–64 GPa.244 Above 34 GPa, partial amorphisa-

tion of the silicon oxynitride was observed, and the process

was essentially complete by 41 GPa. This indicates that some

of the high density phases predicted by Kroll and Milko might

be accessible via high-pressure and temperature synthesis.

Aluminum oxynitride (AlON) has now been investigated at

high-pressure using a shock-wave treatment to 180 GPa.245

The Hugoniot data indicate that a possible phase transition

into a CaTi2O4-type structure may occur at above y130 GPa.

Phosphorous nitride-hydrides and related oxynitride com-

pounds are generally known as ‘‘phosphams’’ and exhibit

useful flame retardant properties. They have been proposed as

high dielectric insulating substrates for electronics applica-

tions.246–249 Phosphorus pentoxide (P2O5) is a soft deliquescent

covalently-bonded solid used as a desiccant. P3N5 is a well-

known compound250 that has, however, only recently been

crystallised for structure determination.251,252 Recent high-

pressure studies, combined with ab initio calculations, have

revealed the existence of new high density forms of this

material containing unusual highly-coordinated PN5 and PN6

groups.216–218 These are expected to possess high hardness

along with lower chemical reactivity. Various phosphorus

oxynitrides and isoelectronic nitride-imide compounds (i.e.,

PNx(NH)y) are known from metastable synthetic routes at

ambient pressure.253

The oxynitride PON is isoelectronic with SiO2, and the

compound synthesised under ambient conditions is isostruc-

tural with a tetragonally-distorted version of the silica

polymorph cristobalite (I-42d symmetry).254 Various poly-

morphs of phosphorus oxynitride have been investigated in situ

at high-pressure and ambient temperature, and also via high-

pressure and temperature synthesis methods. PON first

exhibits a transformation into a moganite-structured phase

at high-pressure and high-temperature (2.5–4.5 GPa, 850–

1010 uC), corresponding to a cell-doubled variation of the

SiO2-quartz structure containing right- and left-handed spiral

chains of P(O2N2) tetrahedra: this phase can be quenched

metastably to ambient pressure and temperature,255–258 At

higher pressure, a quartz-structured polymorph is obtained

that can also be recovered under ambient conditions.257,259

The PON polymorphs are observed to be significantly less

compressible than their corresponding SiO2 phases.260–264 The

cristobalite-structured material exhibits a remarkable resis-

tance to structural change upon densification: it can be

compressed metastably up to at least 70 GPa.257,260,261,264

However, the quartz polymorph of PON undergoes pressure-

induced amorphisation above 30 GPa.259 Similar differences in

amorphisation behavior are recorded between the quartz and

cristobalite polymorphs of SiO2. At pressures above approxi-

mately 9 GPa, the rutile-structured SiO2 phase stishovite,

containing octahedrally-coordinated SiO6 groups, becomes

stable. However, there has been no report to date of a similar

highly-coordinated PON compound obtained by high-pressure

and temperature synthesis.257 The analogous phospham

compound HPN2 (i.e., PN(NH)) likewise has a tetragonally-

distorted cristobalite structure265 and has been studied in situ

by X-ray diffraction and vibrational spectroscopy techniques

to a very high-pressure at ambient temperature. Here the

structure demonstrably remains metastable to P = 80 GPa,

well above the stability limits of any tetrahedrally-coordinated

SiO2 polymorphs.260

Phosphorus oxynitride glassy compounds are known.266,267

High-pressure synthesis methods were used to prepare the first

pure nitride glasses within the system Li3N–Ca3N2–

P3N5.268,269 In this case, the high containment pressure was

used to maintain a high chemical activity of nitrogen above the

melt and not to study densification of the glass. From previous

studies of coordination increases and viscosity changes among

silicate and aluminosilicate liquid glasses and liquids,270–272 it

is likely that new structural principles and properties of nitride

and oxynitride glasses will result from high-pressure investiga-

tions of these materials.

Many transition metal oxynitrides, especially compounds of

the 4d and 5d metals such as Ta, Hf and Zr, are now known to

have electronic and mechanical properties that can be

intermediate to those of their oxide and nitride components,

or can have quite different behavior to the end-members.273

The introduction of oxygen into nitrides, such as Ta3N5, that

are developed as pigments can permit adjustment of their

colour.274 A wide variety of complex alkali- or alkaline-earth

and Si-bearing oxynitride compounds with transition metals

and lanthanides have now been synthesized.275–278 Nitrides

and oxynitrides of 2nd- and 3rd-row transition metals, lantha-

nides and actinides that can possess high oxidation states have

given rise to new families of densely-packed compounds, for

example with rock salt and perovskite structures.279–284 These

structures might be accessed among new oxynitride materials

in high-pressure synthesis experiments.

The ceramic phase ZrO2 is a well-known solid electrolyte

that is used as an O22 sensor in high-temperature applications.

The compound has a cubic fluorite structure under ambient

pressure and temperature conditions. It readily undergoes

transformation into a tetragonal polymorph under the

influence of non-isotropic stress, such as that induced by a

propagating crack system, and it has become important as

a fracture toughening agent in ceramic composites. HfO2 has a

similar structure and properties. Zr and Hf nitrides are known

to occur with a defective rock salt structure (ZrxN) like the

corresponding titanium nitride materials, which have applica-

tions as high hardness coatings. An orthorhombic structure of

Zr3N4, which formally contains Zr4+ ions in octahedral and

trigonal-prismatic coordination, has also been prepared.285 At

high-pressure, Zr3N4 and Hf3N4 form Th3P4-type structured

phases, with the transition metals being eight-fold coordinated

(see Section 3.2).77 These materials are highly incompressible

and could possess high hardness values. Zr and Hf oxynitride
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phases have also been prepared at ambient pressure, and

crystalline and amorphous oxynitrides within the system Zr–

Si–O–N have also been prepared via ‘‘carbonitridation’’

reactions (i.e., the reduction of oxides by C with simultaneous

nitridation). These materials could lead to new families of

refractory ceramics, and they represent useful targets for future

high-pressure and temperature syntheses.

5. Nitride-diazenides

The binary systems of alkaline earth metal–nitrogen and their

intermediate compounds have been the subject of numerous

discussions for many years. Recently, a reactive gas high-

pressure synthesis led to single phase nitride-diazenides

products for the first time. Using this method, it was possible

to synthesize nitrogen rich compounds free of impurities such

as hydrogen, carbon and oxygen.286–289 The most important

variable with regard to phase formation and composition is the

reactive gas pressure. The formation of the different phases

can be described in terms of reversible redox-intercalation

processes. Starting from Sr2N as the host structure, diazenide

dumbbells are inserted, accompanied by simultaneous oxida-

tion of strontium to Sr2+. The stepwise intercalation proceeds

with increasing reaction pressure until the final state, of

chemical composition SrN2, is reached.

The nitrogen pressure reaction series Sr2N–Sr4N3–SrN–

SrN2 were synthesized as single-phase products in autoclaves

by reaction of the freshly prepared sub-nitride Sr2N with

molecular nitrogen at 920 K in the pressure region 9–5500 bar.

A sketch of the reaction and decomposition conditions is

shown in Fig. 10.286,287

The crystal structures of these strontium nitride-diazenides

were determined by a combination of X-ray and neutron

diffraction experiments on microcrystalline powders at ambi-

ent conditions (Fig. 11). Summing up the results concerning

the physical properties in a very condensed manner, the binary

system strontium–nitrogen undergoes a stepwise reversible

change from metallic to semiconductor properties by variation

of the nitrogen reaction pressure.

The evident structural relationship between the mentioned

binary compounds makes it reasonable to suppose a reaction

path leading to the formation of nitride-diazenides via

intercalation steps that preserves the topochemical host–guest

relationship. Starting from Sr2N, which crystallizes in a CdCl2-

type structure, half of the unoccupied octahedral holes of every

second layer become filled with [N2
22] in the first intercalation

step (Sr4N3 = Sr8[N32]4[N2
22]). With increasing nitrogen

pressure, SrN (Sr4[N32]2[N2
22]) is formed by filling up half

of the octahedral holes of the hitherto empty layers. In the

final step, in SrN2 (Sr[N2
22]), the remaining empty octahedral

holes are filled by [N2
22] and, simultaneously, the [N32] ions

within the strontium arrangement are replaced by diazenide

ions (reaction of N2 with N32).

Besides investigating the crystal structures, a definite

knowledge of the chemical composition of a compound, as

well as any impurities present in the powder material, is

essential for the interpretation of its chemical and physical

properties. In addition to the overall quantitative determina-

tion of elements in materials, the field of element speciation is

of importance in order to gain a valuable insight into the

different species of elements that may be present in a single

compound. Therefore, application of the carrier gas hot

extraction (CGHE) method, including speciation of nitrogen,

was focused on the binary alkaline earth metal–nitrogen

compounds. A precise and accurate analysis of the nitrogen

content succeeded after developing a method that allowed

controlled and variable heating. By means of this method, it is

possible to verify not only the existence of, but also to quantify

different nitrogen species.290 Moreover, the strength of

detection of the CGHE method can lead to the detection

of formerly unknown compounds. For example, in the course

of our studies on binary strontium nitrogen compounds, it

turned out that even Sr2N synthesized at ambient pressure

often contains significant portions of an additional diazenide

phase that was not detected by means of X-ray and spectro-

scopic investigations, whereas the technique of controlled

temperature heating shows a small but reproducible peak at

low temperature for the reaction products, indicating two

different nitrogen species being present in the sample. The

exact analysis of the analytical results led to the previously

overlooked compound Sr4N3, which is already found as an

impurity phase in varying but small amounts during the

synthesis of Sr2N at ambient pressure.287
Fig. 10 Schematic representation of the reversible strontium–nitro-

gen pressure series.

Fig. 11 The crystal structures of Sr2N, Sr4N3, SrN and SrN2. The top

and bottom boundaries of the figures are represented by layers of Sr6/3

octahedra (polyhedral representation) centred by [N32] (Sr2N, Sr4N3

and SrN) and [N2
22] (SrN2), respectively. Ball-and-stick representa-

tions are used between the polyhedral layers: Sr2+= red, [N32] = light

green, [N2
22] = dark green. Transparent octahedra allow a better

visual orientation.
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Fig. 12 shows that, under well adapted conditions, separate

peaks become visible that can be attributed to different species

of nitrogen ([N2
22] and [N32]). For example, the binary sub-

nitride exclusively contains one nitrogen species, [N32],

indicated by a single peak, as expected from its chemical

formula. The nitride nitrogen in Sr2N is released at a higher

temperature in comparison to the [N2
22] species. In addition,

the CGHE method reveals that the impurities (H, C, O) were

below the detection limits. The analytical results show that the

CGHE technique represents a powerful tool for the chemical

characterisation of nitrogen compounds.

The diazenide species (dNLN = 1.22 s) were characterized by

spectroscopic methods. All attempts to record Raman spectra

failed, even though different laser frequencies and preparation

conditions were used. Finally, vibrational modes could be

detected by inelastic neutron scattering experiments using the

spectrometers TOSCA and MARI at ISIS, and showed that

the diazenide ions lie trapped within the cage of the strontium

atoms.291 The NLN stretch of the diazenide ions are assigned

at 1380 (SrN) and 1307 (SrN2) cm21, respectively.

Additional studies in the Ba–N system clearly show that,

starting from Ba2N, an insertion of nitrogen in the host

structure succeeds, in analogy to the strontium system, by

increasing the N2 reaction pressure; however, the pressure

regions leading to pure intercalated phases are significantly

lowered and smaller. Thus, the pure diazenide BaN2 is already

obtained at 400 bar N2 reaction pressure, and reaction

pressures in an even lower range reveal the existence of

Ba4N3 and BaN.288,289 The nitrogen content was ascertained

by chemical analysis using the CGHE method (Fig. 13).

The high potential of the reactive gas pressure method in the

field of preparative solid state chemistry has been outlined

through the examples given in this contribution. Obviously,

the choice of reactive gas pressure is crucial for the selective

synthesis of specific nitrogen-containing compounds.

Increasing reaction pressures up to 6000 bar facilitates access

to intermediates of high nitrogen content, showing that this

pathway even enables the formation of single phase products

that were not feasible up to now. Future work should be

focused on new materials in the field of transition metal

nitrides, in which the oxidation states of the transition metals

are chosen by adjusting the redox potential of the reaction

gases by variation of gas pressures.

6. Computational high-pressure chemistry of binary
nitrides

6.1 Introduction

In this brief overview, we will present examples of this

interaction of experiment and computation for binary nitride

compounds that have originated from our group in recent

years. Two exceptional examples from the literature that set

landmarks in the computational chemistry of nitride com-

pounds shall be listed. First, in 1985, McMahan and LeSar

proposed the polymerization of nitrogen and, shortly after,

predicted a cubic modification of nitrogen to appear above

100 GPa.292,293 Secondly, in 2004, after numerous experi-

mental efforts, the single-bonded cubic form of nitrogen was

synthesized at temperatures above 2000 K and pressures above

110 GPa.294 A second outstanding prediction was made for a

possible superhard carbon nitride C3N4 material.80 Although

this enigmatic carbon nitride phase has not been confirmed

beyond reasonable doubt, its possible existence nevertheless

motivated high-pressure experiments to seek novel nitrides of

higher homologues. In one of these tracks, joint experimental

and theoretical work resulted in the synthesis of spinel-type

c-Si3N4 and c-Ge3N4.55,134

A computational approach first starts with a model that

defines the initial state and expectations about its possible

development. In general, if a ground state modification of a

certain composition exists, we expect a high-pressure poly-

morph to be denser. A higher density can be achieved in two

ways: denser packing of the same structural motifs or higher

(average) coordination of the constituting atoms. Coesite, a

high-pressure modification of SiO2, exhibits the same SiO4

tetrahedra as the ground state modification of quartz, but is

about 10% denser. A similar example is found for silicon

nitride: the ambient pressure modifications of a- or b-Si3N4 are

Fig. 12 Results of the CGHE studies on Sr2N, Sr4N3 and SrN:

Correlation of detected signal and heating rate with increasing reaction

pressure, scaled to the peak indicating the [N32] content. SrN2

(showing a single peak only, indicating the [N2
22] species) is omitted

for clarity.

Fig. 13 Schematic representation of phase formation in the Ba–N

system controlled by the applied gas pressure. The lower pressure

region is magnified in the inset. The nitrogen content was obtained

from CGHE.
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built up by SiN4 tetrahedra. The hypothetical wII-Si3N4,

which exhibits the same structural motif, is expected to be

about 8% denser than b-Si3N4. Most often, however, higher

density is achieved by higher coordination of the atoms. The

standard example in silica chemistry is the transition from

quartz (or coesite) to stishovite, which adopts the rutile

structure, in which all Si atoms are octahedrally-coordinated.

The spinel structure of Si3N4 is the corresponding example in

silicon nitride chemistry. While not all Si atoms gain six-fold

coordination, the ratio between the tetrahedra and octahedra

is 1 : 2 and the average coordination (5.33) is 33% higher than

in the ambient pressure modification of b-Si3N4.

In the following section we will outline the computational

strategy used to explore the phase space for suitable

candidate structures that might appear at high-pressure.

Although this method is not exhaustive—nature may display

even more richness than we can think of—it is nevertheless

predictive.

6.2 Computational approach

The standard computational approach in the search for new

high-pressure modifications is to compute a manifold of

crystal structures and access the enthalpy as a function of

pressure. In a binary system, we build a library of structures

consisting of n cations and m anions. Note that in searching

structural libraries, neither cations nor anions have to be of the

same kind. Though the most simple composition is indeed

AnXm, the spinel structure A2BX4, adopted for Si3N4, provides

a good example where one has to think much more broadly.

Next, we compute every hypothetical polymorph for the

composition, and we are interested in optimizing all its

structural parameters. Some care has to be taken as sometimes

large distortion of the structure may appear and need to be

handled appropriately. Furthermore, symmetry constraints

may inhibit relaxation towards a state of lower energy.

Therefore, it is often a good idea to check the validity of a

new possible structure by calculating a supercell, without

symmetries, or to perform a short ab initio molecular dynamic

simulation. Once the lowest energy structure for a polymorph

is computed, its energy and volume can be compared with

those of other modifications. Hence, by relying on the internal

energy of the ideal crystal we have, in principle, established the

ground state structure for a given composition.

For every structure of interest we calculate the energy H for

a series of volumina around the minimum (see Fig. 14). For

one, this allows us to extract the bulk modulus B0 of a

structure by fitting the energy–volume (E–V) data to an

equation-of-state (EOS). Secondly, we use the E–V data to

calculate an enthalpy–pressure state function. The pressure p is

extracted from the E–V graph by numerical differentiation: p =

2hE/hV and the enthalpy according to H = E 2 pV. Most

often, an appropriate equation-of-state (EOS) function can be

used as well to extract the pressure from the E–V data. The

EOS, however, is one parameterization function for a wide

pressure range. The spline function, on the other hand, is much

more robust if the system changes its behavior under

compression, e.g., by distortions or displacive phase transfor-

mations. Hence, using splines typically gives a more accurate

value for p. By comparing the enthalpy–pressure state

functions of several polymorphs, we are now able to predict

the phase with lowest enthalpy H for a given pressure p. It is

good practice to plot enthalpy differences with reference to a

given phase (often the ground state). This makes the

transformation pressures p more easily accessible, because

the crossing of the curves within the enthalpy–pressure (DH–p)

diagram appear at a larger scale. With the assumption that

contributions of entropy to the free enthalpy are small in

comparison to enthalpy differences, we calculate that the

phase with lowest enthalpy H will be adopted for a given

pressure p, if thermodynamic equilibrium can be achieved. The

transition pressure can also be calculated from the slope of a

common tangent to the E–V curves of the different phases.

Generation of a DH–p diagram, however, has the advantage of

allowing the easy estimation of the uncertainty in p, if an

uncertainty in DH—say due to the approximation DG # DH—

is given.

Treating enthalpy DH and free enthalpy DG on an equal

footing has its limitations though. It is important to note that

the discussion of the differences in enthalpies is only relevant at

absolute zero. It can be justified because the additional entropy

term TDS is typically small in comparison to the much larger

variation of DH within a few GPa pressure. The transforma-

tion of one phase into another, or more generally between

educts and products, is then governed only by enthalpy.

However, if entropy is an important property of only one of

the participating phases, entropy needs to be taken into

account. Such a situation arises, for example, if one of the

products or educt is a gaseous species or if a phase assemblage

may transform-to or develop-from a solid solution under

pressure.

Fig. 14 Top-left: Energy–volume (E–V) diagram for a given compo-

sition with two crystalline phases, a and b, respectively. Once an

optimized structure is found, the energy is calculated for a series of

volumes around the minimum. Note that the constraint of constant

volume may still allow a change in the ratio of lattice constants. Top

right: The E–V data is used to calculate an enthalpy–pressure state

function and to generate a H–p diagram. The crossing of the two lines

for a and b defines equal enthalpy and the point of phase transition,

given unlimited time for equilibration. Bottom: In making the

enthalpy–pressure data more comprehendable, it is good practice to

choose a reference structure and plot the difference in enthalpy DH as a

function of pressure p. Note that in our example, the enthalpy only

appears to be a linear function of pressure, because of the large ratio

between the bulk modulus and the pressure scale.
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In general, a large variety of theoretical methods can be

employed to compute energies of crystal structures in this

approach. In some cases it may be enough to use simple

empirical potentials to study ionic systems at high-pressure.

More sophisticated electronic structure methods perform

much better. Currently, state-of-the-art density functional

methods have the best performance when studying the high-

pressure science of semiconductors or metallic systems.

However, if correlated electrons play a significant part, more

advanced (and more time-consuming) methods, such as

Quantum-Monte-Carlo techniques, are already available.

In particular, our computations of crystal structures are

based on density functional theory, as implemented in the

Vienna Ab Initio Simulation Package (VASP).295–297 We

employ the generalized gradient approximation (GGA) to

compute energy differences. If transition metals are involved in

the procedure of accessing nitrogen fugacity, we rely on

Blöchl’s projector augmented wave (PAW) method.298,299 The

pseudopotentials of the metal atoms include the d-electrons as

valence states. The local density approximation (LDA) is used

for comparison and to compute the elastic properties of the

compounds. Favoring of GGA over LDA for differences in

enthalpy is based on the experience that gradient corrections

offer significant improvements when structures with different

environments and atom coordinations are compared with each

other. This has a significant impact for estimating transition

pressures, as shown, for example, for SiO2 and Si3N4. The cut-

off energy (500 eV) for the expansion of the wave function into

plane waves and the k-point sampling scheme is chosen to

ensure that all structures are well-converged to better than

1 meV per atom.

6.3 Applications

Silicon nitride, Si3N4. Ambient pressure modifications of

silicon nitride are a-Si3N4 and b-Si3N4. Both structures are

related to phenacite (Be2SiO4) and can be described as an

assembly of corner-sharing SiN4 tetrahedra, with each three

tetrahedra sharing a common corner. The a- and b-modifica-

tions have approximately the same enthalpy, both from

experimental results obtained under ambient conditions and

from computations up to 20 GPa. We will take b-Si3N4 as a

reference structure. As noted already, it is possible to construct

a second structure of Si3N4 consisting of SiN4 tetrahedra. This

structure is denoted willemite-II (wII) because it is derived

from a high-pressure phase of zinc silicate, Zn2SiO4 (will-

emite). It was first proposed as a low-compressible modifica-

tion of carbon nitride, C3N4.82 Similar to a-Si3N4 and b-Si3N4,

the wII structure is an assembly of corner-connected tetra-

hedra, with each three tetrahedra sharing a common corner.

Its density, once optimized, is about 8% higher than that of

b-Si3N4.

Taking a different perspective, the structures of b-Si3N4 and

wII-Si3N4 are 3/4-alternating network structures with only

even-membered rings. Upon investigation of a manifold of

such structures, we encountered one particular network which

did not retain its connectivity during optimization. Instead, it

distorted into the spinel structure and hence increased the

average connectivity of the cations from 4 to 5.33.

Computation of the three structures of Si3N4 yields the E–V

and DH–p diagrams shown in Fig. 15.

The E–V graph shows that b-Si3N4 is the phase with lowest

energy and highest volume. At lower volume, when the energy

of b-Si3N4 increases again, the wII structure is the one with

lowest energy for a molecular volume from 65 down to 61 s
3.

At an even smaller volume, the spinel type is the lowest energy

structure. One may be tempted to interpret the graph in such a

way that, upon compressing b-Si3N4, the ensemble will always

adopt the structure with the lowest internal energy. However,

this point of view is wrong. The DH–p diagram clearly shows

that wII has no pressure range in the phase diagram over

which it might become stable. The transition pressure pt of the

b A c transition is calculated to be 12 GPa. At the same time

as the calculations were done, the research group were

successful in synthesising spinel-type c-Si3N4 in a DAC. The

experimental transition pressure was 15 GPa at 2000 K. Later

experiments using a multi-anvil press found a pressure–

temperature range of 13–15 GPa and 1600–1800 uC.138

Overall, the match between the calculated and experimental

results is almost perfect, showing the applicability of the

approximation DG # DH.

Soon after the discovery of c-Si3N4, we set out to find

further high-pressure modifications of silicon nitride. Such

post-spinel phases are likely to appear; examples are high-

pressure experiments on spinel (MgAl2O4) itself and magnetite

(Fe3O4).300,301 Indeed, we found no less than three possible

post-spinel modifications of Si3N4 with denser packings and

higher coordination numbers in comparison to c-Si3N4: a

Ni3Se4-type, a CaTi2O4-type and a (distorted) CaFe2O4-type.

All three hypothetical structures become more favorable in

enthalpy terms at pressures exceeding 160 GPa, with the

CaTi2O4-type being the most auspicious.302 The CaTi2O4-type

of Si3N4 comprises all Si atoms six-fold coordinated to N, both

in octahedra and in trigonal prisms. And indeed, in 2004,

Sekine reported the experimental indication of a further high-

pressure phase of spinel-type silicon nitride (and SiAlONs)

that appeared above 100 GPa in dynamic shock-wave

experiments.303

The story of silicon nitride is not over, however. We recently

discovered that wII- and spinel-type structures are related by a

Bain correspondence. Anions in the spinel structure are

approximately on the sites of a face-centered cubic (fcc)

lattice, while those of the wII structure are close to body-

centered cubic (bcc).304 The Bain strain transforms the anion

sub-lattice (except for a marginal distortion of the ideal

Fig. 15 Left: Internal energy E as a function of volume V for the

three polymorphs of Si3N4: b-, wII- and c-Si3N4. The line in each E–V

curve is a fit to Murnaghan’s equation-of-state. Right: The enthalpy–

pressure diagram (taking the b-structure as the reference).
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arrangements) and two thirds of the cations, while one third of

the cations are related by an additional shuffle distortion. It is

possible to compute directly the activation barrier along the

continuous path of this structural transformation, as shown in

Fig. 16, coming out at about 0.9 eV per Si3N4. This is much

lower than the energy typically associated with a bond

breaking mechanism. Taken per atom, the energy corresponds

to a temperature of about 1500 K, matching the experimental

decomposition temperature of c-Si3N4 quite closely.305 The

Bain correspondence might then be used to realize the wII-type

of Si3N4 in a laboratory as well. Up to 7 GPa, wII-Si3N4 is

more stable with regard to its enthalpy than c-Si3N4. However,

c-Si3N4 can be synthesized at high-pressure and quenched to

ambient conditions. If, at some pressure below 7 GPa, the

transformation from wII to spinel can be initiated, the excess

energy of the transformation needs to be dissipated to avoid

deterioration. The spinel modification of Si3N4 may thus serve

as a precursor for the synthesis of the wII modification, which

is otherwise metastable throughout the enthalpy–pressure

phase diagram of Si3N4 and not accessible via standard

pressure techniques using equilibrium thermodynamics.

Phosphorous nitride, P3N5. By some analogy to the devel-

opments in silicon nitride, a novel high-pressure polymorph of

phosphorus nitride, c-P3N5, was synthesized.218 While the

ambient pressure modification a-P3N5 is built up by a covalent

network structure of PN4 tetrahedra, the high-pressure

modification c-P3N5 exhibits an increase in the coordination

number of phosphorus, exhibiting tetrahedral PN4 and

distorted square-pyramidal PN5units in a molar ratio of

1 : 2. Both polymorphs of P3N5 were studied for their

behavior under high-pressures. A detailed analysis revealed a

symmetry reduction of a-P3N5 from C2/c to Cc, already at

very low pressures. E–V and DH–p diagrams give a transition

pressure for the transition a-P3N5 A c-P3N5 of 6.2 GPa. The

experimental conditions of the synthesis were reported to be

11 GPa and 1500 uC.218 This appears to be only a fair

agreement between experimental and computational results. It

has to be realized, however, that the experimental value is an

upper boundary of the pressure needed to invoke the

transformation, while more experiments to locate the phase

boundary have not been carried out as well as for silicon

nitride.

Interestingly, yet another high-pressure modification of

P3N5 is within experimental reach. Utilizing the structural

variety of Al2SiO5 and MSi2O5 (M = Mg, Ca), which display a

rich high-pressure chemistry themselves, we studied structures

that comprise a higher average coordination than c-P3N5.306

Very similar results were obtained by another group as well,

who proposed a sillimanite-type phase as a further high-

pressure modification of P3N5.307 The most promising

candidate for a d-P3N5 we found is isotypic to kyanite, an

Al2SiO5 modification. It comprises PN6 octahedra-sharing

edges, while isolated PN4 tetrahedra share vertices with

octahedra. This situation is very similar to spinels, hence

resembling the high-pressure chemistry of silicon nitride. The

triclinic Kyanite-type of P3N5 will succeed c-P3N5 at pressures

above 43 GPa (see Fig. 17). However, it will not be stable at

lower pressures, but instead will most likely distort into a

monoclinic structure, denoted d9-P3N5, with significantly lower

enthalpy below 34 GPa. d9-P3N5 comprises PN6 octahedra,

PN5 trigonal-bipyramids, as well as PN4 tetrahedra, and is not

structurally related to any of the Al2SiO5 or CaSi2O5

polymorphs. The monoclinic and triclinic structure are related

by a shear distortion, which makes this transition likely to

happen during the process of quenching. Within the given

limitations—as we cannot access, at elevated temperatures, the

contributions of entropy to the free energy of the decomposi-

tion—we conclude that the appearance of a further high-

pressure phase of P3N5 is very likely and that the P–N phase

diagram still offers some new aspects.

Hafnium nitride, Hf3N4. It did not take long before new

binary metal nitrides were realized. The first example, cubic

hafnium(V) nitride, Hf3N4, with a thorium phosphide Th3P4-

type structure, was synthesized at 18 GPa and 2800 K in a

DAC from elemental hafnium and nitrogen.77 This endeavour

was especially important because the high-pressure route

yielded a phase of this composition for the first time.

Experiments on the synthesis of cubic zirconium(V) nitride

were analogous and yielded the isostructural compound at

15.6–18 GPa and 2500–3000 K. An ambient pressure

modification of orthorhombic structure was known previously

for Zr3N4.176 The Th3P4-type structure comprises the cation in

eight-fold coordination, and the two new compounds were the

first binary nitrides exhibiting an MN8 motif.

Fig. 16 Energy profile along the transformation path from the c- to

the wII-structure of Si3N4, calculated at zero pressure. The transfor-

mation is accompanied by a change of volume and c/a ratio. For the

calculations, the lattice parameters were interpolated, the cation

positions kept fixed and the anion positions optimized. The activation

energy Ea is about 0.9 eV per Si3N4, the excess energy Eex equals the

energy difference between the c- and wII-structures: approximately

0.4 eV per Si3N4.

Fig. 17 Left: The energy volume E–V diagram of P3N5, including the

structures of a-, c- and the triclinic d-P3N5. Right: The enthalpy–

pressure diagram of P3N5. Note that the enthalpy is given with

reference to the c-phase. This diagram also includes the monoclinic

structure d9.
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For the calculation, we could exploit the library of

structures we had accumulated for silicon nitride and compute

a manifold of possible modifications. Interestingly, for both

Hf3N4 and Zr3N4, the orthorhombic structure is the one with

the lowest energy.308 Hence, an orthorhombic Hf3N4 will exist,

in analogy to Zr3N4, but has not yet been synthesized. Between

orthorhombic- and Th3P4-types of Hf3N4 we found no less

than five other candidates with energies lower than that of the

Th3P4-type of Hf3N4: spinel, CaTi2O4, Yb3N4, Sr2Pb2O4 and

CaFe2O4. For Zr3N4, only three of these have energies between

those of the orthorhombic ground state and the Th3P4-type:

CaTi2O4, Yb3N4 and spinel. However, none of these structures

has a pressure range where it will be lower in enthalpy than the

orthorhombic ground state, although Yb3N4 and CaFe2O4

have a higher average coordination than the ground state.

They are all outperformed by the Th3P4-type. We calculate

that the orthorhombic- A Th3P4-type transition will occur at 9

and 6 GPa for Hf3N4 and Zr3N4, respectively (see Fig. 18). For

Ti3N4, the situation is somewhat different. Here, the CaTi2O4-

type comes out slightly lower in energy than the orthorhombic-

type Zr3N4, but may transform into this at about 4 GPa.309

The orthorhombic- A Th3P4-type transition of Ti3N4 will take

place at 15 GPa.

Tantalum nitride, Ta3N5, and tungsten dinitride, WN2. In a

similar way, we carried out our research on new high-pressure

modifications of tantalum(V)- and tungsten(VI) nitride.310 The

orthorhombic structure of Ta3N5 is computed as the lowest

energy among a great variety of (hypothetical) polymorphs.

Once again, by scanning a manifold of possible structures, we

found several candidate structures which might be adopted at

higher pressure. The most promising candidate we found is

isostructural to U3Te5. While the orthorhombic structure

comprises each tantalum atoms in six-fold coordination to

nitrogen, the U3Te5-type polymorph of Ta3N5 exhibits

tantalum in eight-fold coordination. This compares well with

the eight-fold coordination of Hf atoms in cubic Hf3N4.77

Energy–volume and enthalpy–pressure phase diagrams of

Ta3N5, displayed in Fig. 19, show that the orthorhombic

ground state is the most stable polymorph of Ta3N5 up to

9 GPa. Above this pressure, the U3Te5-type is favored. Hence,

neglecting the differences in entropy, we expect a new

modification of Ta3N5 to appear above 9 GPa.

The case of tungsten(VI) nitride is more difficult because no

crystal structure of WN2 is known so far. Though nitrogen-

rich WNx thin films, with a composition close to WN2, can be

produced by low-temperature deposition methods, a crystal-

line modification still awaits its realization. If it exists, struc-

tures of ground state and high-pressure modifications will be

very similar to those of ZrO2. A monoclinic baddeleyite-type

structure of WN2 comes out as the lowest in energy (see

Fig. 19).310 It comprises tungsten in seven-fold coordination to

nitrogen, forming WN7 mono-capped trigonal prisms. We

computed a cotunnite-type WN2 to be the most likely

candidate for a high-pressure modification. In this structure,

tungsten will be in nine-fold coordination to nitrogen, forming

tri-capped trigonal prisms. A fluorite-type structure of WN2

will not play a role in the phase diagram, although very early

speculations designated this phase as a likely type of WN2.311

The computed energy–volume and enthalpy–pressure phase

diagrams for WN2 show that the baddeleyite-type is the most

stable polymorph of WN2 up to a pressure of 34 GPa, above

which it transforms into the cotunnite-type.

6.4 Nitridation at high-pressure and temperature—fugacity of

nitrogen

Calculations of binary nitrides of constant composition can be

very useful if a low-pressure modification is known that may

be used as a precursor for a high-pressure experiment. Hence,

for Zr3N4 or Ta3N5, experiments can take advantage of it.

However, synthesising a new nitride compound from the

elements at high temperatures and pressures necessitates

additional computation to estimate the pressure needed for a

successful experiment. For example, the calculated enthalpy

data for Hf3N4 or Zr3N4 do not explain the experimental

conditions necessary to synthesize the Th3P4-type, 16 GPa and

Fig. 18 Enthalpy–pressure (DH–p) phase diagrams of Hf3N4 (top

left), Zr3N4 (top right) and Ti3N4 (bottom). Note that an orthorhom-

bic Zr3N4-type structure constitutes the ground state of Hf3N4 and

Zr3N4 while a CaTi2O4-type is the ground state of Ti3N4.

Fig. 19 Energy–volume E–V (left) and enthalpy–pressure DH–p

(right) diagrams for various crystal structures of Ta3N5 (top) and

WN2 (bottom).
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2800 K. The chemical route to Hf3N4 in a DAC started with

metal platelets or cold-pressed powder pellets of the mono-

nitride HfN as precursors. These were embedded in nitrogen,

which was not only a reactant but also the pressure medium,

and then squeezed to the desired pressure. The cell was heated

with laser radiation to activate the transformation. Under such

conditions, we will eventually face the problem that a solid

nitride compound will decompose with development of

nitrogen. Therefore, in comparison to a system of constant

composition, in which the enthalpy difference DH between

structures provides a good measure to derive a phase diagram

at elevated pressure, an open system, in which one of the

reactants is a gaseous species, is inherently more complicated.

To make our point clear: if heated, Ta3N5 starts to

decompose into TaN and nitrogen gas through a series of

intermediate compositions at about 1000 uC at ambient

pressure.312 The entropy of the gas at high temperatures shifts

the equilibrium towards the mono-nitride. However, a high-

temperature is most often needed to activate the transforma-

tion towards a denser polymorph. Hence, we may need a

significantly higher pressure for synthesising the novel

modification to prevent its immediate decomposition.

Essentially, what we need is an assessment of the activity of

nitrogen at high temperatures and pressures. The approach we

recently proposed is to combine ab initio density functional

calculations with semi-empirical thermochemical calculations.

Central in this approach is the equilibrium between educt and

nitridation product. For example, for hafnium nitride, we

consider the reaction between mono-nitride and the fully

oxidized metal nitride (eqn. 3):

3 HfN + 0.5 N2 « Hf3N4 (3)

DG(p,T) = DHsol(p) + DGgas(p,T) (4)

In this first order approximation of DG (eqn. 4), we reflect the

fact that, at elevated temperatures, the formation of gaseous

nitrogen contributes the most to the free enthalpy of

formation, DG. Differences in entropy between the solid state

compounds contribute significantly less. That leaves us with

the problem of finding appropriate data for DG(p,T). At

ambient pressure, the free enthalpy of nitrogen is tabulated in

thermochemical tables for temperatures up to 4000 K.313 If

nitrogen is treated as an ideal gas, the residual pressure

dependence of DG can be computed according to the standard

formula (eqn. 5):

DG(p,T) = DG(p = 0,T) + RT lnp (5)

This was indeed the approach we used to derive the

temperature–pressure phase diagram for Hf3N4 and Zr3N4.308

Significant improvements for pressures exceeding 20 GPa

are necessary because the deviation of nitrogen from ideal gas

behavior becomes more and more drastic. Note that at such

temperatures and pressures, nitrogen is in an over-critical state

anyway (the critical point of N2 being at about 126 K and

3.44 MPa) so there is no difference between its gaseous and

liquid states. To recover the simple formula of eqn. 5, the true

pressure is replaced by an effective pressure called fugacity, f.

Fugacity and pressure are related by the fugacity coefficient, c,

through the relationship f = cp; if c = 1, the gas is in an ideal

state. Unfortunately, the pressure dependencies of c and DG

are known experimentally only up to 2 GPa. Jacobsen et al.

collected experimental data about nitrogen properties from the

freezing line up to 2000 K and for pressures up to 1 GPa.

Unland et al. developed a virial expansion for ln c based on

this experimental data, but it is valid only up to 2 GPa.314,315

Most remarkably, at 300 K and 2 GPa, the fugacity coefficient

is about 106 (ln c = 20). Hence, the effective pressure for

nitrogen is 6 orders of magnitude larger than the pressure

applied. At higher temperatures, the behavior becomes more

and more ‘‘ideal’’, but even at 2000 K and 2 GPa, the effective

pressure is 20 times larger than the actual pressure. With our

aim of computing temperature–pressure phase diagrams at

even higher pressures, we extrapolated the virial expansion in a

reasonable and justifiable way. We proposed two extrapola-

tions, which may serve as low- and high-profile estimates of f,

and thus provide boundaries for predictions. Details of both

functional forms are given in ref. 310; the graph of ln c vs.

pressure is shown for two temperatures in Fig. 20.

Derivation of the phase boundary between the mono-nitride

and the fully oxidized metal nitride then becomes simple.

According to eqn. 4, we first compute the enthalpies of the

crystal structures and then add the contribution of the free

enthalpy of nitrogen to obtain the free enthalpy of reaction,

DG. Note that in our own interests, only the regime above

1000 K and 2 GPa is of importance. With the location of the

phase boundary, we can plot the pressure–temperature (p–T)

phase diagram. Fig. 21 shows these for Ta–N and W–N,

respectively. Accordingly, we predict the formation of Ta3N5-

II in a DAC experiment between 17 and 25 GPa at 2800 K. At

the same temperature, WN2-II can be synthesized between 31

and 55 GPa.

We applied the same approach to the carbon–nitrogen phase

diagram, in detail to the balance between the proposed cubic

willemite-type phase c-C3N4 and diamond + nitrogen. Fig. 22

shows the estimated phase boundary. From it we can learn

that if temperatures of 3000–3500 K are applied (typical for

the synthesis of diamond from graphite), not less than 100 GPa

is needed to reach an equilibrium between the products and the

educt. In this pressure range, we would have to consider the

formation of cubic nitrogen, which we did not take into

account in our estimation. Once a C3N4 material has been

Fig. 20 Logarithm of the fugacity coefficient, ln c, plotted as a

function of pressure for 2000 (left) and 2800 (right) K. The virial

expansion of Unland et al. shows an artificial decrease at higher

pressures, since it is valid up to 2 GPa only. High- and low-profile

extrapolations have been developed to justifiably estimate ln c at very

high pressures.
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synthesized by some method or the other, it turns out to be

thermodynamically stable (against decomposition into dia-

mond and nitrogen) at 2000 K and 40 GPa. This motivates the

synthesis of C3N4 from suitable carbon nitride precursors

under such conditions. At ambient pressure, a significant

kinetic barrier can keep the compound metastable.

6.5 Summary and outlook

In this review we referred to a computational procedure for

studying the perspectives of novel nitride compounds that may

become accessible at high pressures. The scheme we outlined

can be applied to any nitride compound. If we estimate the

uncertainty of the computational approach by comparing the

calculated transition pressures to experimental values, we find

some 2–5 GPa for calculations at constant composition.

Uncertainty with the nitridation reaction is larger, and we

estimate a generous margin of 5 GPa and 300 K. Since our

extrapolation of thermochemical data is based on a low

pressure regime, the uncertainty gets larger at greater

experimental pressures. Nevertheless, the combination of first

principle and thermodynamical calculations, according to the

proposed scheme, allows an assessment of free enthalpies and

the computation of a full temperature–pressure phase diagram.

We now can work out the p–T range for a successful

experiment and provide this data to the experimental commu-

nity to stimulate their efforts. Moreover, such calculations

provide enough accuracy to validate experimental hypotheses.

Improvements leading to better calculations can be achieved

with an experimental assessment of nitrogen properties beyond

2 GPa. In principle, data from nitridation reactions, such as

the recent endeavour in platinum nitride compounds PtN and

PtN2, and the nitridation of Co to Co2N, also yield

conclusions on nitrogen fugacity.182,183,316 Overall, joint

experimental and computational work will result in the

discovery of further new nitride compounds, and there remains

much to do in high-pressure research.

7. Conclusion and outlook

A series of new binary and ternary compounds based on

nitrides, oxonitrides, nitride-imides and nitride-diazenides

have been successfully synthesized in recent years by applying

different high pressure/high temperature techniques including

large volume press (e.g., multi-anvil), laser heated diamond

anvil cells, shock wave methods and pressurized reactive gas

synthesis. It has been shown that under high pressure novel

materials with unusual structural features can be formed. In

general, as has already found for silicate minerals and other

oxides, the coordination number of the constituent elements is

increased compared to the analogous ambient pressure phases.

The increase in the coordination number has significant

consequences in terms of the hybridization or ionicity of the

bonding between individual atoms that determine technologi-

cally important properties such as the electronic structure and

mechanical behavior of the solid phase, including, in turn,

electronic properties such as the electronic band gap and

elastic properties like the bulk and shear modulus (B and G,

respectively) and the hardness. As a general trend among the

nitrides it is found that the band gap is reduced while the

elastic moduli are increased in the high pressure phases

compared to the values found for the ambient pressure

counterparts. These features lead to new materials prepared

using high-pressure techniques with technologically useful

properties. At present, only a few studies related to the high

pressure/high temperature synthesis of main group and

transition group element nitride, oxonitride and related

compounds have been reported. Furthermore, apart from the

binary compositions, the syntheses of ternary and more

complex systems as well as their P–T phase diagrams have

still to be explored in any detail. Detailed studies of the

reaction kinetics that dominate under high pressure conditions

must also be performed in future in order to understand the

formation and phase transformations of the unique high

pressure phases, both during synthesis and to establish

recovery strategies for the new materials.
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