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1 Introduction

1

Introduction

1.1 Applications and Developments of Solid-State Materials in Modern
Technology
Solid-state materials take on vital roles in various technical applications starting from
electrolytes for (lithium) batteries[1] to the vast majority being used in (opto)electronic devices
such as photoreceivers, ‐multipliers, ‐voltaics for power generation, or light emitting diodes
(LEDs) for illumination and backlighting purposes in displays.[2–7] Over the last decades the
importance and growth of these application fields has not only increased due to technical
advancements but also due to changes in political climate. Since around the 1990s the energy
revolution was increasingly expedited by substantiations of the impending climate change.
Subsequent developments of different climate scenarios and climate targets such as efficient
reduction of CO2-emissions aimed at amending or obverting current climate trends.[8–15]
With the concomitant increase in public and political awareness towards healthier lifestyles and
less polluting technologies in general, the focus has shifted towards cleaner power generation
and renewable energy sources. The latter is, for instance, reflected by U.S. department of
energy forecasts, postulating an increase of 139% in renewable energy until 2050 with a main
increase of 94% from wind power and photovoltaics.[16] In turn, research on the development of
both efficient and environmentally friendly materials for photocatalysis, electromobility, and
semiconductor applications has probably never been more in the spotlight than it is today.[17–19]
One of the most noticeable developments within recent years was the gradual increase in
substitution of incandescent lamps by compact fluorescent lamps (CFLs) and LEDs. However,
with regard to modern illuminants LEDs have the edge over CFLs and conventional light
sources, both in terms of energy efficiency and environmental friendliness.[20] According to data
ascertainments and forecasts from the U.S. department of energy (DOE) LEDs will thus, become
the dominant light source as soon as 2030 with a U. S. market sales penetration of 86% for
residential housing and 65–86% for commercial lighting by 2035. For the lighting sector this will
result in energy savings of 55–75%, depending on the assumption of either past development
trends or the realization of a more aggressive DOE plan towards LED adoption.[21,22] Similar
positive trends are also reported for Europe, where LED lamp and luminaire installments of 8
and 9% were reported for 2016 with a projected increase to 53 and 58% in 2024.[23,24]
Amongst the myriad of investigated material classes eligible for the design of semiconducting
materials with potential optoelectronic applications nitride materials comprise but a fraction.
Some are, however, prominent and well established materials, such as (Al,Ga)N and (In,Ga)N
solid solutions commonly used for band gap engineering and application in semiconductor
devices.[25] However, throughout the search for complementary or replacement materials to
(In,Ga)N, especially such containing more earth abundant materials,[25] nitrides have become
increasingly prominent within the last two decades. Since then the fundamental research on
nitrides has given birth to a vast variety of nitride material classes with great diversity regarding
their individual structures and properties. Some prominent classes include II-IV-N2 type nitrides
1
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as potential alternatives to (In,Ga)N, structurally diverse (oxo)nitridosilicates as hightemperature ceramics and efficient luminescence materials (phosphors) for LEDs. Equally
diverse (oxo)nitridophosphates may also exhibit luminescence but are of further interest as
lithium conductor materials. In addition phosphorus (oxo)nitride materials are of interest for
fundamental science with regard to high-pressure synthesis and phase transitions in analogy to
isoelectronic silica phases within the earth's interior.
Beyond the plurality of experimental investigations, the immense contemporaneous progress of
first principles calculations throughout the last decades must not to be disregarded, as it has
led to a vast playground for theoreticians to tackle electronic properties that are difficult to
explore experimentally. Ab initio structure predictions may even offer the possibility to give
impulses independent from experiment and contribute to materials search efforts of
experimentalists.

1.2 Benefits of Computational Methods in Solid-State Chemistry
Quantum mechanics dates back to the derivation of Planck's constant in 1900 and the
quantization of light by Einstein in 1905. Following the de Broglie relation about the waveparticle duality, the establishment of Schrödinger's equation in 1926 laid the foundation for the
ensuing (quantum) wave mechanics.[26] Thereupon followed the development of quantum
chemistry, up to its extensive significance that it bears today. In addition the perpetual progress
in computational power largely facilitated the evolution of quantum mechanics, resulting in a
plurality of modern implementations such as quantum chemical programs.[27]
Owing to this digital revolution, the principal possibilities in addressing all fundamental
materials properties of interest on a computational basis nowadays appear hardly limited.
Accordingly, in recent years the use and development of high throughput computational
screening methods has gained a lot of popularity.[28,29] Approaches therein may vary from
evolutionary algorithms aiming at the ab initio structure prediction of novel compounds, to
dedicated screening procedures, machine learning or even a combination of the latter.[30‐33]
Thus, interesting compounds with desired material properties may be identified and predicted.
Some examples in the field of nitride chemistry comprise the prediction of novel perovskites,
mapping the stability of known and predicted ternary (nitride) compounds, specifically
screening for (earth abundant) nitride semiconductors or screening for oxonitrides with regard
to photocatalytic water splitting.[25,34–37] As such, high throughput screening methodologies can
be quite powerful and a profit for the scientific community as a whole. With consideration to
the vast number of investigated compounds, high throughput methods, however, also require
efficient processing of large amounts of data, unrestricted access to (super)computer centers,
and usually balance between computation speed and accuracy.[29]
Yet, even for the individual researcher modern quantum chemical programs offer a tremendous
choice of assets with respect to the calculation of specific properties for materials of interest.
For solid-state chemistry, which usually involves calculating compounds with a large number of
atoms, density functional theory (DFT) based programs are usually the most efficient choice in
2
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order to treat electronic and further derived material properties. Such properties may involve,
but are not limited to, electronic structure optimization, the determination of the electronic
band gap, optical absorption, phase transitions, thermodynamics or predicting the relative
structural stability. The determination of these properties can be beneficial to individually
characterize a novel or existing material, contribute to experimental findings or corroborate the
latter.

1.3 Impact of Nitrides on the Research of (Opto)Electronic Materials
1.3.1 Solid State Lighting: Historical Development of LED and Nitride-based Phosphor
Research
The first commercial red LED was constructed as early as 1962 with n‐type doped GaAs1−xPx
whereas construction plans for blue (respectively UV) emitting LEDs were reported for p-doped
GaN by 1971–1972.[38–43] Yet due to low efficiencies it took until the early 1990s when
advancements made in metal-organic vapor epitaxial growth of GaN, GaAs and novel materials
such as AlInGaP enabled higher internal quantum efficiencies for LEDs.[39,44,45] One of the most
important developments therein was the fabrication of an efficient blue LED, which was enabled
in 1991 through enhancements by Nakamura who used metal-organic chemical vapor
deposition and thermal annealing of Mg doped GaN layers.[43,46,47] Throughout the 1990s,
subsequent fabrication processes of (In,Ga)N and (Al,In,Ga)N further pushed the band gap
engineering of nitride materials in order to access an increased range of spectral
emissions.[39,48–50] The advancements towards efficient blue LEDs were considered so essential
for the development of white light LEDs, that in 2014 Nakamura, Akasaki and Amano were
awarded the Nobel Prize in Physics for their contributions.[39,43,51]
A white light emitting LED can principally be devised from three primary red, green and blue
LEDs where the white light results from color mixing. There are, however, no efficient primary
LEDs available to uniformly cover the entirety of the visible spectral region, especially in the so
called yellow gap.[52] In addition balancing of different primary LED sources to achieve white
light with a stable and constant color temperature requires complex setups.[53] An alternative
approach for white light generation are phosphor-converted LEDs (pc-LEDs), in which a blue- or
UV-LED is combined with green to red emitting phosphor materials. Therein, the phosphor
materials are effectively excited by partial amounts of the respective blue (UV) LED light, so that
white light results from the color combination of the excited phosphor materials with the
remainder of the non-converted light from the primary LED source. In contrast to the sole
combination of primary LEDs, pc-LEDs are simpler to construct and in principal only limited by
the quantum efficiency and emission profile of the phosphor materials, which makes them
more cost-efficient.[52,53] The accessible color gamut for pc‐LED setups results from the
combination of a blue LED with phosphor materials in the red, yellow and green spectral
region, and can be exemplified within the Commission Internationale de l'Eclairage (CIE) 1931
color space diagram as seen in Figure 1.1 using a number of commercially applied efficient
phosphor materials.
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Figure 1.1 CIE 1931 color space within the visible spectrum (nm-scale, blue values) with CIE
coordinates of a commercial blue LED, alongside phosphors emitting in the yellow (YAG:Ce3+), red
(Sr[LiAl3N4]:Eu2+) and green (β-sialon:Eu2+) spectral region, which can be used to produce
any color within the spanned color gamut by color mixing. CIE coordinates for different correlated
color temperatures (CCT) in K for an ideal blackbody radiator indicate the planckian locus used to
determine the CCT of a LED.

Using a setup of a blue LED along with the prominent broadband green-yellow emitting
phosphor Y3Al5O12:Ce3+ (YAG:Ce), for which systematic studies on its luminescence and
elemental substitutions had been carried out since the 1960s,[54–57] the first efficient white
pc‐LED was patented by Shimizu and the Nichia Company in 1996.[58,59] With increasing LED
performance, the design of warm-white LEDs gained in importance for residential housing
illumination around the early 2000s.[39] Lumileds, for example, utilized additional red emitters
such as CaS:Eu2+ to balance the cold-white emission of YAG:Ce within their first warm-white
pc‐LEDs.[60] Following the early 2000s there was a subsequent demand for suitable solid-state
phosphor materials inducing a steep increase in research, synthesis and characterization of
prospect material classes. A key feature for the sought after phosphor materials are sufficiently
large band gaps, typically beyond 3 eV. This allows a localization of electronic states of activator
ions in-between the valence and conduction band of the host material.
The most prominent activator ions for this purpose constitute lanthanide metals with partially
occupied 4f and unoccupied 5d orbitals. While 4f orbitals are highly contracted, the 5d orbitals
protrude further from the atomic core. Compared to the narrow line emissions of parity
forbidden 4f n → 4f n−1 transitions that are observed for a multitude of lanthanide activated
compounds, spin- and parity-allowed 4f x5d0→4f x−15d 1 transitions are typically observed for
Ce3+ and Eu2+ activated compounds.[61] The latter typically exhibit broadband emission, due to
line-broadening from d-orbital interactions with the surrounding ligand field.
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Figure 1.2 Schematic illustration of the energetic (hv) excitation and emission process of an
electron between ground and excited state potentials according to the configurational coordinate
model. The Stokes shift corresponds to the energy difference between absorption and emission
resulting from the displacement of the two potentials. Black arrows indicate the highest transition
probabilities resulting in the photo-absorption and -emission maxima.

Upon illuminating Ce3+ and Eu2+ doped phosphors with light of suitable energy to overcome
the energy difference between the 4f and 5d states, electrons are excited from the electronic
4f x5d0 ground state to an electronically and vibrationally excited 4f x−15d 1 configuration.
Depending on the strength of electron-phonon coupling this process causes the locally
surrounding atoms to deviate from their equilibrium position in response to the creation of a
charge-density hole, in turn also inducing slight changes in the activator-ligand distances.
Within the simplified configurational coordinate diagram illustrated in Figure 1.2, the electron
then quickly relaxes to the lowest vibronic excited state, before falling back to the ground state
potential. Upon recombination of the electron with its created charge-density hole, the local
atoms relax back to equilibrium. However, the electron-phonon interaction (i.e. scattering on
lattice vibrations) reduces the energy of the emitted photon, causing a redshift to the overall
emission spectra.[62] The difference between absorption and emission maxima is further termed
the Stokes shift.
Nitrides exhibit great potential as suitable phosphor materials, when doped with Eu2+ because
their spectral emissions are typically redshifted when compared to oxides. This redshift is due
to the increased covalency in nitrides leading to a higher nephelauxetic effect.[61,63,64] Especially
nitridosilicates and nitridophosphates are auspicious to explore as they often exhibit highly
covalent networks with sufficiently large band gaps. As such in 1997 red luminescence was
discovered for Eu2Si5N8, and shortly after Sr2Si5N8:Eu2+ was found in 2000, becoming one of the
earlier prominent orange-emitting phosphor materials.[65–67] With its high quantum efficiency
and low thermal emission quenching up to typical LED operating temperatures of 400 K,
Sr2Si5N8:Eu2+ still finds application in automotive turning lights as well as retrofit LEDs.[68]
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Figure 1.3 Left: Number of publications within chemistry, physics and materials science tagged under

nitride, light+emitting+diodes and nitrides tagged with either emitting or luminescence extracted from
the Web of Knowledge database. Right: Publications on nitrides tagged with either emitting or

luminescence, indicating the year of discovery for some selected efficient nitride phosphor materials
colored according to their respective spectral emissions.

By now a multitude of efficient phosphor materials have been applied in highly energy efficient
pc-LEDs replacing incandescent lamps and CFLs in the world market. Figure 1.3 indicates that
trends in numbers of publications in nitrides and LEDs have independently been on the rise
since the early 90s, while investigations on nitride and oxonitrides as phosphor materials gained
in relevance from 2000 onwards. Further, discoveries of some key (oxo)nitride phosphor
materials, some of which used for modern white light applications, are indicated. However,
some challenges still remain in phosphor materials research, such as suitable narrow green
phosphors for display applications, and tailored deep-red horticulture LEDs used to induce
photosynthesis and plant growth through chlorophyll a and b, or germination by spectral
stimuli in the infrared region.[69–73]
1.3.2 Ternary Nitrides for (Opto)electronic Applications
Oxide materials research has prevailed in solid-state science since the 1920s, partly due to their
uncomplicated synthesis conditions and chemical stability. Hence, the major focus of
optoelectronics research has thus, generally also been on oxide materials. Yet, with the overall
increased interest in nitrides, for example as potential phosphor materials with wide band gaps,
more investigations with regard to band gap tuning towards further (opto)electronic
applications such as solar cells ensued accordingly as seen in Figure 1.4.
By now nitrides have gained their own raison d'être within the field of (opto)electronics apart
from phosphor applications. Considering the dwindling reserves of resources like indium that is
used in (Al,Ga,In)N solid solutions in commercial semiconductor devices such as transistor
materials,

ternary

alternatives.[25,74,75]

nitrides

containing

more

earth-abundant

elements

are

promising

During heteroepitaxial growth of GaN on substrates like sapphire further

challenges typical arise from a lattice mismatch of GaN and the substrate, which induces
increased defect densities that negatively impact optoelectronic properties and can lead to
device failure.[76,77]
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In this regard, II‐IV-N2 materials prove promising as substrates for lattice matching to wutzitetype GaN in heteroepitaxy. That is because II‐IV-N2 materials often exhibit lattice parameters
close to GaN and typically adopt either hexagonal, or orthorhombically distorted, structures
related to wurtzite. For the above named reasons and their similar (opto)electronic properties
to GaN, II‐IV-N2 materials have been investigated extensively both in theory and experiment in
recent years.[74,75,78–84] For example, combinatory thin-film nanostructured growth and
arrangement of heterostructure interfaces have been discussed from computational theory with
regard to potential solar cell applications due to lowered interface gaps, where electrons in a
proposed combination of ZnO/ZnGeN2, GaN/ZnGeN2 and ZnO/GaN would migrate from
ZnGeN2 to GaN to ZnO and holes from ZnO to ZnGeN2, respectively.[83]
Many ternary nitrides can further be beneficial for photocatalytic water splitting applications.
Here, nanostructured binary and ternary (transition-metal) nitrides are considered to offer more
suitably confined band gaps between 0 and 3 eV in contrast to oxides, which often exhibit gaps
beyond 3 eV.[4,85] Along with a high chemical stability, ternary nitrides such as InxGa1−xN whose
band gap can be tailored between 0.7 and 3.4 eV, were subsequently shown to provide high
catalytic efficiencies in electrochemical water splitting reactions.[85–87] With regard to the ternary
or even multinary nitride alternatives, potential for efficient photocatalytic water splitting was
also reported for cation-disordered wurtzite-type Zn1−xGe1−xGa2xN2 (x ≤ 0.50).[88] Apart from
changes in the band gap by stoichiometric variations in the mixed occupancy sites, the role of
disorder itself on the electronic structure is of interest for the design of materials. For ZnSnN2, a
material promising for photovoltaic applications, such effects have been studied by correlating
experimental data from hard X-ray photoemission spectroscopy (HAXPES) of different ZnSnN2
grown by epitaxy, to respective optical absorption measurements and DFT calculations on
ordered and disordered supercell models. Accordingly, the band gaps were found to vary
within a 1 eV range between fully disordered and fully ordered ZnSnN2 variants.[89,90]

Figure 1.4 Number of publications within the chemistry, physics and materials science fields tagged under

solar cell, nitride, optoelectronic and nitrides tagged with either optoelectronic or solar cell, extracted
from the Web of Knowledge database.
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Generally, however, there are not many systematic computational studies treating disorder
effects, with most calculations usually approximating disordered structures from supercells.
When chosen sufficiently large, supercells provide valid approximations to disorder, for
calculations close to the stoichiometric equilibrium of 1:1. For larger unit cells or compositions
with higher atomic concentration deviations such calculations, however, quickly become more
costly.
As a consequence, the development of synthesis methods (e. g.: enhanced crystal growth by
ammonothermal synthesis), for ternary and multinary nitride materials, along with the
systematic treatment of their materials properties on a experimental or first principles basis are
of great interest to semiconductor, physics and chemistry communities.

1.4

Phosphorus (Oxo)nitrides

Within the field of nitride chemistry phosphorus (oxo)nitride materials are of great interest to
fundamental research due to their similarity to silicates. This similarity originates from the
isoelectronic combination of "P/N" compared to "Si/O" and becomes strikingly evident for SiO2
and PON. Within a certain temperature and pressure range SiO2 and PON both form numerous
polymorphs with isotypic structure each built from SiO4 or P(O/N)4 tetrahedra. More precisely
at ambient conditions PON crystallizes in the β-cristobalite structure, while transforming to the
ɑ‐quartz-type and moganite-type PON at high-pressure and temperature.[91–94] In addition with
the high-pressure high-temperature synthesis of δ‐PON a polymorph was found that so far was
only topologically predicted for SiO2.[95] Thus, exemplifying that PON polymorphs may not
necessitate the existence of an analogous SiO2 polymorph and could exhibit further structural
diversity. At elevated pressures SiO2 exhibits even further phase transitions to coesite,[96–98]
rutil‐type (stishovite),[99–101] CaCl2-type,[102–104] seifertite (ɑ‐PbO2),[105–107] and pyrite-type[108] SiO2.
Thus, with regard to the well studied high-pressure phase diagram of SiO2 analogue phase
transitions of PON at high pressures appear very likely. Especially the search for six-fold
coordinated phosphorus P(O,N)6 in nitride materials is of fundamental interest from a structural
chemistry viewpoint but may in addition enable access to novel superhard materials.

1.5 (Oxo)Nitridophosphates
While phosphorus (oxo)nitrides constitute charge neutral P/O/N networks, the additional
incorporation

of

electropositive

elements

allows

for

the

creation

of

anionic

(oxo)nitridophosphate network structures. Suitable elements to this regard comprise alkaline
and alkaline earth cations, but also those of rare earth type. As anticipated their materials
properties are similar to those of nitridosilicates as proven in recent years by numerous
structurally diverse nitridophosphates. Examples thereof comprise luminescence in white
emitting Ba3P5N10Br:Eu2+, orange, green and blue emitting MP2N4:Eu2+ (Ca, Sr, Ba), or
(para)magnetism

in

Ho3[PN4]O

and

M IIP8N14

(M II = Fe, Co, Ni).[109–112]

Due

to

the

thermodynamical stability of nitridophosphates, incorporation of lithium is of further interest
with regard to the potential discovery and application as novel Li+ ion conducting materials.
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Ion conductivity (Li+) has been investigated for the lithium (oxo)nitridophosphates Li7PN4, LiPN2,
LiPON as well as for more recent discoveries of Li18P6N16, β-Li10P4N10 and Li13P4N10X3 (X = Cl, Br),
all of which typically exhibit conductivities in the magnitudes of 1×10−5–10−6 Ω−1cm−1.[113–116]
Accordingly, the discovery of structurally diverse lithium nitridophosphates with voids or
migration pathways for Li+ is promising under the perspective of both fundamental research
and applied science. With regard to the auspicious high-pressure investigations of P/N
materials, high-pressure synthesis, can similarly be considered suitable for the discovery of
equally diverse novel lithium nitridophosphates. Further investigations towards occurring highpressure phase transitions involving experimental and computational approaches should yield
promising insights with regard to thermodynamic properties and synthesis conditions of this
materials class.

One of the aims of this thesis was focused on the discovery of novel (oxo)nitride phosphor
materials. This involves explorative synthesis, the identification of novel luminescent phases and
subsequent characterizations of materials properties together with synthesis optimization.
The main objective of this thesis was however, aimed at theoretical density functional theory
(DFT) characterizations of a selection of ternary and multinary nitride compounds. Herein, the
efficient treatment and characterization of mixed occupancy in (oxo)nitride materials was of
particular interest. As such, this thesis deals with different projects and contributions treating
the overall electronic, optical, mechanical and structural properties of ternary and multinary
nitrides. The efficient characterization by KKR for a variety of mixed-occupancy nitrides
exhibiting a wide range of electronic band gaps is consequently shown by extensive
investigations. Additionally, high-pressure phase transformations of ternary phosphorus
oxonitride PON and lithium nitridophosphates are investigated.
Lastly, systematic ab initio calculations are employed allowing for the prediction of a series of
novel nitridogermanates with promising material properties.
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2 Computational Theory and Concepts

2

Computational Theory and Concepts

This chapter serves as superficial overview of the basic theoretical background and framework
on the basis of which the results of this thesis were obtained. Further calculatory details can be
found in the respective publications presented in this work.
The concepts and theory of this chapter are in its essence adapted from the respectively
presented sources and recapitulate on history and theory without claiming intellectual property
on the herein presented content.

2.1 Density Functional Theory
Unless indicated otherwise, the general subject matter of this section is, in its principal
properties, adapted from references [1–5] which offer more in-depth theoretical treatments.
Since the fundamental proofs required for the emergence of modern density functional theory
(DFT) was established by Hohenberg, Kohn and Sham around 1964–1965,[6,7] subsequent
advances from around 1980–2010 led DFT to become a popular alternative to traditional

ab initio methods.[8] A main reason for this can be attributed to its potent ratio between
accuracy and requirements in computational effort.
The aim of density functional theory is in principle identical to the wavefunction approach,
which is to provide an exact solution of the time independent many-body Schrödinger
equation and to find the ground state properties of the calculated material according to

� 𝛹𝛹 = 𝐸𝐸𝐸𝐸.
𝐻𝐻

(1)

In consideration of the adiabatic approximation (Born-Oppenheimer approximation) in which
the movement of the nuclei is considered as separated (static) due to the much faster
movement of the electrons and their much lighter mass,[9] the complete dimensionless
Hamiltonian (written in atomic units) 1
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(3)

𝑇𝑇�𝑒𝑒 = kinetic energy of the electrons 𝑇𝑇�𝑁𝑁 = nuclear kinetic energy, 𝑉𝑉�𝑒𝑒𝑒𝑒 = potential energy of the interaction between
�𝑒𝑒𝑒𝑒 = potential energy of the interaction between electrons, 𝑉𝑉�𝑁𝑁𝑁𝑁 = potential energy between
electrons and nuclei, 𝑉𝑉
nuclei.
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𝜕𝜕 2

𝜕𝜕 2

𝜕𝜕 2

with the Laplacian ∇2𝑘𝑘 = 2 + 2 + 2 . The positions of electrons and nuclei correspond to 𝑟𝑟⃗𝑖𝑖
𝜕𝜕𝑥𝑥 𝑘𝑘
𝜕𝜕𝑦𝑦𝑘𝑘
𝜕𝜕𝑧𝑧𝑘𝑘

�⃗𝐴𝐴 � and 𝑟𝑟𝑖𝑖𝑖𝑖 = �𝑟𝑟⃗𝑖𝑖 – 𝑟𝑟⃗𝑗𝑗 �.
and 𝑟𝑟⃗𝐴𝐴 with 𝑟𝑟𝑖𝑖𝑖𝑖 = �𝑟𝑟⃗𝑖𝑖 – 𝑅𝑅

The central quintessence of DFT lies within the assumption that the ground state energy can be
determined from the ground state electron density 𝜌𝜌(𝑟𝑟⃗), without the foremost knowledge of
the explicit ground state wave function. This dependence of the energy is expressed as a
functional of the electron density via

𝐸𝐸 = 𝐸𝐸[𝜌𝜌].

(4)

𝛹𝛹 of a system with N electrons depends on 3 N

And while the electronic wave function
variables 1

𝛹𝛹 = 𝛹𝛹(𝑟𝑟⃗1 , … 𝑟𝑟⃗𝑁𝑁 ),

(5)

𝑑𝑑𝑟𝑟⃗1 � 𝛹𝛹 ∗ 𝛹𝛹 (𝑑𝑑𝑟𝑟⃗2 , … 𝑑𝑑𝑟𝑟⃗𝑁𝑁 ).

(6)

the probability to find one single electron, only dependent on the 3 spatial coordinates 𝑟𝑟⃗1 ,
within a volume increment 𝑑𝑑𝑟𝑟⃗1 is

The probability for all electrons N at 𝑟𝑟⃗1 (i. e. the number of electrons per volume increment) is

then obtained as the density

𝜌𝜌(𝑟𝑟⃗1 ) = 𝑁𝑁 � 𝛹𝛹 ∗ 𝛹𝛹 (𝑑𝑑𝑟𝑟⃗2 , … 𝑑𝑑𝑟𝑟⃗𝑁𝑁 ).

The total number N of electrons is then, generally obtained from integration over 𝜌𝜌(𝑟𝑟⃗)

� 𝜌𝜌(𝑟𝑟⃗)𝑑𝑑𝑟𝑟⃗ = 𝑁𝑁 .

(7)
(8)

Instead of calculating the wave function in order to obtain all observables, the ideological
foundation of DFT can be represented by a scheme, where the specific external potential 𝜐𝜐(𝑟𝑟⃗) is

uniquely mapped from 𝜌𝜌(𝑟𝑟⃗) in a reversed manner:

𝜌𝜌(𝑟𝑟⃗) → 𝛹𝛹(𝑟𝑟⃗1 , … 𝑟𝑟⃗𝑁𝑁 ) → 𝜐𝜐𝑒𝑒𝑒𝑒𝑒𝑒 (𝑟𝑟⃗)

Following the electronic Hamiltonian the energy functional can thus, be written as

𝐸𝐸[𝜌𝜌] = 𝐸𝐸𝑇𝑇𝑒𝑒 [𝜌𝜌] + 𝐸𝐸𝑉𝑉𝑒𝑒𝑒𝑒 [𝜌𝜌] + 𝐸𝐸𝑉𝑉 𝑒𝑒𝑒𝑒 [𝜌𝜌].

(9)
(10)

With the famous Hohenberg-Kohn theorems in 1964, the groundwork for the practical
applicability of DFT was derived. They proved, that the exact ground state in an external
potential is accessible via the variational principle.[6]

1

For simplicity the spin of the electrons is omitted.
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2.1.1 The Kohn-Sham Equations
Soon after the work of Hohenberg and Kohn, in 1965 Kohn and Sham presented their work on
the determination of the ground state electron density through an auxialliary system of
non‐interacting particles.[4,7] The leading thought is splitting the kinetic energy operator into a

�𝑆𝑆 and a (not exactly defined)
part containing the interaction of non-interacting particles 𝑇𝑇

�𝐶𝐶 containing correlation effects[5]
residual part 𝑇𝑇

𝑇𝑇�[𝜌𝜌] = 𝑇𝑇�𝑆𝑆 + 𝑇𝑇�𝐶𝐶

(11)

1
𝑇𝑇�𝑆𝑆 = − �⟨𝜑𝜑𝑖𝑖 | ∇2 |𝜑𝜑𝑖𝑖 ⟩ ,
2

(12)

with

𝑁𝑁

and the one-electron functions

𝜑𝜑𝑖𝑖 .

𝑖𝑖

� [𝜌𝜌] of the real interacting system (that is to
The idea is to determine the exact kinetic energy 𝑇𝑇

be determined with the help of the auxiliary one), with the electron density [𝜌𝜌] of the auxiliary
non-interacting system.

Finally, the energy functional of the real system 𝐸𝐸[𝜌𝜌] can be written as

𝐸𝐸[𝜌𝜌] = 𝑇𝑇�𝑆𝑆 + 𝐸𝐸𝐽𝐽 [𝜌𝜌(𝑟𝑟⃗)] + 𝐸𝐸𝑋𝑋𝑋𝑋 [𝜌𝜌(𝑟𝑟⃗)] + 𝐸𝐸𝑉𝑉𝑒𝑒𝑒𝑒 [𝜌𝜌(𝑟𝑟⃗)] ,

(13)

with the classical coulomb interaction 𝐸𝐸𝐽𝐽 [𝜌𝜌] that contains the wrong electronic self-interaction

and the potential energy

𝐸𝐸𝑉𝑉𝑒𝑒𝑒𝑒

𝐸𝐸𝐽𝐽 [𝜌𝜌] =

1
𝜌𝜌(𝑟𝑟⃗1 )𝜌𝜌(𝑟𝑟⃗2 )
��
𝑑𝑑𝑟𝑟⃗1 𝑑𝑑𝑟𝑟⃗2 ,
𝑟𝑟12
2
𝐾𝐾

𝐸𝐸𝑉𝑉𝑒𝑒𝑒𝑒 [𝜌𝜌] = − � 𝑍𝑍𝐴𝐴 �
𝐴𝐴=1

It is further true that

𝑇𝑇�[𝜌𝜌] > 𝑇𝑇�𝑆𝑆

𝜌𝜌(𝑟𝑟⃗)
.
�𝑅𝑅⃗𝐴𝐴 − 𝑟𝑟⃗

Applying the variational principle with respect to 𝜑𝜑𝑖𝑖 then leads to
1

𝑍𝑍

�− 2 ∇2 + �− ∑𝐾𝐾𝐴𝐴=1 𝑟𝑟 𝐴𝐴 + ∫
1𝐴𝐴

𝜌𝜌(𝑟𝑟⃗2 )
r 12

(14)

(15)
(16)

1

dr⃗ + 𝑉𝑉𝑋𝑋𝑋𝑋 (𝑟𝑟⃗)�� 𝜑𝜑𝑖𝑖 = �− ∇2 + 𝑉𝑉𝑒𝑒𝑒𝑒𝑒𝑒 (𝑟𝑟⃗1 )� 𝜑𝜑𝑖𝑖 = 𝜀𝜀𝑖𝑖 𝜑𝜑𝑖𝑖 ≡ 𝑓𝑓̂ 𝐾𝐾𝐾𝐾 𝜑𝜑𝑖𝑖 = 𝜀𝜀𝑖𝑖 𝜑𝜑𝑖𝑖 . (17)
2

Hence, the potential 𝑉𝑉𝑒𝑒𝑒𝑒𝑒𝑒 (𝑟𝑟⃗) of the real system equates to 𝑉𝑉𝑆𝑆 (𝑟𝑟⃗) from the auxiliary system and

the latter can thus, be calculated though minimization of 𝜑𝜑𝑖𝑖 in return yielding the exact ground

state electron density 𝜌𝜌GS (𝑟𝑟⃗). As such, DFT calculations are usually performed iteratively and
self-consistently.
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The important achievement of the Kohn-Sham approach is the access to a large part of the
exact kinetic energy, which had until then been described insufficiently, while remaining in
principle exact in its formalism. The unknown remaining exchange-correlation is thus, indirectly
expressed as remainder of the other terms via
𝐾𝐾𝐾𝐾

𝐸𝐸𝑋𝑋𝑋𝑋 [𝜌𝜌] ≡ �𝑇𝑇�[𝜌𝜌] − 𝑇𝑇�𝑆𝑆 [𝜌𝜌]� + �𝐸𝐸𝑉𝑉 𝑒𝑒𝑒𝑒 [𝜌𝜌] − 𝐽𝐽[𝜌𝜌(𝑟𝑟⃗)]� = 𝑇𝑇�𝐶𝐶 + 𝐻𝐻𝐻𝐻 𝐸𝐸𝑋𝑋𝑋𝑋 [𝜌𝜌] ,

(18)

where 𝐻𝐻𝐻𝐻 𝐸𝐸𝑋𝑋𝑋𝑋 [𝜌𝜌] contains all non-classical terms of the electron exchange and correlation

energy. The exact ground state energy can of course, only be calculated if the exchangecorrelation part is known.

While until today no exact functional for the exchange-correlation terms has been found in
DFT, significant advancements in the construction of suitable (partly semi-empirical)
approximations for the exchange‐correlation allow for a plurality of calculations accurate
enough to offer descriptions and predictions of electronic properties for molecular or solid
state properties in applied chemistry and physics with a good computationally cost-value ratio.
Depending on which properties are calculated and which functional approximations are chosen
for the exchange-correlation, DFT is able to provide excellent descriptions of electronic and
materials properties.
2.1.2 The Local Density Approximation - LDA
The basic concept of the local density approximation (LDA) dates back to the Thomas-Fermi
model of 1927 approximating the kinetic energy, which can be expressed exactly for a
homogenous electron density, for a system with an inhomogeneous density instead. However,

�𝑆𝑆𝐿𝐿𝐿𝐿𝐿𝐿 already fails for simple molecules.
the resulting description of 𝑇𝑇

� the true merit of
As the Kohn-Sham equations already provide a much superior treatment of 𝑇𝑇
𝑆𝑆

the LDA became apparent with respect to approximating the exchange-correlation energy by

the solution for the interacting homogenous electron gas.[10] The exchange part of LDA can be
expressed as
1

4
3 3 3
𝐸𝐸𝑋𝑋𝐿𝐿𝐿𝐿𝐿𝐿 [𝜌𝜌] = − � � � 𝜌𝜌(𝑟𝑟⃗)3 𝑑𝑑𝑟𝑟⃗ ,
4 𝜋𝜋

(19)

while for the correlation part the situation is more complicated and values for 𝐸𝐸𝐶𝐶𝐿𝐿𝐿𝐿𝐿𝐿 are

nowadays typically parametrizations of Monte Carlo derived values.[5] While relatively simple
the LDA describes inhomogeneous materials quite successfully, as it typically underestimates 𝐸𝐸𝐶𝐶
and overestimates 𝐸𝐸𝑋𝑋 resulting in systematic error cancelations.

2.1.3 The Generalized Gradient Approximation - GGA

Within the inhomogeneous electron density of a real system there are of course local changes
in maxima and minima of the local density, i.e. density gradients, which are, however,
unaccounted for within the simple homogenous LDA.
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In order to improve upon the LDA attempts to implement the gradient of the electron density
were considered. Early approximations started from a slowly varying uniform electron gas in a
gradient expansion (GEA), which could however not account for the rapid changes in 𝜌𝜌(𝑟𝑟⃗)
present in real chemical systems

A more suitable solution came with the development of the generalized gradient

�⃗)] takes the form[8,11,12]
approximation (GGA) for which 𝐸𝐸𝑋𝑋𝐺𝐺𝐺𝐺𝐺𝐺 [𝜌𝜌(𝑟𝑟
4

𝐸𝐸𝑋𝑋𝐺𝐺𝐺𝐺𝐺𝐺 [𝜌𝜌, x] = � 𝜌𝜌(𝑟𝑟⃗)3 𝐹𝐹(𝑥𝑥)𝑑𝑑𝑟𝑟⃗,

where F(x) has to be chosen appropriately.

(20)

While nowadays there exists a variety of exchange functionals of the GGA-type, 𝐸𝐸𝑋𝑋𝑃𝑃𝑃𝑃𝑃𝑃 is one of
the most widely spread and popular ones taking the form

𝐸𝐸𝑋𝑋𝑃𝑃𝑃𝑃𝑃𝑃 = � 𝜖𝜖𝑋𝑋𝐿𝐿𝐿𝐿𝐿𝐿 �𝜌𝜌(𝑟𝑟⃗)�𝐹𝐹𝑋𝑋 �𝑠𝑠(𝑟𝑟⃗)� 𝑑𝑑3 𝑟𝑟

with the dimensionless reduced density gradient

𝑠𝑠 =
𝜖𝜖𝑋𝑋𝐿𝐿𝐿𝐿𝐿𝐿

and the exchange enhancement factor

|∇𝜌𝜌(𝑟𝑟⃗)|
1

4

2(3𝜋𝜋 2 )3 𝜌𝜌(𝑟𝑟⃗)3
1

,

4
3 3 3
= − � � 𝜌𝜌(𝑟𝑟⃗)3 ,
4 𝜋𝜋

𝐹𝐹𝑋𝑋 = 1 + 𝜅𝜅 −

𝜅𝜅

𝜇𝜇 𝑠𝑠 2
�
𝜅𝜅

�1+

2.1.4 Hybrid and Meta-GGA Functionals

with 𝜅𝜅 = 0.804

(21)
(22)
(23)
(24)

LDA and GGA based potentials are computationally cost-efficient and further improvement on
the exchange correlation with more modern approaches has led to more costly hybrid
functionals that improve upon 𝐸𝐸𝑋𝑋𝑋𝑋 by mixing in parts of the exchange or correlation from

Hartree‐Fock-type calculations. Prominent examples comprise for example the BLYP and B3LYP

exchange functionals which have proved successful and popular in the chemistry community.

Meta-GGAs on the other hand are less computationally demanding and only improve upon
GGAs by further depending on the Kohn-Sham kinetic energy density 𝜏𝜏(𝑟𝑟⃗) in order to satisfy
further constrains on 𝐸𝐸𝑋𝑋𝑋𝑋 .[4,5]

2.1.4.1 The Modified Becke-Johnson Potential
With regard to an accurate description of the electronic band gap (Eg) the modified variant of
the Becke-Johnson exchange potential has proved to yield accurate values of Eg for a vast
number of semiconductors and insulators taking the form[13–15]
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1 5 2𝜏𝜏σ (r⃗)
𝑀𝑀𝑀𝑀𝑀𝑀
𝐵𝐵𝐵𝐵 (𝑟𝑟
(𝑟𝑟⃗) = 𝑐𝑐𝜈𝜈𝑥𝑥,𝜎𝜎
𝜈𝜈𝑥𝑥,𝜎𝜎
⃗) + (3c − 2) � �
π 12 𝜌𝜌σ (r⃗)

(25)

𝐵𝐵𝐵𝐵 (𝑟𝑟
⃗) is the Becke-Roussel potential proposed to mimic the coulomb potential created
where 𝜈𝜈𝑥𝑥,𝜎𝜎

by the exchange hole 𝑥𝑥𝜎𝜎 .[16] It is noteworthy that the modified Becke-Johnson (mBJ) potential is
only designed to provide accurate single-particle energies of electron transitions between

states and intended for the calculation of electronic properties only. It is not self-consistent
with respect to the calculation of lattice relaxations, and is not suitable for such.

2.2 Band Structure Methods
Even with the average modern computational resources, the treatment of the complete
electronic properties for systems with many atoms, which is especially true for solid‐state
materials, may still not be easily accomplished. Hence, nowadays many computational
programs are available, some of which pursue different approaches, in order to treat the
electronic properties within DFT as exact and cost-efficient as possible.
In the following a review of two band structure methods used in this thesis, namely the
pseudopotential and KKR method will be reviewed.
2.2.1 Pseudopotentials and the Projector Augmented Wave Method
As the major chemical interactions take place between the outermost electron shells, the
physical reasoning for the development of the pseudopotential approximation rests on the fact
that the core wave functions of an atom are barely affected by the chemical environment.[17]
Hence, the central idea is to approximate the Coulomb potential of the nuclei and the core
electrons by an effective potential acting on the outer (valence) electrons, so that only the
density of latter has to be calculated self consistently. As such the pseudopotentials are not
uniquely determined leaving them open for different choices and optimizations. Additionally,
pseudopotentials are typically described by a basis set of plane waves and designed to not
show the strong oscillations that real radial atomic wave functions exhibit in their core-near
region, which in turn reduces the necessary number of plane waves.[4,5]
The plurality of modern pseudopotentials are norm‐conserving ab initio potentials, whereas the
following requirements should by satisfied between the all-electron and the respective pseudo
wave functions[4,18]

①

Their eigenvalues agree for the chosen atomic reference configuration

②

The wave functions agree beyond a chosen core radius rc

③

Their logarithmic derivatives agree at r >rc

④

Additionally, the first derivatives of their energies agree at r >rc

⑤

The integrals from 0 to r of their charge densities agree for r >rc (norm conservation)
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The assessment of how good a certain pseudopotential performs should further not be tied to
its agreement with experimental data but rather to its reproduction of accurate all‐electron
calculations.[19] Plain norm-conserving pseudopotentials however still require core corrections
in order to properly treat the interactions between core and valence charge densities. A
deficiency that could be overcome by the development of the projector-augmented wave
method.[19,20,21]
The

projector

augmented-wave

(PAW)

method

established

a

generalization

of

the

pseudopotential and linear augmented-plane-wave method. Unlike the pseudopotential
method, which is not an all-electron method, the PAW method provides a way to reconstruct
the all-electron valence wave function from pseudo wave functions according to

|𝛹𝛹𝑛𝑛𝐴𝐴𝐴𝐴 〉 = |𝛹𝛹𝑛𝑛𝑃𝑃𝑃𝑃 〉 + ���𝜙𝜙𝑖𝑖𝐴𝐴𝐴𝐴 〉 − �𝜙𝜙𝑖𝑖𝑃𝑃𝑃𝑃 〉�〈𝑝𝑝𝑖𝑖𝑃𝑃𝑃𝑃 |𝛹𝛹𝑛𝑛𝑃𝑃𝑃𝑃 〉
𝑖𝑖

(26)

where 𝛹𝛹𝑛𝑛𝐴𝐴𝐴𝐴 is the all-electron wave function (i.e. a full one-electron Kohn Sham wave function),

𝛹𝛹𝑛𝑛𝑃𝑃𝑃𝑃 a pseudo wave function and 𝜙𝜙𝑖𝑖 the corresponding partial waves and p are projector

functions (exactly one for each partial wave).

In a similar way to the wave function it can be shown that the charge density can likewise be
decomposed. Lastly, the electronic total energy can be obtained as

𝐸𝐸 = 𝐸𝐸 𝑃𝑃𝑃𝑃 − 𝐸𝐸𝑃𝑃𝑃𝑃,1 + 𝐸𝐸 𝐴𝐴𝐴𝐴,1

(27)

where 𝐸𝐸𝑃𝑃𝑃𝑃,1 and 𝐸𝐸 𝐴𝐴𝐴𝐴,1 describe one-center contributions and each term comprises the
contributions of kinetic, Hartree and exchange-correlation.[19,20] Strictly speaking the PAW

method is not an all-electron method itself as it is based on the frozen core approximation,
which is however legitimate for the plurality of properties in solids.[19]

It is due to this fact and the overall benefits PAWs provide computationally, that nowadays a
plurality of quantum chemical programs utilize pseudopotentials along with the PAW method
for the calculation of electronic and materials properties.

2.3 The Korringa-Kohn-Rostoker Green's Function Method
The Korringa-Kohn-Rostoker Green's function method (KKR-GF) is an alternative approach to
solve the Kohn-Sham equation in terms of the single-particle Green Function, instead of
conventional Kohn-Sham eigenfunctions and eigenvalues, in order to calculate the accurate
ground state energy.[22,23] Its formalism is based on the multiple scattering theory (MST),
drawing its name from Korringa, together with Kohn and Rostoker, who independently
suggested the use of MST in 1947 and 1954.[24,25]
Instead of solving the Schrödinger equation the KKR-GF method aims at solving the Green's
operator introduced as

𝐺𝐺(𝑧𝑧) = (𝑧𝑧 − 𝐻𝐻)−1 ,
25

(28)
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where 𝐺𝐺(𝑧𝑧) and 𝐻𝐻 have the same eigenfunctions and the eigenvalues of

𝐻𝐻 are the poles of

𝐺𝐺(𝑧𝑧), thus, solving for the latter will give the solutions for the Schrödinger equation.[22,23] The
subsequent problem of 𝐺𝐺(𝑧𝑧) is, however, that it is not defined for the eigenvalues of 𝐻𝐻. Hence,

in a redefinition of the Green's operator the eigenvalues of 𝐻𝐻 are approached from

above (+ solution) and from below (− solution)[23]

𝐺𝐺 ± (𝑧𝑧) = lim+(𝑧𝑧 − 𝐻𝐻 ± 𝜀𝜀)−1 .

(29)

𝜀𝜀→0

The propagation of the electron waves between the atomic potentials (scattering centers) is
accordingly, described by the free-electron Green's functions 𝐺𝐺 0 (𝑟𝑟⃗, 𝑟𝑟⃗′, 𝐸𝐸).[22]

Using the Dyson equation within the KKR-GF method allows the treatment of the Green's
function (GF) for a perturbed system in relation to an unperturbed reference system. As a result
the KKR-GF method allows to treat systems without the restriction of Bloch symmetry such as
two‐dimensional periodic systems, impurity clusters or disordered systems.[22]

The central idea of MST lies in the decomposition of the electronic motion within a given
system, for example in a solid material, into a scattering at atomic sites and regions of freeelectron propagation in the interstitial regions. In a first step, the individual scattering processes
can be expressed as single site scattering of an electron at a single spherical atomic potential 𝑉𝑉
according to the reduced Schrödinger equation[23]

[𝑘𝑘 2 + ∇2 − 𝑉𝑉(𝑟𝑟⃗)]Ψ𝑘𝑘 = 0 .

(30)

Considering the incoming electron wave function as a plane wave ψ𝑖𝑖𝑖𝑖𝑖𝑖 (𝑟𝑟⃗) = 𝐴𝐴𝑒𝑒 𝑖𝑖𝑖𝑖𝑖𝑖 scattered by

the potentialV and exiting as radial wave ψ𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 (𝑟𝑟⃗) = 𝑓𝑓𝑘𝑘 (𝜃𝜃)
be expressed as

𝑒𝑒 𝑖𝑖𝑖𝑖𝑖𝑖
�⃗
𝑟𝑟

the asymptotic form of

𝑒𝑒 𝑖𝑖𝑖𝑖𝑖𝑖
𝑖𝑖𝑖𝑖𝑖𝑖
(𝑟𝑟
(𝑟𝑟
(𝑟𝑟
(𝜃𝜃)
ψ𝑖𝑖𝑖𝑖𝑖𝑖 ⃗) + ψ𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 ⃗) = ψ𝑘𝑘 ⃗) ����������������⃗
�,
𝑟𝑟⃗ → +∞ 𝐴𝐴 �𝑒𝑒 + 𝑓𝑓�⃗𝑘𝑘
𝑟𝑟⃗

Ψ𝑘𝑘 can
(31)

where 𝑓𝑓�⃗𝑘𝑘 (𝜃𝜃) is denoted as scattering amplitude or scattering factor.[23]
The numerically determined solutions of the radial Schrödinger equation in the atomic regions

are dependent on the energy and angular momentum ℓ. This ℓ-dependence of the partial wave

expansions for the radial wave function means that the KKR method is effectively a minimal

basis-set method, depending on the chosen ℓ𝑚𝑚𝑚𝑚𝑚𝑚 .[22] The central result of the single-site
scattering process is the so called single-site scattering t-matrix 𝑡𝑡𝑙𝑙 (𝐸𝐸) which, loosely speaking,
represents the phase shift between ψ𝑖𝑖𝑖𝑖𝑖𝑖 (𝑟𝑟⃗) and ψ𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 (𝑟𝑟⃗). Within MST the individual scattering

processes, or their partial wave functions 𝑅𝑅𝑙𝑙 (𝑟𝑟, 𝐸𝐸), can be effectively represented by a single-site
scattering by t-matrix 𝑡𝑡𝑙𝑙 (𝐸𝐸).[22]

After successfully solving the single-site scattering problem the inclusion of all scatterers
(atoms in the solid) is done by MST, describing the full propagation of the electron movement
throughout the crystal. This in turn represents the full solution of the Kohn-Sham equations.

In practice modern KKR-GF methods solve of the Dyson equation with the help of
26
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reformulations of an additional transition operator 𝑇𝑇 representing the entire multiple scattering

of all the single-site scattering processes 𝑡𝑡̅𝑖𝑖 . 𝑇𝑇 is then best described using the scattering path
operator 𝜏𝜏 𝑗𝑗𝑗𝑗 introduced by Györffy and Stott[22,26–28] which describes the possible travel paths of

an electron from 𝑖𝑖 to 𝑗𝑗, comprising corrections to distortions of 𝑡𝑡𝑖𝑖̅ due to all atomic sites present
in the system.

The solution of 𝜏𝜏 𝑗𝑗𝑗𝑗 can then be obtained by matrix inversion

−1
𝜏𝜏(𝐸𝐸) = �𝑡𝑡(𝐸𝐸)
− 𝐺𝐺0 (𝐸𝐸)�
�����������

−1

𝑀𝑀

,

(32)

with 𝑀𝑀 as the real-space KKR matrix (restricted in size by the cut-off ℓ𝑚𝑚𝑚𝑚𝑚𝑚 ), the inversion of
which is usually takes the most effort in the solution of the multiple scattering problem.[22]

In conclusion the part relating to multiple scattering within the modern KKR-GF approach can
be comprised in the scheme:[23]

𝐻𝐻 ������������ 𝐺𝐺 ������������ 𝑇𝑇 �������������
𝜏𝜏 𝑗𝑗𝑗𝑗
𝑗𝑗𝑗𝑗
𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝑜𝑜𝑜𝑜 𝐺𝐺

𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒

𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝑜𝑜𝑜𝑜 𝜏𝜏

Beginning from the early non-relativistic treatment modern developments of the KKR-GF
method have further led to various improvements up to the relativistic case.[23,29–37]
2.3.1 The Coherent Potential Approximation
In order to treat atomic (or analogues also magnetic) disorder effects in solids where
crystallographic sites are statistically occupied by two (or more) elements, the coherent
potential approximation (CPA) represents the most adequate theory among single-site alloy
theories (ignoring short-range ordering). Many standard DFT programs, which utilize
pseudopotentials for example, can typically only treat disorder by means of adequately sized
supercells in order to approximate the statistical disorder observed from experimental X-ray
diffraction. The KKR-GF together with the CPA on the other hand enables the treatment of
disorder based on the normal sized unit cell in terms of a weighted configurational average
over two hypothetically ordered mediums described by the scattering-path operator 𝜏𝜏 𝑗𝑗𝑗𝑗 .

A hypothetical disordered binary solid AxB1−x is henceforth, described by the CPA condition
determined by the CPAs scattering-path operator

𝜏𝜏 𝐶𝐶𝐶𝐶𝐶𝐶 = 𝑥𝑥𝐴𝐴 𝜏𝜏 𝐴𝐴 + 𝑥𝑥𝐵𝐵 𝜏𝜏 𝐵𝐵

with the site-diagonal component-projected scattering path operator 𝜏𝜏 𝐴𝐴 (respectively 𝜏𝜏 𝐵𝐵 )

𝜏𝜏 𝐴𝐴 = 𝜏𝜏 𝐶𝐶𝐶𝐶𝐶𝐶 �1 + �𝑡𝑡 𝐴𝐴

−1

− 𝑡𝑡 𝐶𝐶𝐶𝐶𝐶𝐶

−1

� 𝜏𝜏 𝐶𝐶𝐶𝐶𝐶𝐶 �

−1

.

A simplified illustration of the CPA-scheme regarding is further given in Figure 2.1.
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(33)
(34)
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Figure 2.1 Illustration of the construction of the CPA potential. The real disordered alloy is
represented by an effective coherent potential shown on the right. In this potential the statistically
disordered atoms (red, green) are embedded assuming no induced changes in the surrounding
potential (blue), hence ignoring local short‐range disturbances. Illustration adapted from Ref. [23].

Both equations for 𝜏𝜏 𝐴𝐴 and 𝜏𝜏 𝐶𝐶𝐶𝐶𝐶𝐶 have to be solved iteratively and self-consistently together with
the single-site 𝑡𝑡-matrices 𝑡𝑡 𝐴𝐴 and 𝑡𝑡 𝐶𝐶𝐶𝐶𝐶𝐶 where on usually starts from an initial starting guess for

𝐶𝐶𝐶𝐶𝐶𝐶 [22,23,38]
𝑡𝑡 𝐶𝐶𝐶𝐶𝐶𝐶 in terms of weighted single-site 𝑡𝑡-matrices e.g. 𝑡𝑡 𝐴𝐴𝐴𝐴𝐴𝐴 = 𝑥𝑥𝐴𝐴 𝑡𝑡 𝐴𝐴 + 𝑥𝑥𝐵𝐵 𝑡𝑡 𝐵𝐵 = 𝑡𝑡𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
.
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Unless indicated otherwise, in order to provide an understanding of the descriptions of
elasticity in polycrystalline materials, this section provides a fundamental abridgment along
with expressions given in reference [39] in which more detailed derivations and background
information are presented.
In order to derive elastic constants and respective strain tensors the linear theory of elasticity is
employed which only relies on small deformations within an isotropic material. This allows for
dropping the distinction between undeformed and deformed configurations of a material,
which would differ significantly for large deformations. A general deformation is thus, described
by the respective displacement of two neighboring points P0 and P1. The displacement of each
point is specified by two displacement vectors u0 and u1 respectively. The relative change in
distance between P0 and P1 is then accounted by ∆𝑟𝑟 = 𝑟𝑟 − 𝑟𝑟′ where r and r′ denote the vectors

connecting both Points before and after their respective displacements.

Since the components of r are small u can be expressed by a discontinued Taylor series around

P0 without accounting for higher-order terms, leading to the relation

𝑢𝑢1 = 𝑢𝑢0 +

𝜕𝜕𝑢𝑢1
𝜕𝜕𝑢𝑢1
𝜕𝜕𝑢𝑢1
𝑟𝑟𝑥𝑥 +
𝑟𝑟𝑦𝑦 +
𝑟𝑟
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕 𝑧𝑧

𝑤𝑤1 = 𝑤𝑤0 +

𝜕𝜕𝑤𝑤1
𝜕𝜕𝑤𝑤1
𝜕𝜕𝑤𝑤1
𝑟𝑟𝑥𝑥 +
𝑟𝑟𝑦𝑦 +
𝑟𝑟
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕 𝑧𝑧

𝑣𝑣1 = 𝑣𝑣0 +

𝜕𝜕𝑣𝑣1
𝜕𝜕𝑣𝑣1
𝜕𝜕𝑣𝑣1
𝑟𝑟𝑥𝑥 +
𝑟𝑟𝑦𝑦 +
𝑟𝑟
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕 𝑧𝑧

∆𝑟𝑟=𝑟𝑟−𝑟𝑟 ′ =u 1 −u 0

∆𝑟𝑟𝑥𝑥 =

𝜕𝜕𝑢𝑢1
𝜕𝜕𝑢𝑢1
𝜕𝜕𝑢𝑢1
𝑟𝑟𝑥𝑥 +
𝑟𝑟𝑦𝑦 +
𝑟𝑟
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕 𝑧𝑧

∆𝑟𝑟𝑧𝑧 =

𝜕𝜕𝑤𝑤1
𝜕𝜕𝑤𝑤1
𝜕𝜕𝑤𝑤1
𝑟𝑟𝑥𝑥 +
𝑟𝑟𝑦𝑦 +
𝑟𝑟
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕 𝑧𝑧

�⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯� ∆𝑟𝑟𝑦𝑦 =
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𝜕𝜕𝑣𝑣1
𝜕𝜕𝑣𝑣1
𝜕𝜕𝑣𝑣1
𝑟𝑟𝑥𝑥 +
𝑟𝑟𝑦𝑦 +
𝑟𝑟
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕 𝑧𝑧
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written as ∆𝑟𝑟𝑖𝑖 = 𝑢𝑢𝑖𝑖,𝑗𝑗 𝑟𝑟𝑗𝑗 in index notation where

⎡ 𝜕𝜕𝜕𝜕
⎢ 𝜕𝜕𝜕𝜕
⎢ 𝜕𝜕𝜕𝜕
𝑢𝑢𝑖𝑖,𝑗𝑗 = ⎢
𝜕𝜕𝜕𝜕
⎢ 𝜕𝜕𝜕𝜕
⎢
⎣ 𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕 ⎤
𝜕𝜕𝜕𝜕 ⎥
𝜕𝜕𝜕𝜕 ⎥

(35)

𝜕𝜕𝜕𝜕 ⎥
𝜕𝜕𝜕𝜕 ⎥

⎥

𝜕𝜕𝜕𝜕 ⎦

equals the displacement gradient tensor. The latter can further be split into its symmetric and
anti-symmetric parts

𝑢𝑢𝑖𝑖,𝑗𝑗 𝑟𝑟𝑗𝑗 = 𝜀𝜀𝑖𝑖𝑖𝑖 + Ω𝑖𝑖𝑖𝑖 =

1
1
�𝑢𝑢𝑖𝑖,𝑗𝑗 + 𝑢𝑢𝑗𝑗 ,𝑖𝑖 � + �𝑢𝑢𝑖𝑖,𝑗𝑗 − 𝑢𝑢𝑗𝑗 ,𝑖𝑖 � ,
��
���������
2 ������� 2
𝜀𝜀 𝑖𝑖𝑖𝑖

(36)

Ω 𝑖𝑖𝑖𝑖

where 𝜀𝜀𝑖𝑖𝑖𝑖 denotes the symmetric strain tensor and Ω𝑖𝑖𝑖𝑖 the rotation tensor.

The symmetric second-order strain tensor 𝜀𝜀𝑖𝑖𝑖𝑖 = 𝜀𝜀𝑗𝑗𝑗𝑗 is more commonly expressed in its matrix
form

where 𝜀𝜀𝑥𝑥 =

𝜕𝜕𝜕𝜕
,
𝜕𝜕𝜕𝜕

𝜀𝜀𝑦𝑦 =

𝜕𝜕𝜕𝜕
,
𝜕𝜕𝜕𝜕

𝜀𝜀𝑧𝑧 =

𝜀𝜀𝑥𝑥𝑥𝑥
𝜀𝜀𝑦𝑦
𝜀𝜀𝑦𝑦𝑦𝑦

𝜀𝜀𝑥𝑥
𝜀𝜀𝑖𝑖𝑖𝑖 = [𝜀𝜀] = � 𝜀𝜀𝑥𝑥𝑥𝑥
𝜀𝜀𝑥𝑥𝑥𝑥

𝜕𝜕𝜕𝜕
,
𝜕𝜕𝜕𝜕

1 𝜕𝜕𝜕𝜕
2 𝜕𝜕𝜕𝜕

𝜀𝜀𝑦𝑦𝑦𝑦 = �

+

𝜕𝜕𝜕𝜕
�,
𝜕𝜕𝜕𝜕

𝜀𝜀𝑥𝑥𝑥𝑥
𝜀𝜀𝑦𝑦𝑦𝑦 �,
𝜀𝜀𝑧𝑧
1 𝜕𝜕𝜕𝜕
2 𝜕𝜕𝜕𝜕

𝜀𝜀𝑦𝑦𝑦𝑦 = �

+

(37)
𝜕𝜕𝜕𝜕
� , 𝜀𝜀𝑥𝑥𝑥𝑥
𝜕𝜕𝜕𝜕

1 𝜕𝜕𝜕𝜕
2 𝜕𝜕𝜕𝜕

= �

+

𝜕𝜕𝜕𝜕
�.
𝜕𝜕𝜕𝜕

Strain as defined is however only a description for the different deformations while from a
materials science point of view we are interested in the behavior of a material upon
deformation, that is, upon exerting a force onto it.
Consequently, one can start so define a stress vector

of the surface force

∆𝐹𝐹
∆𝐴𝐴→0 ∆𝐴𝐴

Τ𝑁𝑁 (𝑥𝑥, 𝑁𝑁) = lim

∆𝐹𝐹 acting on a small surface ∆𝐴𝐴 with normal vector N.

(38)

The stress vector can also be expressed for a three-dimensional object with unit vectors

𝑒𝑒1 , 𝑒𝑒2 , 𝑒𝑒3 as

Τ𝑁𝑁 (𝑥𝑥, 𝑁𝑁 = 𝑒𝑒1 ) = 𝜎𝜎𝑥𝑥 𝑒𝑒1 + 𝜏𝜏𝑥𝑥𝑥𝑥 𝑒𝑒2 + 𝜏𝜏𝑥𝑥𝑥𝑥 𝑒𝑒3

Τ𝑁𝑁 (𝑥𝑥, 𝑁𝑁 = 𝑒𝑒2 ) = 𝜏𝜏𝑦𝑦𝑦𝑦 𝑒𝑒1 + 𝜎𝜎𝑦𝑦 𝑒𝑒2 + 𝜏𝜏𝑦𝑦𝑦𝑦 𝑒𝑒3
Τ𝑁𝑁 (𝑥𝑥, 𝑁𝑁 = 𝑒𝑒1 ) = 𝜏𝜏𝑧𝑧𝑧𝑧 𝑒𝑒1 + 𝜏𝜏𝑧𝑧𝑧𝑧 𝑒𝑒2 + 𝜎𝜎𝑧𝑧 𝑒𝑒3
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(39)
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Figure 2.2 Illustrative stress components acting on a three-dimensional cubic body within a righthanded coordinate system, adapted from Ref. [39].

where 𝜎𝜎 and 𝜏𝜏 represent the 9 stress components (𝜎𝜎𝑖𝑖𝑖𝑖 normal stresses; 𝜏𝜏𝑖𝑖𝑖𝑖 shearing stresses) as
illustrated in Figure 2.2. In analogy to the strain tensor, the stress tensor comprising those

components can be written as

2.4.1 Linear Elasticity

𝜎𝜎𝑥𝑥
𝜎𝜎𝑖𝑖𝑖𝑖 = [𝜎𝜎] = � 𝜏𝜏𝑥𝑥𝑥𝑥
𝜏𝜏𝑥𝑥𝑥𝑥

𝜏𝜏𝑥𝑥𝑥𝑥
𝜎𝜎𝑦𝑦
𝜏𝜏𝑦𝑦𝑦𝑦

𝜏𝜏𝑥𝑥𝑥𝑥
𝜏𝜏𝑦𝑦𝑦𝑦 �.
𝜎𝜎𝑧𝑧

(40)

For the treatment of small deformations, a reasonable approximation to describe material
behavior under stress is the assumption that the stress resulting from small deformations
(one‐dimensionally) behaves linearly according to

𝜎𝜎 = ℒ𝜀𝜀 ,

(41)

with ℒ denoting the linear strain-stress curve. Within such small deformations the material

returns to its original shape after the force is removed and only after reaching its elastic limit
non-elastic deformations begin.

Following the assumption of linear elasticity for the three-dimensional case, the stress
components 𝜎𝜎𝑖𝑖𝑖𝑖 can be connected to the strain components 𝜀𝜀𝑖𝑖𝑖𝑖 as

𝜎𝜎𝑥𝑥 = 𝐶𝐶11 𝜀𝜀𝑥𝑥 + 𝐶𝐶12 𝜀𝜀𝑦𝑦 + 𝐶𝐶13 𝜀𝜀𝑧𝑧 + 2𝐶𝐶14 𝜀𝜀𝑥𝑥𝑥𝑥 + 2𝐶𝐶15 𝜀𝜀𝑦𝑦𝑦𝑦 + 2𝐶𝐶16 𝜀𝜀𝑧𝑧𝑧𝑧

𝜎𝜎𝑦𝑦 = 𝐶𝐶21 𝜀𝜀𝑥𝑥 + 𝐶𝐶22 𝜀𝜀𝑦𝑦 + 𝐶𝐶23 𝜀𝜀𝑧𝑧 + 2𝐶𝐶24 𝜀𝜀𝑥𝑥𝑥𝑥 + 2𝐶𝐶25 𝜀𝜀𝑦𝑦𝑦𝑦 + 2𝐶𝐶26 𝜀𝜀𝑧𝑧𝑧𝑧
𝜎𝜎𝑧𝑧 = 𝐶𝐶31 𝜀𝜀𝑥𝑥 + 𝐶𝐶32 𝜀𝜀𝑦𝑦 + 𝐶𝐶33 𝜀𝜀𝑧𝑧 + 2𝐶𝐶34 𝜀𝜀𝑥𝑥𝑥𝑥 + 2𝐶𝐶35 𝜀𝜀𝑦𝑦𝑦𝑦 + 2𝐶𝐶36 𝜀𝜀𝑧𝑧𝑧𝑧

𝜏𝜏𝑥𝑥𝑦𝑦 = 𝐶𝐶41 𝜀𝜀𝑥𝑥 + 𝐶𝐶42 𝜀𝜀𝑦𝑦 + 𝐶𝐶43 𝜀𝜀𝑧𝑧 + 2𝐶𝐶44 𝜀𝜀𝑥𝑥𝑥𝑥 + 2𝐶𝐶45 𝜀𝜀𝑦𝑦𝑦𝑦 + 2𝐶𝐶46 𝜀𝜀𝑧𝑧𝑧𝑧
𝜏𝜏𝑦𝑦𝑦𝑦 = 𝐶𝐶51 𝜀𝜀𝑥𝑥 + 𝐶𝐶52 𝜀𝜀𝑦𝑦 + 𝐶𝐶53 𝜀𝜀𝑧𝑧 + 2𝐶𝐶54 𝜀𝜀𝑥𝑥𝑥𝑥 + 2𝐶𝐶55 𝜀𝜀𝑦𝑦𝑦𝑦 + 2𝐶𝐶56 𝜀𝜀𝑧𝑧𝑧𝑧
𝜏𝜏𝑧𝑧𝑧𝑧 = 𝐶𝐶61 𝜀𝜀𝑥𝑥 + 𝐶𝐶62 𝜀𝜀𝑦𝑦 + 𝐶𝐶63 𝜀𝜀𝑧𝑧 + 2𝐶𝐶64 𝜀𝜀𝑥𝑥𝑥𝑥 + 2𝐶𝐶65 𝜀𝜀𝑦𝑦𝑦𝑦 + 2𝐶𝐶66 𝜀𝜀𝑧𝑧𝑧𝑧
30
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which can be comprised in standard tensor notation corresponding to a generalization of
Hooke's Law for linear elasticity[1,39]

𝜎𝜎𝑖𝑖𝑖𝑖 = 𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝜀𝜀𝑘𝑘𝑘𝑘 .

(42)

𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 is a fourth-order elasticity tensor generally composed of 81 components. Due to the

symmetry relations 𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = 𝐶𝐶𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗 = 𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 the number reduces to 36 components so that 𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 is
typically, expressed as the elastic stiffness moduli 𝐶𝐶𝑖𝑖𝑖𝑖 via

𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = 𝐶𝐶𝑖𝑖𝑖𝑖

where one associates[40]

(43)

𝑥𝑥𝑥𝑥 → 1; 𝑦𝑦𝑦𝑦 → 2; 𝑧𝑧𝑧𝑧 → 3; 𝑦𝑦𝑦𝑦 → 4; 𝑧𝑧𝑧𝑧 → 5; 𝑥𝑥𝑥𝑥 → 6

to the indices, i.e. 𝐶𝐶𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥 → 𝐶𝐶11 and so on.

Comprising the equations of the stress components using the symmetry relations in matrix
format one arrives at

𝜎𝜎
⎡ 𝑥𝑥
⎢ 𝜎𝜎𝑦𝑦
⎢ 𝜎𝜎𝑧𝑧
⎢ 𝜏𝜏𝑥𝑥𝑥𝑥
⎢
𝜏𝜏
⎢ 𝑦𝑦𝑦𝑦
⎣ 𝜏𝜏𝑧𝑧𝑧𝑧

⎤
⎥
⎥
⎥=
⎥
⎥
⎦

⎡ 𝐶𝐶11
⎢ 𝐶𝐶21
⎢
⎢ ⋮
⎢
⎢
⎣ 𝐶𝐶61

𝐶𝐶12
𝐶𝐶22

𝐶𝐶33

…
𝐶𝐶44
…

𝐶𝐶55
𝐶𝐶65

𝐶𝐶16 ⎤
⎥
⋮ ⎥
⎥
⎥
𝐶𝐶56
⎥
𝐶𝐶66 ⎦

𝜀𝜀
⎡ 𝑥𝑥
⎢ 𝜀𝜀𝑦𝑦
⎢ 𝜀𝜀𝑧𝑧
⎢ 2𝜀𝜀𝑥𝑥𝑥𝑥
⎢ 2𝜀𝜀
⎢ 𝑦𝑦𝑦𝑦
⎣ 2𝜀𝜀𝑧𝑧𝑧𝑧

⎤
⎥
⎥
⎥.
⎥
⎥
⎦

(44)

It can further be shown that 𝐶𝐶𝑖𝑖𝑖𝑖 = 𝐶𝐶𝑗𝑗𝑗𝑗 thus, reducing the number of elements effectively needed
to 21 independent elastic constants:

⎡ 𝐶𝐶11
⎢
⎢
𝐶𝐶𝑖𝑖𝑖𝑖 = ⎢
⎢
⎢
⎣

𝐶𝐶12
𝐶𝐶22

𝐶𝐶13
𝐶𝐶23
𝐶𝐶33

𝐶𝐶14
𝐶𝐶24
𝐶𝐶34
𝐶𝐶44

𝐶𝐶15
𝐶𝐶25
𝐶𝐶35
𝐶𝐶45
𝐶𝐶55

𝐶𝐶16 ⎤
𝐶𝐶26 ⎥
𝐶𝐶36 ⎥
.
𝐶𝐶46 ⎥
⎥
𝐶𝐶56
⎥
𝐶𝐶66 ⎦

(45)

Depending on the symmetry of the crystal, it is further possible to reduce the number of
independent constants as seen from Table 2.1.
A suitable approach to calculate the elastic constants at equilibrium volumes for single-crystals
from ab inito DFT calculations, is thus to apply a set of strains, i.e. deformations, by introducing
six finite distortions to the lattice. The elastic constants 𝐶𝐶𝑖𝑖𝑖𝑖 are subsequently derived from the
corresponding stress‐strain relationships.[41,42]
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Table 2.1 Number of independent elastic constants 𝐶𝐶𝑖𝑖𝑖𝑖 according to Ref. [40]
Crystal System

Point Group

Elastic Constants

Triclinic

all

21

Monoclinic

all

13

Orthorhombic

all

9

C4, C4h, S4

7

C4v, D4, D4h, D2d

6

C3, S6

7

D3v, D3, D3d

6

Hexagonal

all

5

Cubic

all

3

Tetragonal
Rhombohedral

While single-crystals are per se anisotropic, and exhibit varying material properties along
different directions, for the majority of polycrystalline macroscopic composites (with
randomized crystal orientations) quasi-isotropic elastic behavior can be assumed. The elasticity
of a macroscopic material is thus, typically expressed in terms of different material constants i.e.
polycrystalline elastic moduli, such as the bulk modulus B (compressibility), the shear modulus
G (rigidity) or Young's modulus Y (stiffness). In literature the latter are often also termed
(k, μ and Ε ). Further constants are Poisson's ratio ν and Lamé's constant λ.
Table 2.2 Elastic relations for isotropic materials: Y = Young's modulus, ν = Poisson's ratio, B = bulk
modulus, G = shear modulus, λ = Lamé's constant. Adapted from Ref. [39]

Y

ν

Y, ν

Y

ν

Y, B

Y

3𝐵𝐵 − 𝑌𝑌

Y, G

Y

Y, λ

Y

ν, B

3𝐵𝐵(1 − 2𝜈𝜈)

ν, G
ν, λ
B, G

2𝐺𝐺(1 + 𝜈𝜈)

𝜆𝜆(1 + 𝜈𝜈)(1 − 2𝜈𝜈)
𝜈𝜈
9𝐵𝐵𝐵𝐵

3𝐵𝐵 + 𝐺𝐺

B, λ
G, λ

9𝐵𝐵(𝐵𝐵 − 𝜆𝜆)
3𝐵𝐵 − 𝜆𝜆

𝐺𝐺(3𝜆𝜆 + 2𝐺𝐺)

𝑅𝑅 = �𝑌𝑌 2 + 9𝜆𝜆2 + 2𝑌𝑌𝜆𝜆

𝜆𝜆 + 𝐺𝐺

B
𝑌𝑌

3(1 − 2𝜈𝜈)

B

6𝐵𝐵

𝑌𝑌 − 2𝐺𝐺

𝐺𝐺𝐺𝐺

2𝐺𝐺

3(3𝐺𝐺 − 𝑌𝑌)

2𝜆𝜆

𝑌𝑌 + 3𝜆𝜆 + 𝑅𝑅

ν

B

ν

2𝐺𝐺(1 + 𝜈𝜈)

6

𝑌𝑌 + 𝜆𝜆 + 𝑅𝑅

3(1 − 2𝜈𝜈
𝜆𝜆(1 + 𝜈𝜈)

ν

3𝜈𝜈

3𝐵𝐵 − 2𝐺𝐺

B

6𝐵𝐵 + 2𝐺𝐺
𝜆𝜆

B

3𝐵𝐵 − 𝜆𝜆
𝜆𝜆

3𝜆𝜆 + 2𝐺𝐺

2(𝜆𝜆 + 𝐺𝐺)

3
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G
𝑌𝑌

λ
𝑌𝑌𝜈𝜈

2(1 + 𝜈𝜈)

(1 + 𝜈𝜈)(1 − 2𝜈𝜈)

G

𝐺𝐺(𝑌𝑌 − 2𝐺𝐺)

3𝐵𝐵𝐵𝐵

9𝐵𝐵 − 𝑌𝑌

𝑌𝑌 − 3𝜆𝜆 + 𝑅𝑅
4

3𝐵𝐵(1 − 2𝜈𝜈)
2(1 + 𝜈𝜈)

G

𝜆𝜆(1 − 2𝜈𝜈)
2𝜈𝜈

G

3
2

(𝐵𝐵 − 𝜆𝜆)

G

3𝐵𝐵(3𝐵𝐵 − 𝑌𝑌)
9𝐵𝐵 − 𝑌𝑌
3𝐺𝐺 − 𝑌𝑌

λ

3𝐵𝐵𝐵𝐵

1 + 𝜈𝜈
2𝐺𝐺𝐺𝐺

1 − 2𝜈𝜈

λ

3
𝐵𝐵 − 𝐺𝐺
2

λ
λ
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Assuming isotropic behavior only two constants are needed to express the others according to
Table 2.2. In turn, the isotropic polycrystalline Bulk and Shear moduli, for example, can then be
approximated from the anisotropic elastic constants 𝐶𝐶𝑖𝑖𝑖𝑖 of the single crystal. However, in a

polycrystalline material the strain and stress may not be completely uniform. As a result B and

G are found to lie in-between a lower bound, this is the Reuss approximation assuming uniform

stress, and an upper bound derived from the Voigt approximation assuming uniform strain.[43,44]
Voigt calculates B and G accordingly from the elastic constants

𝐺𝐺 𝑉𝑉 =

𝐵𝐵 𝑉𝑉 =

(𝐶𝐶11 + 𝐶𝐶22 + 𝐶𝐶33 ) + 2(𝐶𝐶12 + 𝐶𝐶23 + 𝐶𝐶31 )
9

(𝐶𝐶11 + 𝐶𝐶22 + 𝐶𝐶33 ) − (𝐶𝐶12 + 𝐶𝐶23 + 𝐶𝐶31 ) + 3(𝐶𝐶44 + 𝐶𝐶55 + 𝐶𝐶66 )
15

−1
and Reuss uses the compliance constants 𝑆𝑆𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = 𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

𝐺𝐺 𝑅𝑅 =

𝐵𝐵 𝑅𝑅 =

1
(𝑆𝑆11 + 𝑆𝑆22 + 𝑆𝑆33 ) + 2(𝑆𝑆12 + 𝑆𝑆23 + 𝑆𝑆31 )

15
.
4(𝑆𝑆11 + 𝑆𝑆22 + 𝑆𝑆33 ) − 4(𝑆𝑆12 + 𝑆𝑆23 + 𝑆𝑆31 ) + 3(𝑆𝑆44 + 𝑆𝑆55 + 𝑆𝑆66 )

Hill proved the validity of both approaches as the respective upper and lower bounds, and
suggested to take the arithmetic mean of both approaches as means of an empirical
approximation,[45] commonly termed the Voigt-Reuss-Hill approximation:

𝐵𝐵

𝑉𝑉𝑉𝑉𝑉𝑉

𝐵𝐵 𝑉𝑉 + 𝐵𝐵 𝑅𝑅
=
2

𝐺𝐺
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𝑉𝑉𝑉𝑉𝑉𝑉

𝐺𝐺 𝑉𝑉 + 𝐺𝐺 𝑅𝑅
=
.
2
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Abstract

We

report

on

the

structure

and

properties of the lithium oxonitridosilicate oxide
Li4Sr4[Si4O4N6]O:Eu2+ obtained from solid-state
metathesis. The crystal structure was solved and
refined from single-crystal X-ray data in the space
group P42/nmc (no. 137) [Z = 2, a = 7.4833(6),

c = 9.8365(9) Å,

and

R1(obs) = 0.0477].

structure of Li4Sr4[Si4O4N6

]O:Eu2+

The

is built up from

a layered 2D network of SiN3O tetrahedra and
exhibits stacking disorder. The results are supported by transmission electron microscopy and
energy-dispersive X-ray spectroscopy as well as lattice energy, charge distribution, and density
functional theory (DFT) calculations. Optical measurements suggest an indirect band gap of
about 3.6 eV, while DFT calculations on a model free of stacking faults yield a theoretical
electronic band gap of 4.4 eV. Samples doped with Eu2+ exhibit luminescence in the orange
spectral range (λem ≈ 625 nm; full width at half-maximum ≈ 4164 cm−1; internal quantum
efficiency at room temperature = 24%), extending the broad field of phosphor materials
research toward the sparsely investigated materials class of lithium oxonitridosilicate oxides.

3.1 Introduction
The increase of the complexity with regard to the elemental and structural compositions of
nitride phosphor materials has recently led to unexpected multinary phosphors like
Li38.7RE3.3Ca5.7[Li2Si30N59]O2F:Ce3+ (RE = La, Ce, Y).[1] This process forebodes the importance of
extending fundamental research toward similar complex systems by offering a number of
tunable set screws in terms of composition and structural phenomena, which, in turn, can
influence the materials properties. However, because of the difficulty of targeted synthesis
toward phosphor materials from scratch, it ever so often resembles a roll of the dice. This is
partly because of a number of competing reactions and possible thermodynamic sinks. This
makes it difficult to control the synthesis and respective formation conditions of such multinary
component systems, which often leads to microcrystalline samples. However, high-throughput
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screening methods like single-particle diagnosis in combination with transmission electron
microscopy (TEM) can help to facilitate the identification of novel compounds for which
structure
(x =

determination

0.489).[2,3]

is

not

straightforward,

such

as

La24Sr14−7x[Si36N72](O1−xFx)14

The subsequent migration into conventional synthetic optimization strategies,

upon the identification of promising materials, can then be used to optimize bulk synthesis.
With regard to maintaining at least a partially directed synthesis approach, phosphor host
structures such as Li2Ca2[Mg2Si2N6], Ca3Mg[Li2Si2N6], and Ca2Mg[Li4Si2N6] exemplify that formal
substitution of alkaline-earth metals by significantly smaller and lighter cations such as Li
appears promising in order to increase the structural diversity, while maintaining fundamental
structure motifs.[4−6] That is, these compounds can all be considered to be Ca-substituted
variants of Ca5[Si2N6]. Similar analogies are known from Li-substituted garnet-type materials,
which have led to a number of suitable solid electrolytes.[7−9] This coincides with a general trend
to incorporate Li into phosphor host structures because it may function both as a countercation
like in Li2Ca2[Mg2Si2N6] and Ca18.75Li10.5[Al39N55] and as part of the anionic network like in
Sr[LiAl3N4],

Sr4[LiAl11N14],

or

Ca3Mg[Li2Si2N6].[4,5,10−13]

All

of

which

exhibit

interesting

luminescence properties upon Eu2+ or Ce3+ doping with auxiliary examples such as LiSi2N3:Eu2+,
Ba[Li2(Al2Si2)N6]:Eu2+,

and

Ba2LiSi7AlN12:Eu2+

at

hand.[14−16]

Undeniably,

Li-containing

nitridosilicates have attracted a lot of attention in recent years as novel phosphor materials.
With regard to the exploration of new and diverse anionic networks and frameworks, the
extensive study of oxonitridosilicates has further promoted the synthesis of Eu-doped
phosphor

materials such as β-sialon,

RE26Ba6[Si22O19N36]O16 (RE = Y,

Tb).[17−22]

and

the layered materials

(Sr,Ba)Si2O2N2

and

M(Si2O2N2) (M = Ca, Sr, Ba) represents an excellent

example as to how the choice of the cation may further impact the structural properties.
Alterations of layers and metal coordination are introduced upon going from CaSi2O2N2 (P21) to
SrSi2O2N2 (P1) and BaSi2O2N2 (Pbcn), impacting the luminescence properties upon Eu2+ doping.
Concurrently, additional intergrowth occurs upon different mixed occupation ratios on the (Sr,
Ba) site between the latter two.[21,23] Especially for such layered compounds, real structure
phenomena such as stacking disorder and intergrowth can pose major obstructions upon
structure determination in the absence of suitable single crystals or even in the attempted
confirmation of bulk syntheses. Challenges can be successfully tackled by advanced analytical
methods such as aberration-corrected TEM. Next to a detailed elucidation of the latter
compounds by various TEM methods, applications comprise the elucidation of modulated
structures and the differentiation of heavy cations with a roentgenographically similar
Z‐contrast.[3,20,24] In this contribution, we present the synthesis and characterization of the novel
orange luminescent layered lithium oxonitridosilicate oxide Li4Sr4[Si4O4N6]O:Eu2+, extending the
sparse field of lithium oxonitridosilicate compounds. The structure was solved by single-crystal
X-ray diffraction (XRD). TEM investigations confirm the elemental composition and cell metrics
while revealing low-level stacking disorder in the ab plane in both single crystals and bulk
samples. Electronic and mechanical properties were calculated by subsidiary density functional
theory (DFT) calculations. Our study combines different interlocking analytical methods that
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together allow for concluding discussions on the possible impact of real-structure phenomena
on the resulting luminescence properties relevant to future materials design considerations.

3.2 Experimental Section
3.2.1 Synthesis
All synthesis steps were performed in an argon-filled glovebox (Unilab, MBraun, Garching;
O2<1 ppm; H2O<1 ppm) or in flame-dried glassware on a Schlenk line. The screening of
different product mixtures yielded a minority phase of single crystals of Li4Sr3.62Eu0.38[Si4O4N6]O
from reacting a composite mixture of SrF2 (0.17 mmol, 21.7 mg, Sigma-Aldrich, 99.99%),
“Si(NH)2”(0.18 mmol, 10.6 mg), LiN3 (0.38 mmol, 19 mg), Mn (0.84 mmol, 46.4 mg, Alfa Aesar,
99.95%), and EuF3 (0.009 mmol, 1.8 mg, Sigma-Aldrich, 99.99%).[25,26] The ground starting
materials were placed in a Ta ampule, which was supposedly contaminated with traces of O
during welding. The ampule was placed in a tube furnace under vacuum, heated to 950 °C at
5 K min−1, and kept at 950 °C for 32 h before the furnace was turned off. The yellow-to-orange
single crystals were identified out of the heterogeneous product by UV illumination. Following
structure

determination,

Li4Sr4[Si4O4N6

]O:Eu2+.

the

synthesis

was

optimized

to

obtain

bulk

samples

of

Powder samples of Li4Sr4[Si4O4N6]O were synthesized from SrF2

(0.18 mmol, 22.2 mg; Sigma-Aldrich, 99.99%), SrH2 (0.18 mmol, 15.9 mg; Materion, 99.7%), LiN3
(0.363 mmol, 17.8 mg), Li(NH2) (0.206 mmol, 7.6 mg, Sigma-Aldrich, 95%), Li2O (0.45 mmol,
13.56 mg, Schuchardt, 98%), and “Si(NH)2” (0.36 mmol, 21.1 mg). CsI (0.2 mmol, 53 mg,
Chempur, 99.9%) was used as a flux. The starting materials were thoroughly ground in an agate
mortar and filled into a Nb ampule. The ampule was subsequently welded shut and placed in a
tube furnace (type AXIO 10/450, Hüttinger Elektronik, Freiburg, Germany; maximal electrical
output 10 kW), heated under vacuum to 900 °C for 3 h, maintained at that temperature for
32 h, and finally quenched to room temperature by switching off the furnace. The resulting
product was washed with dry ethanol to remove excess CsI. The filter residue yielded a colorless
mixture of variable amounts of LiF, Li2SiN2, and nanocrystalline Li4Sr4[Si4O4N6]O as the majority
phase. The addition of EuF3 during synthesis with a nominal concentration of 1 mol % Eu
related to Sr yielded a powder of Li4Sr4[Si4O4N6]O:Eu2+ with yellow body color. All such samples
show strong yellow-orange luminescence under irradiation with blue light. Doped and
nondoped products are stable toward O2 yet sensitive to the extended exposure of water.
3.2.2 Single-Crystal XRD
Single crystals of Li4Sr4[Si4O4N6]O:Eu2+ were isolated and mounted on MicroMounts (MiTeGen)
with an aperture size of 20 μm. XRD data were measured with a Bruker D8 Venture
diffractometer with a rotating anode (Mo Kα radiation). Absorption correction was performed
using SADABS.[27] The crystal structure was solved using direct methods (SHELXS) and refined
by a least-squares method (SHELXL).[28−30] Details on the crystal structure investigation can be
obtained from the Cambridge Crystallographic Data Centre (CCDC) upon quoting the CCDC
code 1862968.
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3.2.3 Powder XRD (PXRD)
PXRD measurements were carried out on ground samples, which were loaded into silica glass
capillaries of 0.2 mm diameter with a wall thickness of 0.01 mm (Hilgenberg GmbH, Malsfeld,
Germany). Diffraction data were obtained using a STOE STADI P diffractometer [Cu Kα1
radiation,

Ge(111)

monochromator,

Mythen1K

detector]

in

modified

parafocusing

Debye‐Scherrer geometry. Rietveld refinements were carried out with TOPAS Academic V4.1
software by applying the fundamental parameters approach (direct convolution of source
emission profiles, axial instrument contributions, crystallite size, and microstrain effects).[31−34]
Preferred orientation was taken into account by using fourth-order spherical harmonics, and
anisotropic broadening of the reflection profiles was refined using the LeBail‐Jouanneaux
algorithm.[35] Absorption effects were corrected using the calculated absorption coefficient from
XRD refinements.
3.2.4 UV/Vis Spectroscopy
A diffuse-reflectance spectrum of Li4Sr4[Si4O4N6]O was measured with a Jasco V-650 UV/vis
spectrophotometer in the range of 240–800 nm with a 5 nm step size. The device is equipped
with a deuterium/halogen lamp (Czerny-Turner monochromator with 1200 lines mm−1 concave
grating, photomultiplier tube detector).
3.2.5 Fourier Transform Infrared (FTIR) Spectroscopy
FTIR spectroscopy on Li4Sr4[Si4O4N6]O:Eu2+ was carried out with a Perkin Elmer BXII
spectrometer using the attenuated-total-reflectance (ATR) method.
3.2.6 Computational Details
The structural relaxation of Li4Sr4[Si4O4N6]O was performed with the Vienna ab initio simulation
package (VASP).[36−38] The total energy of the unit cell was converged to 10−7 eV/atom with
residual atomic forces below 5 × 10−3 eV Å−1. The exchange correlation was treated within the
generalized gradient approximation (GGA) of Perdew, Burke, and Ernzerhof and the
projector‐augmented-wave method.[39−42] A plane-wave cutoff of 535 eV was chosen for
calculations with a Brillouin zone sampling on a Γ-centered k-mesh produced from the method
of Monkhorst and Pack of 7 × 7 × 6.[43] Additional calculations were performed with the
modified Becke–Johnson formalism (GGA-mbj) to treat the electronic band gap.[44−46] In order
to obtain elastic constants and moduli, calculations of the elastic tensors were conducted by
deriving the stress–strain relationship from six finite lattice distortions of the crystal utilizing
displacements of ±0.015 Å.[47]
3.2.7 Luminescence
Photoluminescence measurements were performed on nanocrystalline powder samples in
poly(tetrafluoroethylene) sample holders using an in-house-built system based on a 5.3-in.
integrating sphere and a spectrofluorimeter equipped with a 150 W Xe lamp and two 500 mm
Czerny–Turner monochromators (1800 grooves mm−1 and 250/500 nm blaze gratings) with a
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spectral range from 230 to 820 nm. The internal quantum efficiency (IQE) of the samples was
determined by comparing integrated emission intensities and absorption at excitation
wavelength with standard materials (BaSO4, Merck, for white standard DIN 5033; commercial
(Sr,Ca)AlSiN3:Eu2+, Mitsubishi Chemical, and Y3Al5O12:Ce3+, Philips) at room temperature.
Thermal quenching of the emission was investigated with an AvaSpec-2048 spectrometer and a
stabilized light-emitting-diode (LED) light source (450 nm) for sample excitation. Samples were
measured in a temperature range from room temperature to 330 °C with a step size of ≈24 °C
in Cu-plated sample holders that were temperature-controlled with an IR lamp. The
cryospectroscopy setup covers the range from 300 to 6 K. The measurement was performed on
a thick-bed powder layer of the specimen positioned in an evacuated cooling chamber. Cooling
was done via a liquid-He compressor system from Advance Research System Inc. (ARS4HW).The
samples were measured by a fiber-coupled spectroscopy system containing a thermally
stabilized LED light source and a fiber-optic spectrometer from Ocean Optics (HR2000+ES).
3.2.8 TEM
The TEM investigations were done on crystallites originating from several samples of
Li4Sr4[Si4O4N6]O:Eu2+. The crystals were crushed and suspended in ethanol and then
drop‐casted onto a Cu grid covered with a holey C film (PLANO GmbH, Wetzlar, Germany). TEM
experiments were performed on a Titan Themis 60–300 microscope (FEI, Hillsboro, OR)
operated at a 300 kV acceleration voltage and equipped with an X-FEG, monochromator, Cs
corrector, and windowless four-quadrant Super-X EDX detector (acquisition time 45 s). The TEM
images were recorded using a 4K × 4K Ceta CMOS camera (FEI, Hillsboro, OR). For data
evaluation, the following software were used: Digital Micrograph and ProcessDiffraction7
[geometric calculations for selected-area electron diffraction (SAED)], JEMS (SAED simulations),
and ES Vision (evaluation of the EDX spectra).[48−51]

3.3 Results and Discussion
3.3.1 Synthesis and Chemical Analysis
For the synthesis of Li4Sr4[Si4O4N6]O:Eu2+, highly reactive starting materials such as SrF2,
″Si(NH)2″, SrH2, and EuF3 were used. The synthesis route yields typically nanocrystalline
aggregates with single-crystal sizes of approximately 1 μm on average. A few crystals of larger
size (≈10 μm) could be isolated for single-crystal analysis from a single reaction batch. The
composition could be corroborated by TEM–EDX measurements on representative crystals of
different batches (Table S3.1). ATR-IR spectroscopy further indicates the absence of N–H
groups (Figure S3.1).
3.3.2 Crystal Structure
The crystal structure of Li4Sr4[Si4O4N6]O:Eu2+ was solved and refined in the space group

P42/nmc (no. 137). All atoms aside from Li were refined anisotropically. The crystallographic
details are given in Table 3.1.
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Table 3.1 Crystallographic data of the single‐crystal structure determination of Li4Sr3.62(3)Eu0.38(3)[Si4O4N6]O
refined composition
formula mass

Li4Sr3.62(3)Eu0.38(3)[Si4O4N6]O

[g·mol−1]

679(2)

crystal system

tetragonal

space group

P42/nmc (no. 137)

lattice parameters [Å]

a = 7.4833(6), c = 9.8365(9)

cell volume

[Å3]

550.84(10)

formula units / unit cell

2

X-ray density [g cm−3]

4.096

abs. coefficient [µ mm−1]

20.033

absorption correction

multiscan

diffractometer

Bruker D8 Venture

radiation [Å]

Mo-Kα (λ = 0.71073)

F(000)

623

θ range [°]

3.421 ≤ θ ≤ 30.497

independent reflections

475 [Rint = 0.0430]

refined parameters / restraints

35 / 0

GoF

1.094

R1 (all data/for I > 2σ(I))

0.0477 / 0.0282

wR2 (all data/for I > 2σ(I))

0.0633 / 0.0576

Δρmax / Δρmin (e Å-3)

0.59 / -0.75

Figure 3.1 Different projections of the crystal structure of Li4Sr4[Si4O4N6]O:Eu2+ with SiN3O tetrahedra
(gray/black), N atoms (blue), O atoms (red), Li atoms (pink), and mixed Sr/Eu atoms (orange). (a)
Projection along nearly [001] with the unit cell outlined in black. (b) Representation of a single layer
forming vierer and achter rings enclosing trigonal-planar-coordinated Li. (c and d) Representation of
SiN3O layers along [100] (c) and [001] (d) illustrating the layered composition.
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Additional crystallographic information is given in Tables S3.2–S3.4. The crystal structure within
the unit cell and different structure motifs of Li4Sr4[Si4O4N6]O:Eu2+ are depicted in Figure 3.1a–d.
The structure is composed of a layerlike network of doubly bridging Q3-type SiN3O tetrahedra
stacked along [001].
The atomic ratio Si:(O/N) within the network is 2:5, which corresponds to the regular value
found in single-layer silicates.[52] The crystal structure of Li4Sr4[Si4O4N6]O:Eu2+ exhibits motifs
very similar to those of the previously reported nitridosilicate nitride Li2Sr4[Si2N5]N (space group

I 4m2).[53] Its structural relationship can be formally understood by the removal of half of the Sr
atoms in the layered interspace of Li2Sr4[Si2N5]N combined with a 180° twist of every second
layer. In Li4Sr4[Si4O4N6]O:Eu2+, an additional isolated O atom is located centric of each achter
ring. The cation coordination polyhedra are depicted in Figure 3.2. The Sr/Eu site is coordinated
in the interspace of the layered network by O and N atoms of the SiN3O tetrahedra, forming a
distorted Johnson polyhedron (J49). Li is coordinated trigonal-planar by the isolated O atom,
and the N and terminal O atoms of two independent SiN3O tetrahedra. The prolate nature of
the O displacement ellipsoid of the isolated O2 is likely to originate from its higher degree of
vibrational freedom compared to anions of the rigid and covalent oxonitridosilicate network. A
possible split position and partial occupancy were further ruled out from difference Fourier
mapping

(Figure S3.2).

CHARDI

analysis

further

corroborates

the

cation

assignment

(Table S3.5).

Figure 3.2 Coordination spheres of the Sr, Si, and Li atom sites in Li4Sr4[Si4O4N6]O:Eu2+. Displacement
ellipsoids shown with 90% probability. Color code: Sr/Eu, orange; Si, turquoise; Li, ivory; O, red; N, blue.
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The values for the tetrahedral bond lengths range from 1.692(3) Å (Si–O) to 1.708(2)–1.712(8) Å
(Si–N), in good agreement with values found in comparable oxonitridosilicate compounds like
Ce4[Si4O4N6]O or SrSi2O2N2.[52,54] The same applies for the Sr–O [2.580(2)–2.717(2) Å], Sr–N
[2.833(4)–2.846(2)

Å],

Li–O

[1.955(8)–1.967(8)

Å],

and

Li–N

[2.142(8)

Å]

interatomic

distances.[53,55] In order to determine the composition of the samples, a Rietveld refinement has
been carried out based on a PXRD pattern from an optimized synthesis bulk sample. A
representative refinement is seen in Figure 3.3. It indicates Li4Sr4[Si4O4N6]O:Eu2+ as the majority
phase (≈84%) next to small amounts of side phases like Li2SiN2 and LiF. A few minor unknown
reflections were observed that could not be assigned or indexed. Furthermore, a broadening
and intensity misfit for the reflections (011), (012), and (211) was observed. Hence, in order to
corroborate the chemical composition,

single-crystal unit-cell

parameters,

ruling

out

unidentified superstructures and in order to reveal further possible real-structure phenomena,
TEM investigations were conducted. Investigations comprise different bulk samples along with
the single crystals used for X-ray structure determination.

Figure 3.3 Rietveld refinement for a washed sample of Li4Sr4(Si4O4N6)O:Eu2+. Experimental data are in
black, the Rietveld fit is the red line, and the difference plot is the green line. Minor unknown reflections
(purple) are highlighted as triangles in the inset. Intensity misfits can be explained by stacking faults as
observed by HRTEM investigations. Reflection positions for Li4Sr4(Si4O4N6)O:Eu2+ (red bars, 84 wt %),
Li2SiN2 (blue bars, 5 wt%), and LiF (green bars, 11 wt%).

44

3.3 Results and Discussion

3.3.3 TEM and EDX
From a representative SAED tilt series of crystallites, as depicted in Figure 3.4, it was possible to
determine the unit-cell parameters (tetragonal with a = 7.4 Å and c = 9.7 Å). They agree with
the unit-cell parameters from X-ray structure determination. In accordance with Laue class
4/mmm, the SAED patterns along the zone axes [100], [110], and [011] show mm2 symmetry,
and the reflection intensities approximately match those of the corresponding kinematical
simulations
Li4Sr4[Si4O4N6

(Figure 3.4,
]O:Eu2+

bottom).

EDX

measurements

on

several

crystallites

of

further corroborate the chemical composition (Table S3.1).

Additional diffuse intensity along [001]* was observed in zone axes perpendicular to c like
[100], [110], and [120]. It is likely that the diffuse intensity is caused by structural differences in
the ab planes stacked along c. Figure 3.5 depicts HRTEM investigations on thicker crystallites of
the sample from which the single crystal was taken and where the diffuse intensity is more
visible. It could be shown that areas of approximately 100 nm2 are enough to cause diffuse
intensity in the corresponding Fourier transforms similar to SAED (see its magnification in
Figure S3.3). This is in agreement with the fact that no diffuse intensities could be observed for
such crystallites with very thin crystal areas (Figure S3.4).

Figure 3.4 SAED tilt series of a representative crystallite of Li4Sr4[Si4O4N6]O:Eu2+ with experimental
patterns (top) and tilt angles (blue) as well as simulated patterns (bottom) and tilt angles (red) based on
the refined structure model from single-crystal X-ray data. Selected reflections are labeled with indices.
Diffuse intensities are observed along [001].

45

3.3 Results and Discussion

Figure 3.5 Bright-field image (left) and HRTEM images viewed along the [100] and [110] zone axes
(middle) with corresponding Fourier transforms (right). Thin area 1 (highlighted by the solid line) shows no
diffuse intensity in contrast to the thicker area 2 (highlighted by the dotted line). Contrast variations
perpendicular to c possibly caused by defect layers are highlighted in yellow.

The observance of diffuse scattering can be in line with the broadening of reflections in the
PXRD patterns and corroborates an assumed stacking disorder. Subsequently, this effect could
be approximated by DIFFaX simulations by the introduction of stacking faults of about 2.5%
impacting the reflections in question, as shown in Figure 3.6.[56] The chosen stacking variant
along with the matrix–vector relationship to the original layer is found in Figure S3.5.

Figure 3.6 DIFFaX simulation of a possible stacking variant of Li4Sr4[Si4O4N6]O:Eu2+ indicating a
broadening of selected reflections upon the introduction of low levels of stacking faults. Simulation based
on a structure from single-crystal data.
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3.3.4 MAPLE
The assignment of O and N from single-crystal refinement was further corroborated by
calculations of the lattice energies by the MAPLE concept.[57−60] Results are shown in Table 3.2.
Table 3.2 Results of the MAPLE calculations [kJ/mol] for Li4Sr4[Si4O4N6]O
Li4Sr4[Si4O4N6]O
Sr2+

1666.653

Si4+

9719.430

Li+

864.558

N1[2]

5464.986

N2[2]

5401.430

O1[1]

2469.910

O2[0]

1550.042

Total MAPLE

93139 kJ/mol

4� Si3N4 + 4 SrO + Li2O + 2� Li3N:
3
3

93479 kJ/mol

a Typical

partial MAPLE values (kJ mol–1): Sr2+, 1500–2300; Si4+, 9000–10200; N[2]3–, 4600–6000;

Li+, 550–860; O[1]2–, 2000–2800.
The total MAPLE value is in good agreement (ΔE = 0.36%) with the one obtained by formation
from binary compounds. Furthermore, partial MAPLE values of the different atoms are in the
typical range of comparable compounds in the literature, confirming the chosen N, O, and Li
assignments.[53,61] For O2[0], there is no corresponding range of MAPLE values, but lowered
values with respect to O atoms of higher bridging degree have been observed for other
oxonitridosilicate oxides before.[52,62,63] We therefore conclude that the lowered MAPLE value for
O2 derives first from it not being incorporated into the rigid nitridosilicate network and second
from its prolate displacement ellipsoid not being described accurately by point-charge
approximations.
3.3.5 DFT Calculations
In order to calculate the electronic band gap and mechanical properties of Li4Sr4[Si4O4N6]O, we
performed additional DFT calculations.
3.3.5.1 Electronic Structure
Calculations of the electronic density of states for Li4Sr4[Si4O4N6]O are depicted in Figure 3.7.
Li4Sr4[Si4O4N6]O exhibits insulating properties with an electronic band gap of about 4.4 eV. This
increase compared to that of Li2Sr4(Si2N5)N, which was estimated to have an Eg of about 2.4 eV,
can possibly be attributed to the removal of one Sr layer within Li4Sr4[Si4O4N6]O. The elastic
constants, resulting moduli, and Debye temperature (θD) are depicted in Table 3.3 and are
obtained from common relations.[64−69] The calculations of elastic constants are in line with the
layered structure of Li4Sr4[Si4O4N6]O because C11 and C22 (a and b directions) are significantly
increased and less compressible with respect to C33 (c direction).
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Figure 3.7 Density of states of Li4Sr4(Si4O4N6)O as calculated with the mBJ functional.

The Debye temperature (θD) is a prominent proxy for phosphor materials, denoting the rigidity
of the crystal.[70−72] An increase in θD formally equates to an increase in rigidity and
concomitantly energetically elevated lattice vibrations, which are harder to excite. Dopant
atoms such as Eu2+ exhibiting transitions to protruding Eu 5d orbitals upon excitation should,
therefore, be less likely affected by electron‐phonon coupling effects with the host structure if
embedded in a highly rigid network of anions. Compared to nitride compounds with higher
condensation degrees such as SrLiAl3N4 (θD = 716 K) or Sr2Si5N8 (θD = 702 K),[72] the lower θD
value of 592 K for Li4Sr4[Si4O4N6]O:Eu2+, while reflecting both the low bulk and shear moduli in
line with the layered nature of Li4Sr4[Si4O4N6]O:Eu2+, can possibly indicate an extenuated
thermal quenching.
Table 3.3 Calculated elastic constants Cnm, bulk (B), shear (G) and Young's (Y ) moduli in GPa, Debye
temperature (θD) in K and Poisson's ratio (𝑣𝑣) for Li4Sr4[Si4O4N6]O
Elastic Moduli

a

Elastic Constants

Bv

114.8

C11

230.4

BR

107.4

C22

230.4

B VRH

111.1

C33

174.4

Gv

70.0

C44

47.8

GR

62.0

C55

47.8

GVRH

65.9

C66

108.8

Y VRH

165.1

C12

117.5

v

0.25

C13

40.6

θD

592.2

C23

40.6

Bulk and shear moduli according to the Voigt (BV and GV), Reuss (BR and GR), and Voigt–Reuss–Hill (BVRH

and GVRH) approaches. The subscripts in Cnm were obtained from Cijkl according to the Voigt notation xx →
1, yy → 2, zz → 3, yz → 4, zx → 5, and xy → 6.
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3.3.6 UV/Vis Spectroscopy
The optical band gap was determined by UV/Vis spectroscopy on a non-doped sample of
Li4Sr4[Si4O4N6]O. The diffuse-reflectance spectrum is shown in Figure 3.8 together with insets of
a

pseudoabsorption

formalism.[73−76]

spectrum

obtained

by

transformation

via

the

Kubelka–Munk

The diffuse-reflectance spectra show broad absorption ranging from 260 to

380 nm. The slight indent starting from 280 nm is attributed to natural defect states in the band
gap possibly arising from the observed stacking faults. This is in line with the fact that dopant
levels of about 1 mol% Eu in Li4Sr4[Si4O4N6]O, resulting in distinct 4f and 5d states within the
band gap, lead to a more pronounced effect in the same range of the spectrum (Figure S3.6).
The optical band gap was subsequently derived by fitting the first ascent of the
pseudoabsorption [F(R) hν]1/n and taking its inflection point with the energy scale. The resulting
band gap of Li4Sr4[Si4O4N6]O is approximately 3.6 eV for indirect and 4.25 eV for direct
transitions, agreeing well with band structure calculations favoring indirect transitions by about
0.6 eV (Figure S3.7). The value for direct transitions is in better correspondence with the
obtained electronic band gap by DFT of approximately 4.4 eV. A higher value for the electronic
band gap is to be expected because of the core–hole effect. Further, the stacking disorder in
Li4Sr4[Si4O4N6]O might lower the band gap with regard to the fully ordered model from DFT
calculations because of the possible introduction of defect states.
3.3.7 Luminescence
Luminescence measurements were performed on thick-bed powder samples of Eu2+-doped
Li4Sr4[Si4O4N6]O in air. Excitation of the samples with UV to blue light leads to a broad-band
emission in the orange spectral range. The excitation and emission spectra of a sample with a
nominal doping content of 1 mol % referred to Sr are shown in Figure 3.9. The excitation
spectrum exhibits a broad band with a maximum at around 410–425 nm, enabling the
phosphor to be efficiently excited by blue-emitting (In,Ga)N-LEDs.

Figure 3.8 Diffuse-reflectance spectra of undoped Li4Sr4[Si4O4N6]O with insets of the respective Tauc plots
[F (R) hν]1/n for (a) indirect (n = 2) and (b) direct (n = 1/2) band gaps. Linear fit in order to determine Eg in
blue.
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Figure 3.9

Excitation

Li4Sr4[Si4O4N6]O:Eu2+

(blue)

and

emission

(orange;

λexc = 440 nm)

spectra

of

bulk

phase

with a nominal dopant concentration of 1 mol %.

The emission spectrum peaks at 625 nm and exhibits a full width at half-maximum (fwhm) of
4164 cm−1 (160 nm), surpassing that of YAG:Ce3+ (fwhm ≈ 3700 cm−1; 120 nm).[77]
A broad-band emission is observed for Li4Sr4[Si4O4N6]O:Eu2+, as seen from Figure 3.9, despite
featuring only one crystallographic Sr/Eu site. A possible impact of side phases could be ruled
out from single-crystal luminescence measurements showing identical emission behavior, as
seen from Figure S3.8. A nearly Gaussian-shaped emission band on the energy scale is
observed, which indicates a large Huang–Rhys parameter, corresponding to strong electron–
phonon coupling.[78]
Figure 3.10 shows the rather asymmetric coordination of Sr by O and N ions paired with the
relatively

unidimensional

Sr

displacement

ellipsoid

toward

the

noncoordinating

O2

(dSr‐O2 = 3.11 A) position. The observed stacking disorder, observed from PXRD and TEM
investigations, is likely to impact the local environment even further. Because the crystal field of
the spacious 5d orbitals, involved in the electronic 4f7–4f65d1 transitions in Eu2+, is prone to
strong local distortions, an explanation for the observed broadening of emission, further
enhanced by strong electron–phonon coupling, can hence be inferred. The color coordinates
according to the CIE 1931 convention are x = 0.534 and y = 0.450 and are depicted in
Figure 3.11.
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Figure 3.10 Coordination spheres of the Sr/Eu site (orange) in Li4Sr4[Si4O4N6]O with schematic
displacement vectors (green arrows). Displacement ellipsoids are shown with 90% probability. Color code:
SiN3O tetrahedra, black; Sr/Eu coordination polyhedra, gray; Li, ivory; O, red.

Figure 3.11 CIE 1931 (left) and CIE 1960 (right) color spaces showing the CIE coordinates of
Li4Sr4[Si4O4N6]O:Eu2+ along with YAG:Ce3+, a pure blue LED, and the those of an ideal blackbody radiator
at different temperatures (K). CCT of a single-phosphor LED indicated as ☆ on the yellow conjugation line
alongside a construction to determine the CCT of the phosphor material itself (dotted gray intersection of
the planckian locus in CIE 1960).[79]

From Figure 3.11, it can be seen that the color point of Li4Sr4[Si4O4N6]O:Eu2+ lies in the orange
spectral region close to the planckian locus. We estimated the correlated color temperature
(CCT) of the phosphor to be around 2150 K from the CIE 1960 diagram according to
1

𝜃𝜃1

CCT = �𝑇𝑇 + 𝜃𝜃 �𝑇𝑇
𝑖𝑖

2
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where Ti and Ti+1 correspond to the isothermals of the planckian CCT of the higher and lower
isothermals and θ1 to the angle between those isothermals. θ2 corresponds to the angle
between the higher CCT isothermal and the line drawn from the color point to the isothermal
interception point.[79] The combination of a blue LED (λem = 450 nm) with Li4Sr4[Si4O4N6]O:Eu2+
would result in a CCT of ≈2200 K (candle light) and a CRI of 77.2 suitable for, e.g., decorative
lighting applications.
3.3.8 Thermal Quenching
In order to determine the luminescence behavior of Li4Sr4[Si4O4N6]O:Eu2+, thermal quenching
experiments were performed at low temperatures (6–300 K) and up to typical LED operating
temperatures (around 100–200 °C) by measuring the luminescence intensity and performing
integration at each step. The thermal quenching behavior is shown in Figure 3.12, together with
the calculated thermal activation energy Ea obtained from an Arrhenius fit according to the
equation

𝐼𝐼 =

𝐼𝐼0

𝐸𝐸

1 + 𝑒𝑒 𝑘𝑘𝑘𝑘

Here I0 is the intensity at the beginning of measurement, k the Boltzmann constant (eV), T the
temperature (K), and I the intensity at every following point of measurement.[80,81] Ea is then
obtained as the slope of the plot ln[(I0/I )−1] versus 1/kT.

Figure 3.12 Thermal quenching measurements of Li4Sr4[Si4O4N6]O:Eu2+. The inset shows an Arrhenius plot
of the thermal quenching data at elevated temperatures in order to determine the thermal activation
energy Ea.
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While the room temperature IQE was determined to be 24% (38% at 6 K), Li4Sr4[Si4O4N6]O:Eu2+
shows significant thermal quenching behavior at typical LED operating temperatures with

Ea = 0.268 eV. This is subsequently significantly lower than that of commercial phosphors like
YAG:Ce3+ (0.81 eV).[82] The observed behavior is in line with the strong electron–phonon
coupling, which could correspond to the 4f–5d crossing model with increasing nonradiative
emissions possibly paired with thermal ionization to the conduction band.[81] The phosphor
material is thus limited to a small application space of solid-state lighting, despite its attractive
distribution of emission.

3.4 Conclusion
A suitable method for the discovery of novel materials is the screening of multicomponent
mixtures. In this manner, the novel layered lithium oxonitridosilicate oxide Li4Sr4[Si4O4N6]O:Eu2+
has been obtained. Its structure formally derives from non-luminescent Li2Sr4[Si2N5]N by means
of O substitution and incorporation. The crystal structure was solved and refined from singlecrystal X-ray data. Reproduction of the compound from optimized bulk syntheses was initially
hindered by the occurrence of broadened reflections with low intensity. TEM investigations
prove to be a suitable tool in overcoming such challenges, revealing stacking disorder as a real
structure phenomenon of the layered compound while corroborating the cell metrics. As a
result, the broadening of some reflections observed in the PXRD patterns was successfully
modeled through the introduction of stacking faults. Li4Sr4[Si4O4N6]O:Eu2+ contributes to the
sparsely investigated class of lithium oxonitridosilicate(oxides), exemplifying paths to the
discovery of novel phosphor materials, highlighting the importance of continuous research for
compounds in this materials class. Li4Sr4[Si4O4N6]O:Eu2+ shows emission in the yellow-to-orange
spectral range featuring an indirect optical band gap of 3.6 eV. DFT calculations suggest an
electronic band gap of about 4.4 eV for a model free from stacking faults. Calculations of the
Debye temperature (592 K) reveal the highest mechanical compressibility along the [001]
direction,

in

line

with

the

layered

structure

of

Li4Sr4[Si4O4N6]O.

The

emission

of

Li4Sr4[Si4O4N6]O:Eu2+ is likely broadened because of large electron‐phonon coupling and
concomitant stacking faults between layers, as seen from the broadened Gaussian-shaped
emission profile. This, in turn, corroborates the use of θD as a preliminary proxy when
estimating the efficiency of a possible phosphor host material beforehand. The synthesis and
subsidiary analytical approaches like TEM investigations of Li4Sr4[Si4O4N6]O:Eu2+ further
exemplify how optimization, characterization, and in-depth illumination of real-structure
phenomena can interlock and help to push the understanding of materials property
relationships and phosphor materials research approaches in general.
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3.7 Supporting Information
3.7.1 Infrared Spectroscopy

Figure S3.1 Infrared spectrum of Li4Sr4[Si4O4N6]O obtained in ATR geometry. No N–H or O–H bands are
observed in the typical range of 3500–2500 cm−1.

3.7.2 Electron Density Map

Figure S3.2 Plotted electron density at the crystallographic sites of O2 and Li within a difference Fourier
map of Li4Sr4[Si4O4N6]O. The uniform electron density of O2 and Li does not indicate any split positions or
unusual phenomena.
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3.7.3 EDX
Table S3.1 EDX analyses of representative Li4Sr4[Si4O4N6]O crystals, variance in parentheses
1

2

3

4

5

6

7

mean value

calculated*

N(K)

22

21

22

21

22

24

20

22(1)

31

O(K)

26

27

27

28

24

25

20

26(3)

26

Si(K)

26

26

25

25

27

26

31

26(2)

21

Sr(L)

26

26

26

26

27

26

29

27(1)

21

* calculated for Li4Sr4(Si4O4N6)O without Li

3.7.4 Crystallographic Data
Table S3.2 Crystallographic data for the Rietveld refinement of Li4Sr4(Si4O4N6)O:Eu2+
Crystal Data
Formula

Li4Sr3.9Eu0.1(Si4O4N6)O

Crystal system, space group

tetragonal, P42/nmc (no. 137)

a = 7.48088(11)

Lattice parameters / Å

c = 9.8781(2)

Cell volume / Å

552.81(2)

Formula units per cell

Z=2

Data Collection
Radiation

Cu

Monochromator

Ge(111)

Diffractometer

Stoe StadiP

Detector

MYTHEN 1K

2 θ‐range / °

5-110

Temperature / K

297(2)

Data points

7001

Number of observed reflection

211

Refinement
Number of parameters

64

Program used

TOPAS Academic V4.1

Structure refinement

Rietveld method

Profile function

fundamental parameters model

Background function

shifted Chebychev polynomial with 18 terms

Rwp

0.0772

Rexp

0.0194

Rp

0.0521

RBragg

0.0242

O and N positions were constrained to the same Biso values for the refinement
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Table S3.3 Atomic coordinates, isotropic displacement parameters [Å2] and site occupancies of
Li4Sr3.62(3)Eu0.38(3)[Si4O4N6]O, based on single-crystal analysis. Standard deviations in parentheses. Sr/Eu,
occupy the same site
Atom

x

y

z

Ueq

s.o.f

Sr

8g

1/4

0.50390(6)

0.49519(5)

0.0140(17)

0.904(9)

Eu

8g

1/4

0.50390(6)

0.49519(5)

0.0140(17)

0.096(9)

Si

8g

1/4

0.02438(17)

0.18250(13)

0.0046(3)

1

Li

8g

1/4

0.5019(10)

0.8124(8)

0.0054(15)

1

O1

8f

1/4

0.9914 (4)

0.0123(3)

0.0090(7)

1

O2

2b

3/4

1/4

1/4

0.0175(17)

1

N1

8f

0.4457(4)

0.5543(4)

1/4

0.0122(8)

1

N2

4d

1/4

1/4

0.2089(6)

0.0073/11)

1

Table S3.4 Anisotropic displacement parameters of Li4Sr3.62(3)Eu0.38(3)[Si4O4N6]O, standard deviations in
parentheses, based on single-crystal analysis
Atom

U11 /Å2

U22 / Å2

U33 / Å2

U12 / Å2

U13 / Å2

U23 / Å2

Sr/Eu

0.0085(3)

0.0134(3)

0.0200(2)

0

0

0.00815(19)

Si

0.0043(6)

0.0042(7)

0.0054(5)

0

0

0.0002(5)

O1

0.0125(17)

0.0084(16)

0.0061(14)

0

0

-0.0028(12)

O2

0.0021(18)

= U11/

0.048(5)

0

0

-0.0047(13)

N1

0.095(11)

= U11

0.0176(19)

-0.0025(16)

-0.0045(12)

= U13

N2

0.008(3)

0.001(2)

0.013(3)

0

0

0

3.7.5 Charge Distribution (CHARDI) Calculations
CHARDI calculations were performed with VESTA, according to the theory of Hoppe et al.[1,2]
The respective CHARDI values for each cation, Sr, Si, and Li are depicted in Table S3.5
corroborating the cation assignment.
Table S3.5 CHARDI values calculated for each of the cations. With Δq as the fraction of the charge
received by the ion, Q the total charge received by the ion, and q the formal charge
Cation /Atom site

Δq

Q

q

Sr

1.888

2.0

Si

4.097

4

Li

1.015

1.0
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3.7.6 TEM Investigations

Figure S3.3 HRTEM images vied along [110] zone axis (left) showing contrast variations and defect layers
perpendicular c causing stacking disorder along [001]. Corresponding Fourier transforms (right) show
diffuse intensity along [001]*.

Figure S3.4 SAED tilt series of a very thin area of representative Li4Sr4[Si4O4N6]O:Eu2+ crystallites with
experimental patterns (top) and tilt angles (blue) as well as simulated patterns (bottom) and tilt angles
(red) based on the refined structure model from X-ray data. Selected reflections are labeled with indices.
Compared to SAED images of thicker areas no diffuse intensities observed.
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3.7.7 Stacking Disorder with DIFFaX

Figure S3.5 Left: Stacking of layers based on original single-crystal X‐ray data. Right: Construction of a
possible stacking variant of Li4Sr4[Si4O4N6]O, resulting in broadening of selected reflections upon low‐level
stacking disorder after DIFFaX simulation.[3] Layers shown consisting of SiN3O‐tetrahedra (gray) Sr atoms
(white) and Li atoms (green), highlighted viewing directions in red.

The original and stacking fault variant shown in Figure S3.5 are obtained by taking one layer of
the unit cell and stacking it via the matrix-vector relation
𝑥𝑥′
�𝑦𝑦′� =
𝑧𝑧′
with x,

𝑥𝑥 0 −1 0
𝑥𝑥 0 −1 0
𝑥𝑥′
0
0.5
�𝑦𝑦� �1 0 0� + � 0 � (original),
�𝑦𝑦′� = �𝑦𝑦� �1 0 0� + �0.5� (stacking),
𝑧𝑧 0 0 1
𝑧𝑧 0 0 1
1
1
𝑧𝑧′
y, z as the original atom coordinates of a single layer and x’, y’, z’ as the resulting

coordinates of the corresponding stacking variant.
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3.7.8 UV/Vis

Figure S3.6 Diffuse reflectance spectrum of Eu‐doped Li4Sr4[Si4O4N6]O.

3.7.9 Band Structure

Figure S3.7 Band structure of Li4Sr4[Si4O4N6]O (space group no. 137) along high‐symmetry directions in
the first Brillouin zone as calculated from the mbj-PBE potential.
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3.7.10 Single‐crystal Luminescence

Figure S3.8 Single‐crystal emission spectrum of Li4Sr3.62(3)Eu0.38(3)[Si4O4N6]O λem = 624 nm.

3.7.11 References
[1]

K. Momma, F. Izumi, VESTA: a three-dimensional visualization system for electronic and structural
analysis, J. Appl. Crystallogr. 2008, 41, 653–658.

[2]

R. Hoppe, S. Voigt, H. Glaum, J. Kissel, H. P. Müller, K. Bernet, A new route to charge distributions
in ionic solids, J. Less-Common Met. 1989, 156, 105–122.

[3]

M. M. J. Treacy, J. M. Newsam, M. W. Deem, A general recursion method for calculating diffracted
intensities from crystals containing planar faults, Proc. R. Soc. London, Ser. A 1991, 433, 499–520.

66

4 Abstract

4 First-principles and experimental characterization of the
electronic properties of CaGaSiN3 and CaAlSiN3: the impact
of chemical disorder
published in: Phys. Chem. Chem. Phys. 2017, 19, 9292–9299.
authors: Robin Niklaus, Ján Minár, Jonas Häusler and Wolfgang Schnick
DOI:

10.1039/C6CP08764G
Adapted from Physical Chemistry Chemical Physics with permission from

Acknowledgment:

the PCCP Owner Societies 2017. Copyright 2017 Royal Society of
Chemistry.
Abstract We report a detailed investigation of
the

electronic,

properties

of

mechanical
the

nitridogallosilicate

recently

CaGaSiN3

and

optical

discovered
which

has

potential as a LED-phosphor host material.
We

focus

on

chemical

disorder

effects,

originating from the Ga/Si site, and compared
them to those of isostructural CaAlSiN3. We
calculate the elastic moduli and the Debye
temperature in terms of quasi-harmonic approximation. Spectral properties like the joint
density of states (JDOS) are evaluated and the absorption, reflectance and energy loss function
are obtained from the dielectric function. The optical band gap of CaGaSiN3 from experiment is
compared to the electronic band gap in terms of electronic DOS and band structure
calculations. All properties are evaluated for different ordering models of Ga/Si while the
experimentally observed substitutional disorder is accounted for by utilizing the Coherent
Potential Approximation (CPA). We conclude a shrinking of the band gap for both CaGaSiN3
and CaAlSiN3 due to atomic disorder, which is unfavorable for potential phosphor applications.
This study contributes to materials design considerations, and provides a close look on the
electronic impact of substitutional disorder. Moreover, we open the scope for future
investigations on solid solutions and phosphor host materials with low doping concentrations.

4.1 Introduction
Along with tackling the increasing global demand for electricity[1] with the phase out and
replacement of incandescent light bulbs by solid-state LED lighting technology, there is a high
demand for novel luminescent materials in phosphor-converted (pc)-LEDs that fulfill industrial
standards for solid-state lighting.[2] CaAlSiN3:Eu2+ represents a phosphor with efficient deep red
luminescence. Partial substitution of Ca with Sr results in a shift of the emission maximum to
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smaller wavelengths making (Ca,Sr)AlSiN3:Eu2+ suitable for illumination grade lighting
purposes.[3–6] While atomic substitution of Al by Ga has been achieved recently by
ammonothermal synthesis of CaGaSiN3,[7] effects of substitutional disorder itself for phosphor
host materials are scarce. CaGaSiN3 crystallizes in the same space group as CaAlSiN3 and
exhibits similar chemical disorder, showing red luminescence when doped with Eu2+.[4,7] The
electronic influence of the band gap (Eg) has been discussed extensively for phosphor materials.
For instance, a small band gap can correspond to high thermal quenching at relatively low
temperatures,[8] which can be attributed to exciton self-trapping effects in the conduction
band.[9] There have also been attempts to connect the Debye temperature (θD), as an extent of
the rigidity of the host lattice, to Eg and quantum efficiencies of luminescent materials.[10]
For CaAlSiN3 there have already been extensive efforts to characterize the properties on a firstprinciples basis, such as the calculation of the band structure, and optical and mechanical
properties.[11] However, the impact of Al/Si disorder has only been addressed implicitly. Mikami

et al. performed calculations on the Al/Si disorder by means of the virtual crystal approach
(VCA), yet the focus is mainly on the nature of the indirect band gap and the overall consistency
of the band structure with that of the ordered Al/Si models.[12] Moreover, the used VCA only
mimics a virtual atom from an averaged potential of the mixed occupancy site. Therefore, the
VCA can describe only rigid shifts of the Fermi energy (Ef) and does not include lifetime
broadening effects. In addition, this approximation is valid only for systems with small
characteristic disorder and for atoms which have similar scattering properties. In this respect
the VCA approximation is questionable for CaGaSiN3 and similar compounds. In our work we
utilize the more elaborate coherent potential approximation (CPA), within the Korringa–Kohn–
Rostoker (KKR) Green function formalism, which includes a weighted site average derived from
the scattering properties of the individual atoms to the crystal potential. In contrast to
variational principle based DFT methods (like for example PAW), the use of the Green's function
terminology allows one not to be limited to a purely 3D-periodical description when treating
the electronic structure. Thus it is possible to treat chemical disorder within the KKR formalism.
This formalism allows for a more dedicated approach to access the separated electronic
properties of each atom on a mixed occupancy site. For future reference, this is particularly
important if one is interested in considering the f-states of Eu on the Ca site, which would not
be available from VCA. Limitations arise in the description of accurate band gap values due to
exchange correlation as in any other DFT method. While values of Eg are accurately described
relative to each other within the method itself, slight deviations may occur from the use of
other DFT methods due to limitations of the KKR formalism in determining the Fermi energy.
A further widely used approach using an average from the ordered structures for a disordered
system turns out to be a valid assumption to approximate mixed crystallographic occupancies.
However, this usually requires a large number of structure models or the utilization of large
supercells for heavily disordered systems (AxB1−xC with x < 0.5).[13]
We therefore provide a detailed description of the mechanical, electronic and optical properties
of recently discovered CaGaSiN3 by performing state of the art calculations on ordered
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structure models. We extend our analysis to the effects of chemical disorder in CaGaSiN3 and
conduct a comparison to CaAlSiN3, which provides a suitable reference system due to its
structural similarity and substantial characterization in the literature.[11,12,14,15]
Our work is an important contribution in terms of understanding the impact of substitutional
disorder on the electronic structure of potential phosphor host materials and also on future
work regarding calculations within the range of experimental doping in phosphor materials.

4.2 Computational Details
Along with the calculation of electronic band structures, DOS and optical properties, the
structural relaxation of all internal cell parameters and internal coordinates was carried out for
various ordering variants of CaGaSiN3 within the Vienna ab initio simulation package
(VASP).[16‐18] Exchange correlation was described by utilizing the generalized gradient
approximation (GGA) of Perdew, Burke, and Ernzerhof (PBE),[19,20] along with the projectoraugmented-wave (PAW) method.[21,22] A plane-wave cut-off of 535 eV was chosen for the
calculations and Brillouin zone sampling on a Γ-centered k-mesh (8 × 10 × 10) was done using
the Monkhorst and Pack method.[23] To ensure high precision, the total energy of the unit cell
was converged to 10−7 eV per atom with residual atomic forces below 3 × 10−4 eV Å−1. The
elastic tensors were derived from the stress–strain relationship by performing six finite lattice
distortions of the crystal utilizing displacements of ±0.015 Å.[24] For band gap evaluation,
additional calculations were performed using the modified Becke–Johnson formalism
(GGA‐mbj).[25,26] Comparative Bloch spectral functions and DOS calculations were further
calculated from the VASP-optimized ordering models within the fully relativistic Korringa–
Kohn–Rostoker (KKR) Green function method, while the disorder was treated by the CPA selfconsistently and was fully relativistic within the four component Dirac formalism as
implemented in the MUNICH SPR-KKR package.[27,28] In order to construct the different ordering
variants depicted in Figure 4.1 for the disordered CaGaSiN3 crystal, we considered a primitive

Figure 4.1 Different Si/Ga ordering variants (A–C) for orthorhombic CaGaSiN3. Model for mixed Si/Ga
occupation

from

experimental

data.

Structures

corresponding colors.
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unit cell to arrive at the presented models in the same manner as Mikami et al.[12] Construction
of a model with substitutional disorder was achieved by averaging over the relaxed cells and
atomic positions and including symmetrization to the respective experimental space group

Cmc21 (no. 36). Additionally, we conducted comparative CPA calculations for the disorder based
on the Rietveld refinement of the experimental structure.[7]

4.3 Experimental Section
The ammonothermal synthesis of CaGaSiN3 was carried out according to our recently reported
procedure.[7] All working steps were conducted in an argon atmosphere employing flame-dried
glassware connected to a vacuum line (≤0.1 Pa) or in Ar-filled glove boxes (Unilab, MBraun,
Garching, O2 <1 ppm, H2O <1 ppm). The intermetallic precursor CaGaSi was synthesized by
placing stoichiometric amounts of Ca (Sigma-Aldrich, 99.99%), Ga (smart elements, 99.999%)
and Si (Alfa Aesar, 99.99%) in a tantalum ampule which was sealed in a water-cooled arc
furnace under an argon atmosphere according to the procedure of Czybulka et al.[29] The doped
sample was synthesized by adding 1% Eu as the dopant (smart elements, 99.99%). The ampule
was transferred into a silica tube, which was evacuated and inserted in a tube furnace. The
furnace was heated to 1300 K with 5 K min−1, kept at 1300 K for 48 h and then cooled to room
temperature with 0.5 K min−1. CaGaSi (5 mmol) and NaN3 (10 mmol, Sigma-Aldrich, 99.99%)
were thoroughly ground in an agate mortar and transferred in a tantalum liner, which was then
placed into an autoclave. The assembled autoclave was evacuated, cooled with ethanol/liquid
nitrogen to 198 K and filled with ammonia (Air Liquide, 99.999%), which was passed through a
gas purification cartridge (Micro Torr MC400–702FV, SAES Pure Gas Inc., San Luis Obispo, CA,
USA; purity level <1 ppbV H2O, O2 and CO2). Subsequently, the closed autoclave body was
heated to 770 K with 3 K min−1, kept at 770 K for 30 h, heated to 1073 K with 0.05 K min−1 and
maintained at 1070 K for 10 h. The pressure was kept between 50 and 150 MPa during heating
periods. The product was washed with 1 M HCl and dried at 350 K in air.
4.3.1 UV/Vis Spectroscopy
Reflectance spectra have been measured on a JASCO V-650 spectrometer with a He- and
deuterium lamp. The measurements were done in the range of 200–800 nm with a step size of
1 nm and a bandwidth of 2 nm.

4.4 Results and Discussion
4.4.1 Mechanical Properties
The elastic constants for the CaGaSiN3 and CaAlSiN3 ordering variants are given in Table 4.1. All
chosen models are stable with respect to the Born mechanical stability criteria for orthorhombic
crystals.[30–32] The upper and lower bounds for the polycrystalline bulk (B ) and shear (G ) moduli
are obtained within the isotropic approximations of Voigt and Reuss from the fourth-order
elasticity tensors Cijkl calculated by VASP.[33–36] They are expressed in terms of the abbreviated
elastic constants Cnm.[37]
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Table 4.1 Calculated elastic constants Cnm (GPa) in Voigt notation for the different CaGaSiN3 and CaAlSiN3
ordering variants
CaGaSiN3

CaAlSiN3

A

B

C

A

B

C

C11

295.7

290.6

294.6

329.2

324.8

329.4

C22

269.7

268.2

270.1

287.9

288.2

290.8

C33

300.9

299.5

283.4

324.9

323.7

316.2

C44

103.2

101.1

94.7

111.2

110.5

104.7

C55

74.4

77.4

71.7

83.4

84.7

81.8

C66

58.5

60.8

61.6

67.7

68.5

69.7

C12

129.6

131.6

122.1

116.6

118.1

116.8

C13

79.9

82.4

87.2

68.8

71.9

73.7

C23

95.6

92.1

95.9

100.1

98.3

95.6

Young's modulus (Y ) and the Poisson ratio (v ) are obtained by common relations.[36] The
Debye

θD

temperature

is

subsequently

calculated

within

the

quasi‐harmonic

approximation.[10,38–40]
The corresponding elastic bulk and shear moduli, Poissons's ratio, Young's modulus and Debye
temperature (θD) are shown in Table 4.2. The Voigt–Reuss–Hill[35] bulk and shear moduli of
models A and B are effectively the same while model C exhibits slightly smaller elastic moduli
(CaGaSiN3: ΔB = 1.4 GPa and ΔG = 2 GPa). The origin of this difference can be attributed to a
strongly reduced C33 in model C, which is correlated with compressions along the c axis. In
contrast to models A and B, the uniform arrangement of solely Ga and Si tetrahedra within the

ab-plane in a layer-like manner allows for a stronger compression along the c-axis due to
cation size differences. This effect has already been observed for CaAlSiN3,[11] but appears to be
more distinct in CaGaSiN3 which we attribute to the smaller size difference of Al and Si.

Table 4.2 Calculated elastic bulk (B) shear (G) and Young's (Y ) moduli in GPa, Debye temperature (θD) in K
and Poisson's ratio (v) for CaGaSiN3 and CaAlSiN3
CaGaSiN3

CaAlSiN3

A

B

C

A

B

C

Bv

163.5

163.4

162.1

168.2

168.2

167.6

BR

163.1

163.2

161.7

167.9

168.1

167.4

BVRH

163.3

163.3

161.9

168.0

168.1

167.5

Gv

84.9

84.7

81.8

96.2

96.0

94.6

GR

79.8

80.0

78.8

91.2

91.3

90.7

GVRH

82.35

82.35

80.3

93.8

93.6

92.7

YVRH

211.5

211.5

206.8

237.2

236.9

234.7

v

0.28

0.28

0.29

0.26

0.27

0.27

θD

650.0

650.0

642.4

786.6

786.1

782.1
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Calculation of the Debye temperature for CaAlSiN3 yields values of θD(A) = 786.6 K, θD(B) = 786.1
K and θD(C) = 782.1 K, respectively. For CaGaSiN3 the overall Debye temperature is decreased by
approximately 125 K (θD(A) = 650 K, θD(B) = 650 K, θD(C) = 642.4 K), following its lowered elastic
moduli and higher molar mass.
As the Debye temperature is the temperature at which all of the phonon frequencies in a
material are excited, a high value of θD is correlated with vibrationally rigid structures.[10]
Accordingly, one would expect a reasonable lower electron phonon coupling and possibly
higher quantum efficiency for CaAlSiN3. This concept should however be regarded with care
due to the complexity of the luminescence process and can only be seen as a crude evaluation
precept.
4.4.2 Electronic Properties
CaGaSiN3: The overall band structures of the different ordering models as calculated from
VASP shown in Figure 4.2(a–c) for the different models appear to be similar at first glance. They
do however exhibit slightly different values for Eg of 3.235 eV (A), 3.10 eV (B) and 3.245 eV (C)
for direct transitions at Γ. For model C an indirect transition occurs at (Z–T to Γ ), which is
energetically favored by 0.04 eV.
To account for the underestimation of the band gap within DFT we performed additional
calculations using the modified Becke–Johnson exchange functional. The resulting band gaps
yield values of 4.60, 4.40 and 4.50 eV for models A–C, respectively. The Fermi energy was set to
the valence band edge. In terms of band dispersion the calculated Bloch spectral functions
depicted in Figure 4.2(d–f) show good qualitative agreement with the standard GGA-PBE band
structures calculated by VASP, showing larger deviations in the Eg values for direct transitions

Figure 4.2 Band structure (a–c) and Bloch spectral function (d–f) calculated along high symmetry
directions in the first Brillouin zone for the three CaGaSiN3 ordering models within VASP (a–c) and the
MUNICH SPR‐KKR program package (d–f) from the relaxed VASP-models, where (a; d), (b; e) and (c; f)
represent the Si/Ga-ordering variants A, B and C, respectively. The indirect transition of VASP relaxed
model C is marked by a red asterisk.
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Figure 4.3 Bloch spectral function along high symmetry directions in the first Brillouin zone for the fully
disordered structure of CaGaSiN3 (a) and CaAlSiN3 (b) obtained as symmetrized average of the relaxed
ordering models and calculated within the KKR approach based on the CPA.

due to the nature of the KKR calculations resulting in the values for models A–C of 2.71 (Γ–Γ ),
2.78 (Γ to Γ ) and 2.75 eV (Γ–Γ ). Both VASP and SPRKKR calculations indicate different
magnitudes of the effective band gap for different Ga/Si ordering schemes in the unit cell.
Relative differences in VASP and SPRKKR are mainly observed for ordering model B, with the
smallest Eg value in VASP and the largest in KKR. Judging from careful convergence
investigations with respect to internal parameters (such as the plane wave energy cutoff or lmax)
this difference in Eg is attributed to the treatment of the basis set and the method of Bloch
spectral calculation as such, since we observe the calculations of the DOS (see Figure 4.4) to be
consistent for both methods identifying model B as the one with the smallest Eg.
The fully disordered model CaGaSiN3, calculated within the CPA, is shown in Figure 4.3(a). As a
result of the statistical Ga/Si distribution a smearing and general broadening of the Bloch
spectral functions is observed. The disordered unit cell was obtained as an approximated
average from the relaxed ordering models, symmetrized to Cmc21 (no. 36).
The disorder variant exhibits a direct band gap (Γ to Γ ) of 2.65 eV and an equally large indirect
band gap (Y to Γ ), suggesting that the effective band gap of disordered CaGaSiN3 is effectively
limited with respect to the smallest band gap of the calculated ordering variants. This further
holds true for calculations based on the non-relaxed experimental structure and ordering

Figure 4.4 Total density of states near the valence and conduction band edge for the CaGaSiN3 ordering
models as calculated from VASP (a) and the SPRKKR-CPA approach for the relaxed models and disordered
structures of CaGaSiN3 (b) and CaAlSiN3 (c). Averaged DOS for the three ordering models illustrated in
black, respectively.
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variants (see Figures S4.1–S4.3). Hence, the disorder results in a potentially smaller band gap, a
process unfavorable for thermal quenching and excited-state trapping effects in general.[8,9]
Figure 4.4 (a and b) depicts the total density of states (DOS) for the different ordering models
according to VASP and SPRKKR including the Ga/Si disorder. The conduction band of the
partial density of states (see Figure S4.4) has predominantly Ca 3d character followed by a
mixture of Ga 3p/d, Si 3p and N 2p states. The valence band is strongly dominated by N 2p
states followed by Ga 3d/3p/3s, Si 3p/3s and Ca 3d states. Figure 4.4(a) illustrates that the first
maximum of the valence band DOS is situated closer to the absolute Fermi edge (Ef) for model
C by about 0.13 eV respective to model A and 0.15 eV to model B. KKR calculations shown in
Figure 4.4(b) suggest a similar optical behavior for models A and C, while the onset and
maximum of the DOS of model B are shifted to lower energies in both VASP and KKR
calculations. This can be interpreted in terms of a lower electronic transition probability from
the valence to the conduction band for ordering model B at equal energies and, therefore, a
larger optical band gap.
CaAlSiN3: While extensive calculations on CaAlSiN3 are already present in the literature,[11,12,14,15]
our aim was set on comparative calculations to CaGaSiN3 addressing the impact of disorder.
KKR calculations for the respective ordering variants of CaAlSiN3 reveal direct transitions at Γ
with Eg values of 3.08, 3.23 and 3.11 eV for models A, B and C, respectively (see Figure S4.7 a–c).
The Bloch spectral function depicted in Figure 4.3(b) for the chemically disordered variant of
CaAlSiN3 (Al : Si = 1 : 1) exhibits a band gap of 3.05 eV for both Γ–Γ and Y–Γ transitions. Just like
in CaGaSiN3 the band gap is similarly lowered by the disorder by about 0.05–0.18 eV compared
to the ordered structures A, C and B. The principal effect that the disorder induces on an earlier
ascent in the transition probability is also observed in the DOS (see in Figure 4.4(c)) and is in
line with the effect observed in CaGaSiN3.
The overall effect is however, less pronounced than in CaGaSiN3. We attribute this effect to the
higher chemical similarity of Al/Si compared to Ga/Si. Both SPRKKR and VASP values for the
Band gap (EgVASP = 3.4 eV) show good agreement and an expectedly increased band gap of
CaAlSiN3 compared to CaGaSiN3 by about 0.3 eV. The same holds true for the optical band gap
from the calculated absorption spectra with an averaged optical band gap of about 4.0 eV (see
Figure S4.9). Band gaps with GGA-mbj correction result in an electronic band gap of 4.5 eV
which comes close to the optical band gap value of 5.0–5.3 eV as obtained by direct
extrapolation from diffuse reflectance data.[4,41,42]
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4.4.3 Optical Properties
To determine the experimental band gap of CaGaSiN3, we conducted UV/Vis spectroscopy.
Diffuse reflectance spectra (see Figure 4.5(a)) of undoped and Eu2+-doped CaGaSiN3 show a
broad absorption band above 330 nm (3.75 eV). The undoped sample shows an additional
absorption band (at around 270 nm) which is attributed to unknown amorphous contaminants
from the ammonothermal synthesis. The band gap was determined using the Kubelka–Munk
formalism for direct transitions,[43–45]

𝛼𝛼(ℎ𝑣𝑣) ≈ 𝐵𝐵(ℎ𝑣𝑣 − 𝐸𝐸𝑔𝑔 )𝑛𝑛 ,

plotted as (F(R)hν)1/n in accordance with the calculated band structure of the disordered
CaGaSiN3. The experimental optical band gap was determined to be 3.20 and 3.37 eV for the
undoped and doped samples, respectively (see Figure 4.5(b)). Close agreement with the
calculated value for Eg of 3.10 eV appears counterintuitive as DFT is usually expected to
underestimate the experimental band gap more severely. We conclude that the experimentally
determined band gap is equally underestimated due to the broadened drop of reflectance
(330–460 nm). The observed extensive Urbach tailing is ascribed to the statistical Ga/Si disorder
and defects of the nanocrystallites.[46] The latter are strongly dependant on autoclave pressure
variations and are attributed to slight band gap discrepancies of doped and undoped
CaGaSiN3. Direct extrapolation of the reflectivity as done for CaAlSiN3[41,42] to the zero point of
the x-abscissa of the diffuse reflectivity would result in a band gap of 4.4 eV for CaGaSiN3 more
closely in accordance with the GGA-mbj values. We believe the Tauc plot to be closer to reality
which would also imply a smaller Eg value for CaAlSiN3 and a similar overestimation by mbjGGA.

Figure 4.5 (a) Experimental normalized diffuse reflection spectrum of undoped (black) and Eu-doped (red)
CaGaSiN3. Intensity artifact at 330 nm due to a He to D-Lamp switch. (b) Tauc plot (n = 1/2) for Eu-doped
(turquoise) and undoped (black) CaGaSiN3. Dashed lines indicate a linear fit to determine Eg for the doped
(orange) and undoped (red) sample, respectively.
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In order to compare the experimental optical band gap we further determined the optical
properties of CaGaSiN3 from the calculated complex dielectric matrix:

𝜀𝜀 = 𝜀𝜀1 (𝜔𝜔) + 𝑖𝑖𝜀𝜀2 (𝜔𝜔),

where the imaginary part ε2(ω) is obtained by summation over empty states and the real part

ε1(ω) follows from the Kramers–Kronig relation.[47] The optical properties such as extinction
coefficient k(ω), refractive index n(ω), optical reflectivity R(ω) and absorption coefficient α(ω)
are obtained from the relations:[48]

�𝜀𝜀1
𝑘𝑘(𝜔𝜔) = �

(𝜔𝜔)2 + 𝜀𝜀2 (𝜔𝜔)2 − 𝜀𝜀1 (𝜔𝜔)
,
2

�𝜀𝜀1 (𝜔𝜔)2 + 𝜀𝜀2 (𝜔𝜔)2 + 𝜀𝜀1 (𝜔𝜔)
,
𝑛𝑛(𝜔𝜔) = �
2
𝑅𝑅(𝜔𝜔) =

(𝑛𝑛 − 1)2 + 𝑘𝑘 2
,
(𝑛𝑛 + 1)2 + 𝑘𝑘 2

𝛼𝛼(𝜔𝜔) =

2𝑘𝑘𝑘𝑘
𝑐𝑐

The calculated averaged absorption spectrum of CaGaSiN3 is shown in Figure 4.6 (a). We
estimate the optical band gaps for CaGaSiN3 by extrapolation of the slopes to the energy axis
from the calculated absorption spectra (Figure 4.6(b)).[45] In accordance to the calculated DOS,
ordering model C shows an early onset of absorption, resulting in the smallest optical band gap
of 3.72 eV, followed by model A with Eg = 3.90 eV and model B with Eg = 4.00 eV. The observed
peaks of the averaged absorption spectrum can be approximately assigned to different
electronic transitions with help of the partial DOS (see Figure S4.4). The first absorption peak at
6.3 eV can be assigned to N 2p to Ca 3d transitions, while the second peak at 8.7 eV appears

Figure 4.6 (a) Calculated absorption spectrum for CaGaSiN3 as an average of the ordering models A, B
and C calculated from VASP. The colored inset depicts the different contributions to the shape of the
averaged spectrum. (b) Slopes of the first linear ascend in the absorption spectra.
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Figure 4.7 (a) Calculated joint DOS (JDOS) for the three ordering models A, B, C of CaGaSiN3 as calculated
with VASP with their corresponding extrapolated linear fits to evaluate Eg. (b) Calculated JDOS for ordered
and disordered CaGaSiN3 within the SPRKKR formalism. The inset displays the extrapolated linear fits to
evaluate Eg.

ambiguously from most likely N 2p and Ga 3p to Ca 3d transitions. Note that this peak is not
observed in model C. According to the selection rules the doublet at 12 eV can be attributed to
Ga/Si 3p to Ca 3d and Si 3s to Ga/Si 3p transitions. The second absorption maximum peaking
around 24–30 eV consists of different Ga, Si and N s /p state transitions to the conduction
band. The evaluation of Eg was further conducted by calculations of the joint DOS depicted in
Figure 4.7 (a and b), which is proportional to the measured absorption under the assumption of
constant matrix elements, for both SPRKKR and VASP data. The determined band gap values
from the VASP evaluated JDOS are slightly larger than those factoring the dielectric matrix
elements (see Figure 4.6 (b)) but show an overall good agreement. The band gaps evaluated
from the SPRKKR evaluated the JDOS range from 3.5 eV, for the disordered CPA calculation, to
3.7 eV for ordering model B. These results further corroborate the lowering of the electronic
band gap with the introduced atomic disorder in CaGaSiN3.

4.5 Conclusion
We report a detailed investigation and comparison of the electronic properties of CaGaSiN3 and
CaAlSiN3 at a first-principles level. The effective band gap of the heavier homologue CaGaSiN3
is expectedly reduced by about 0.3 eV. The diffuse reflectance spectra of CaGaSiN3 suggest an
optical band gap of 3.2–3.4 eV. By assuming different atomic ordering patterns for CaGaSiN3,
DFT predicts Eg to be 3.1–3.3 eV, while the utilization of GGA-mbj corrected electronic band gap
values tends to overestimate the average band gap to 4.5 eV with regard to the experimental
Tauc plot. Additional absorption spectra were calculated for different atomic ordering models
of CaGaSiN3 and CaAlSiN3 with VASP and SPRKKR, respectively, resulting in optical band gaps
of 3.6–4.0 eV (CaGaSiN3) and 4.0 eV (CaAlSiN3) on average.
In order to address the experimentally prevailing chemical disorder in both systems we employ
the approach of SPRKKR + CPA, which to date has not been utilized extensively to study large
band gap phosphor host materials. We show that for CaGaSiN3 and CaAlSiN3 the chemical
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disorder impacts the electronic structure by diminishing the electronic and optical band gaps
by about 0.1 eV on average with respect to chemically ordered structures. We thus provide
insights into a better understanding of chemical disorder effects on the electronic structure at
an ab initio level for the materials in question.
Our results might prove beneficial to future materials design considerations of phosphor
materials under the presumption of being valid for a wider range of compounds.
Most importantly the successful treatment of disorder with SPRKKR + CPA in this case study
opens the scope to future investigations on related solid-solution materials and common
nitride phosphor materials by addressing rare earth doping at an experimental level without the
utilization of extensive super cell calculations.
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4.8.1 Formulas Used for the Calculation of Mechanical Properties
Stability criteria for orthorhombic crystals:

2
2
2
𝐶𝐶11 𝐶𝐶22 > 𝐶𝐶12
, 𝐶𝐶22 𝐶𝐶33 > 𝐶𝐶23
, 𝐶𝐶11 𝐶𝐶33 > 𝐶𝐶13

𝐶𝐶𝑖𝑖𝑖𝑖 > 0 (𝑖𝑖=1; 4–6)

2
2
2
and 𝐶𝐶11 𝐶𝐶22 𝐶𝐶33 + 2𝐶𝐶12 𝐶𝐶23 𝐶𝐶13 − 𝐶𝐶11 𝐶𝐶23
− 𝐶𝐶22 𝐶𝐶13
− 𝐶𝐶33 𝐶𝐶12
>0

Bulk and shear modulus according to Voigt (Bv, Gv) and Reuss (BR, GR):(*,**)

𝐵𝐵𝑉𝑉 =

𝐶𝐶11 + 𝐶𝐶22 + 𝐶𝐶33 + 2(𝐶𝐶12 + 𝐶𝐶23 + 𝐶𝐶31 )
9

𝐺𝐺𝑉𝑉 =

(𝐶𝐶11 + 𝐶𝐶22 + 𝐶𝐶33 ) − (𝐶𝐶12 + 𝐶𝐶23 + 𝐶𝐶31 )
15

𝐵𝐵𝑅𝑅 =

𝐺𝐺𝑅𝑅 =

1
𝑆𝑆11 + 𝑆𝑆22 + 𝑆𝑆33 + 2(𝑆𝑆12 + 𝑆𝑆23 + 𝑆𝑆31 )

+

3(𝐶𝐶44 + 𝐶𝐶55 + 𝐶𝐶66 )
15

15
4(𝑆𝑆11 + 𝑆𝑆22 + 𝑆𝑆33 − 𝑆𝑆12 − 𝑆𝑆23 − 𝑆𝑆31 + 3(𝑆𝑆44 + 𝑆𝑆55 + 𝑆𝑆66 )

* Subscripts Cnm obtained from Cijkl according to the Voigt notation 𝑥𝑥𝑥𝑥 → 1, 𝑦𝑦𝑦𝑦 → 2, 𝑧𝑧𝑧𝑧 → 3, 𝑦𝑦𝑦𝑦 → 4, 𝑧𝑧𝑧𝑧 → 5, 𝑥𝑥𝑥𝑥 → 6.
** Compliance constants Snm are obtained from the inversion of elastic constant matrix S = C

−1.

Voigt-Reuss-Hill approximation:

𝐵𝐵𝑉𝑉𝑉𝑉𝑉𝑉 =

𝐵𝐵𝑉𝑉 + 𝐵𝐵𝑅𝑅
2

𝐺𝐺𝑉𝑉𝑉𝑉𝑉𝑉 =

𝐺𝐺𝑉𝑉 + 𝐺𝐺𝑅𝑅
2

Young's modulus (Y ) and the Poisson ratio (v ) are obtained by the relations:

Debye temperature:

𝑌𝑌𝑉𝑉𝑉𝑉𝑉𝑉 =

9𝐵𝐵𝐵𝐵
3𝐵𝐵 + 𝐺𝐺

𝜃𝜃𝐷𝐷 =

with 𝛥𝛥 =

𝑣𝑣 =

3𝐵𝐵 − 2𝐺𝐺
6𝐵𝐵 + 2𝐺𝐺

ћ
1⁄3
�6𝜋𝜋 2 𝑉𝑉 1⁄2 𝑁𝑁� 𝛥𝛥
𝑘𝑘𝐵𝐵

𝐵𝐵
2 1+𝑣𝑣 3⁄2
� �3 �2 �
�
𝑀𝑀
3 1−2𝑣𝑣
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where, kB and ћ are the Boltzmann and Plank's constant respectively, v is the Poisson ratio,

V[m3] is the volume of the unit cell, N is the number of atoms in the cell. B [Pa] represents the
bulk modulus and M [a.u.] the molar mass of the unit cell.
4.8.2 CaGaSiN3
4.8.2.1 Band structure/DOS Calculations for the Unrelaxed Experimental Structure Models

Figure S4.1 Bloch spectral functions (a-c) calculated along high symmetry directions in the first Brillouin
zone within the MUNICH SPRKKR program package for the three CaGaSiN3 ordering models based on the
unrelaxed experimental crystal parameters where (a–c) represent the Si/Ga-ordering variants A, B and C,
respectively.

Figure S4.2 Colored: Interpolated total density of states near the valence and conduction band edge for
the unrelaxed experimental CaGaSiN3 ordering models as calculated from SPRKKR-CPA approach (a–c)
including the Ga/Si disorder. Black: Average DOS of the three ordering models.
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Figure S4.3 Bloch spectral functions along high symmetry directions in the first Brillouin zone for the
fully disordered structure of CaGaSiN3 as based on the experimental crystal structure refinement,
calculated within the KKR approach based on the CPA.

Figure S4.4

Partial
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states
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VASP

Left to Right: Ordering Models A, B and C.
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Figure S4.5 a) Calculated extinction coefficient k and refractive index n, b) imaginary (ε2) and real (ε1) part
of the dielectric function, c) energy loss spectrum and d) reflectivity, for CaGaSiN3 as an average of the
ordering models A, B and C calculated from VASP. The differently colored inset (a, c, d) depicts the
different contributions to the shape of the averaged spectrum.

The respective parts of the dielectric function ε, extinction coefficient k, refractive index n,
reflectivity and energy loss spectra from the VASP calculations are depicted in Figure S4.5 (a–d).
The static refractive index is found to be 2.29 and the overall refractive index reaches its
maximum at 4.6 eV with a value of 3.03. The energy loss function is defined as

1
𝜖𝜖12
Im = 2
𝜀𝜀
𝜀𝜀1 + 𝜀𝜀22 +

taking large values for ε1 → 0 and ε2 <1. 1 The peaks of the plasma frequency can therefore, be

identified as the maxima of the average energy loss function, with values of 19.5 and 30.25 eV,
where ε1 and ε2 are sufficiently close to zero.

1

R. E. Hummel, Electronic Properties of Materials, Springer, 2000.
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4.8.3 CaAlSiN3
4.8.3.1 Total Energies (eV/Formula Unit) for the Relaxed Ordering Structures of CaGaSiN3
and CaAlSiN3
Table S4.1 Total energy after structural relaxation for both CaAlSiN3 and CaGaSiN3 in eV / formula unit as
calculated by VASP
Ordering variant
Total energy
(eV/f.u. of CaAlSiN3)
Total energy
(eV/f.u. of CaGaSiN3)

A

B

C

−43.982

−43.980

−43.803

−41.132

−41.140

−40.885

4.8.3.2 DOS and Band Structure Calculations for Relaxed Structure Models

Figure S4.6 Density of states of CaAlSiN3 for the relaxed CaGaSiN3 analogue (Al/Si) ordering variants A, B
and C as calculated by VASP.

86

4.8 Supporting Information

Figure S4.7 Bloch spectral function (a-c) calculated along high symmetry directions in the first Brillouin
zone within the Munich SPRKKR program package for the three relaxed CaAlSiN3 ordering models, where
(a-c) represent the Si/Al-ordering variants A, B and C, respectively. Blue lines indicate the relative
conduction band minimum for the calculations of the respective CaGaSiN3 models.

Figure S4.8 Unrelaxed calculated density of states of CaAlSiN3 for the CaGaSiN3 analogue (Al/Si) ordering
variants A, B and C calculated with KKR. Black: Average Density of states of the combined models.

Figure S4.9 Calculated absorption (a) and intersecting slopes, corresponding to the optical band gap
estimate, of the first steep ascend in absorption (b) for CaAlSiN3 for the CaGaSiN3 analogous (Al/Si)
ordering variants A, B and C.
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Abstract

Grimm–Sommerfeld

analogous

nitrides MgSiN2, MgGeN2, MnSiN2, MnGeN2,
LiSi2N3 and LiGe2N3 (generally classified as
II‐IV‐N2

and

I-IV2-N3)

are

promising

semiconductor materials with great potential for
application in (opto)electronics or photovoltaics.
A new synthetic approach for these nitride
materials was developed using supercritical
ammonia as both solvent and nitride-forming
agent. Syntheses were conducted in custombuilt high-pressure autoclaves with alkali metal
amides LiNH2, NaNH2 or KNH2 as ammonobasic mineralizers, which accomplish an adequate
solubility of the starting materials and promote the formation of reactive intermediate species.
The reactions were performed at temperatures between 870 and 1070 K and pressures up to
230 MPa.

All

studied

compounds

crystallize

in

wurtzite-derived

superstructures

with

orthorhombic space groups Pna21 (II-IV-N2) and Cmc21 (I-IV2-N3), respectively, which was
confirmed by powder X-ray diffraction. Optical bandgaps were estimated from diffuse
reflectance spectra using the Kubelka–Munk function (MgSiN2: 4.8 eV, MgGeN2: 3.2 eV, MnSiN2:
3.5 eV, MnGeN2: 2.5 eV, LiSi2N3: 4.4 eV, LiGe2N3: 3.9 eV). Complementary DFT calculations were
carried out to gain insight into the electronic band structures of these materials and to
corroborate the optical measurements.
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5.1 Introduction
Prospecting new semiconducting materials is an important issue in current research to meet the
rapid development and high demands of modern electronic technologies. At present, gallium
nitride and its solid solutions (Al,Ga,In)N (III-N) represent the most important nitride
semiconductors for numerous applications, for example, light-emitting diodes, laser diodes or
field-effect transistors.[1,2] In recent decades, a large number of new ternary nitrides were
discovered, with many of them recently gaining increasing attention due to their promising
optical and electronic properties.[3] In particular, ternary nitrides with structural relationships to
group 13 nitrides are good candidates as next-generation semiconductor materials as they
feature similar ranges of bandgaps and increased prospects for bandgap engineering.
Furthermore, implied ternary nitrides are generally composed of earth-abundant elements,
whereas metals like gallium or indium are becoming increasingly scarce. Zn-IV-nitrides
(IV = Si, Ge, Sn) are currently the most prominent examples for such Grimm–Sommerfeld
analogous compounds showing good bandgap tunability and small carrier effective masses.[3–6]
Besides this, isotypic MgSiN2 is also well-studied in terms of its electronic band structure, the
photoluminescence of Mn2+ doped or rare earth doped materials as well as its ceramic
properties.[7–10] On the other hand, further II-IV-N2 compounds as well as wurtzite-related
I‐IV2‐N3 nitrides have scarcely been investigated with regard to their optical and electronic
properties so far. Previous experimental studies are mainly limited to the photoluminescence
and ion conductivity of LiSi2N3, magnetic and optical properties of MnSiN2 as well as the
formation and optical tuning of MgxMn1−xSiN2 solid solutions.[11–16] Experimental analyses of
optical parameters of the respective germanium compounds MgGeN2, MnGeN2 and LiGe2N3
have so far not been reported.
Common synthetic methods for Mg-IV-N2, Mn-IV-N2 and Li-IV2-N3 nitrides include hightemperature techniques under N2 atmosphere, ammonolysis and vapor–liquid–solid (VLS)
deposition.[15,17–19] In this contribution, we present an ammonothermal approach for bulk
synthesis of these compounds using highly pressurized ammonia as the reaction medium. The
ammonothermal technique is widely used for the crystal growth of binary nitrides like GaN,[20]
whereas very few ternary nitrides were synthesized by this method so far. Recently, we
described solution-based syntheses of ZnSiN2 and ZnGeN2 using ammonobasic supercritical
ammonia.[21] In the present study, we report on synthesis and optical characterization of the
ternary nitride semiconductors MgSiN2, MgGeN2, MnSiN2, MnGeN2, LiSi2N3 and LiGe2N3. The
products were analyzed by powder X-ray diffraction, bandgaps were evaluated using diffuse
reflectance spectroscopy and electronic structure was determined by DFT calculations based on
the Korringa–Kohn–Rostoker (KKR) Green's function method.
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5.2 Results and Discussion
5.2.1 Synthesis
The ternary nitrides MgSiN2, MgGeN2, MnSiN2, MnGeN2, LiSi2N3 and LiGe2N3 were synthesized
by the ammonothermal method using custom-built high-pressure autoclaves. Ammonobasic
mineralizers MNH2 (M = Li, Na, K) were added to increase solubility of the starting materials.
The alkali metal amides were obtained in situ starting from the azides because of the available
purity and chemical stability of the latter. In analogy to the synthesis of Zn-IV-nitrides,[21] KNH2
was preferred for syntheses of MgSiN2 and MnSiN2, while phase-pure samples of MgGeN2 and
MnGeN2 were only obtained with NaNH2 as the mineralizer. Mg/Mn were used in 20% excess
and Li in 50% excess to facilitate complete conversion of the intermediates to the nitrides (see
Experimental Section). Residual alkali or alkaline earth metal amides were easily washed out
after the reactions (see below). The syntheses of II-IV-N2 were carried out in two temperature
steps, since intermediate species like amides or imides are preferentially formed at
temperatures below 700 K.[22] In case of the Li-IV2-N3 compounds, the autoclaves were directly
heated to the final desired temperature. Otherwise, a nearly complete transport of LiNH2 into
the colder peripheral parts of the vessels was observed. Lower heating rates were applied for
the synthesis of LiSi2N3, taking the considerable decomposition of NH3 at temperatures above
850 K into account.[23] All Si-containing products were synthesized at up to 1070 K with an
autogenous pressure of 170 MPa. Phase-pure LiSi2N3 was obtained at 970 K, while Li2SiN2 was
detected as a side-phase at 1070 K.[24] Besides, synthesis of LiGe2N3 was only successful starting
from Ge3N4 instead of Ge. Since the Ge compounds are thermally less stable than the Si
compounds, the former were synthesized at lower temperatures up to 900 K and a pressure of
230 MPa. Residual intermediates and mineralizer were dissolved in 5 M HCl (MgSiN2, MnSiN2,
LiSi2N3), EtOH (MgGeN2, LiGe2N3) or H2O (MnGeN2). The respective solvent was selected taking
the chemical stability of the products and the formation of side-phases during the purification
process into account. Crystal sizes of the obtained nitrides are in the range of 100 nm to 1 μm
as shown in scanning electron microscopy (SEM) images (Figure S5.1).
5.2.2 Powder X-ray Diffraction and Crystal Structures
The purified products were analyzed by powder X-ray diffraction (see Figure 5.1). Wyckoff
positions and atomic coordinates for Rietveld refinement were taken from literature.[17,25–27] The
obtained crystallographic data are listed in Table 5.1, refined atomic coordinates and
displacement parameters are given in Tables S5.1–S5.6 (see the Supporting Information). All
referred compounds crystallize in orthorhombic symmetry. The crystal structures of both
II‐IV‐N2 and I-IV2-N3 can be derived from the wurtzite structure type (space group P63mc);
ordering of the tetrahedrally coordinated cations results in space groups Pna21 and Cmc21,
respectively.
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Table 5.1 Crystallographic data of Mg-IV-N2, Mn-IV-N2 and Li-IV2-N3 (IV = Si, Ge) obtained by Rietveld
refinement
Formula

MgSiN2

MgGeN2

MnSiN2

Crystal system

MnGeN2

LiSi2N3

LiGe2N3

orthorhombic

Pna21

Pna21

Pna21

Pna21

Cmc21

Cmc21

a [Å]

5.2825(2)

5.5018(2)

5.2679(1)

5.4974(2)

9.2135(2)

9.5570(4)

b [Å]

6.4593(2)

6.6254(3)

6.5125(1)

6.6639(2)

5.2980(1)

5.5198(2)

c [Å]

4.9862(2)

5.1835(3)

5.0742(1)

5.2508(1)

4.7800(1)

5.0486(1)

Cell volume [Å3]

170.132(9)

188.949(15)

174.082(6)

192.359(9)

233.324(9)

266.326(15)

Density [g·cm-3]

3.1391

4.3916

4.2367

5.3715

2.9929

4.8429

Space group

Formula units

4

[cell]
T [K]

293(2)

Diffractometer

STOE STADI P

Radiation [Å]

Mo-Kα1 (λ = 0.70930 Å)

2θ range [°]

5.0 ≤ 2θ ≤ 50

Profile function

fundamental parameters model

Background

Shifted Chebyshev

function
Data points
Number of
reflections
Refined
parameters
R values

Goodness of fit

3001
143

183

170

187

125

143

56

50

35

51

33

54

Rp =

Rp =

Rp =

Rp =

Rp =

Rp =

0.0331

0.0430

0.0338

0.0480

0.0658

0.0349

Rwp =

Rwp =

Rwp =

Rwp =

Rwp =

Rwp =

0.0417

0.0578

0.0434

0.0632

0.0877

0.0453

RBragg =

RBragg =

RBragg =

RBragg =

RBragg =

RBragg =

0.0193

0.0394

0.0177

0.0135

0.0211

0.0212

1.240

1.991

1.686

1.035

0.935

1.946
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Figure 5.1 Rietveld refinements of MgSiN2 (a), MgGeN2 (b), MnSiN2 (c), MnGeN2 (d), LiSi2N3 (e) and
LiGe2N3 (f) with experimental data (black lines, Mo-Kα1 radiation, λ = 0.70930 Å), calculated patterns (red
lines), difference profiles (gray lines) and positions of Bragg reflections (blue bars).

Crystal structures and group–subgroup relationships are illustrated in Figure 5.2. The threedimensional networks are built up of corner-sharing cation-centered tetrahedra forming

sechser-rings along [001].

Figure 5.2 Group–subgroup relations of the wurtzite structure type (P63mc) and wurtzite superstructures
of I-IV2-N3 (Cmc21) and II-IV-N2 (Pna21) compounds viewed along [001]. GaN4 (III-N) and M N4 (M = Si, Ge
in I-IV2-N3 and II-IV-N2) tetrahedra are depicted in blue, M ′N4 tetrahedra (M′ = Li, Mg or Mn) in green.
Wyckoff positions of GaN were taken from literature.[28]
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As expected, a slight tilting and distortion of the tetrahedra in II-IV-N2 and I-IV2-N3 compared
to the hypothetical superstructures based on III-N can be observed. Calculated lattice
parameters and interatomic distances from Rietveld refinement are in the same range as earlier
reported values.[17–25–27]
In addition, thermal stabilities of the synthesized nitrides were analyzed by temperatureprogrammed powder X-ray diffraction (TP-XRD). Degradation initiates at 770 K for MgGeN2,
920 K for MnSiN2 and between 1000–1200 K for the other nitrides as indicated by emerging
reflections of the decomposition products (see Figure S5.2–S5.7 in the Supporting Information).
5.2.3 UV/Vis Reflectance Spectroscopy
Diffuse reflectance of the purified powder samples was measured to investigate the optical
properties of the materials. The recorded spectra show broad absorption bands between 200–
400 nm (MgSiN2, MnSiN2, LiSi2N3) and 300–500 nm (MgGeN2, MnGeN2, LiGe2N3), see
Figure S5.8 in the Supporting Information. Pseudo-absorption spectra were calculated using the
Kubelka–Munk function F(R) = (1−R )2/2 R (R = reflectance).[29] The optical bandgaps were
determined using Tauc plots hν versus (F(R )⋅hν )1/n with n = 1/2 for direct allowed transitions
(Figure 5.3 and Table 5.2).[30] The observed absorption bands in the spectra were primarily
attributed to direct transitions due to the similarity of direct and indirect bandgaps in the
materials (section DFT calculations).

Figure 5.3

Tauc

plots

of

MgSiN2 (a),

MgGeN2 (b),

LiGe2N3 (f).
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MnSiN2 (c),

MnGeN2 (d),

LiSi2N3 (e)

and
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Table 5.2 Evaluated optical bandgaps (eV) of Mg-IV-N2, Mn-IV-N2 and Li-IV2-N3 (IV = Si, Ge) from Tauc
plots at room temperature
MgSiN2

MnSiN2

LiSi2N3

MgGeN2

MnGeN2

LiGe2N3

4.8

3.5

4.4

3.2

2.5

3.9

Apart from MgSiN2, material properties of these nitrides have scarcely been investigated so far.
Optical measurements were only reported for the respective Si nitrides MgSiN2, MnSiN2 and
LiSi2N3. The evaluated bandgap of MgSiN2 coincides well with previously determined values in
the literature, ranging from 4.8 to 5.6 eV.[10,31] A deviation of ≈0.8 eV in comparison to other
reported data was observed for MnSiN2 and LiSi2N3 which can be attributed to different
evaluation techniques for the bandgaps as well as different synthetic methods.[16,32] To some
extent, variances can also arise from crystallographic defects within the materials. MgGeN2,
MnGeN2 and LiGe2N3 exhibit smaller optical bandgaps in comparison to the respective Si
nitrides, which is consistent with comparable systems.[3] Notably, sub-bandgap absorption was
observed for MnSiN2 and MnGeN2 which was previously attributed to spin-forbidden
d–d‐transitions and associated selection rule relaxations.[15,16] This also explains the tails
observed in the Tauc plots as well as the red and brown colors of the products (see
Experimental section), which is in line with previous studies.[15,19]
5.2.4 DFT Calculations
In order to corroborate the experimental data, DFT calculations were carried out. Plots of the
total and atom resolved density of states (DOS) are shown in Figure 5.4 for MnSiN2 and
MnGeN2 (for specific bandgap region see Figure S5.9, supporting information) and in
Figure S5.10 for Mg-IV-N2 and Li-IV2-N3 (IV = Si, Ge). Excluding temperature effects, MnSiN2
and MnGeN2 exhibit spin polarization which is in agreement with previous calculations.[33] The
spin polarization seen in Figure 5.4 a–b arises from the Mn atoms, in particular their 5d states.
For Mn total magnetic moment values of 4.49 μB and 4.45 μB are obtained for MnSiN2 and
MnGeN2, respectively.

Figure 5.4 Total and atom resolved DOS of MnSiN2 (a) and MnGeN2 (b) within the SPRKKR formalism.
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Table 5.3 Electronic (El.) and optical (Opt.) bandgaps (eV) for Mg-IV-N2, Mn-IV-N2 (spin up ↑ / spin
down ↓) and Li-IV2-N3 (IV = Si, Ge) as calculated by SPRKKR formalism (EV-GGA)
MgSiN2

MnSiN2

LiSi2N3

MgGeN2

MnGeN2

LiGe2N3

El.

4.2

0.6 ↑ 1.0 ↓

5.6

3.0

0.1 ↑ 1.0 ↓

3.6

Opt.

4.8

2.2 ↑ 2.8 ↓

4.9

3.6

1.4 ↑ 2.8 ↓

3.8

In order to estimate the optical absorption, the joint density of states (JDOS) was subsequently
calculated for each compound as depicted in Figure 5.5 a–f in line with previous works[34] and
was further validated by additional optical calculations within linear response formalism. Eg was
then determined by means of a linear fit of the first steep ascend of the JDOS. Its values agree
well with the evaluated optical bandgap from experimental data with merely minor deviations
(Tables 5.2 and 5.3).

Figure 5.5 Calculated JDOS of MgSiN2 (a), MgGeN2 (b), MnSiN2 (c), MnGeN2 (d), LiSi2N3 (e) and LiGe2N3 (f)
within the SPRKKR formalism. Extrapolated linear fits are used to evaluate Eg.
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Due to the spin polarization of MnSiN2 and MnGeN2 their JDOS was calculated for both the
spin up and spin down channel. Early absorption (1–2 eV) in the total JDOS would mainly
represent Mn-3d–3d transitions that are deemed forbidden due to dipole selection rules.
However, selection rule relaxations can induce absorption in this energy range to some
extent.[15,16] Hence, Eg can be estimated from a mean value of the spin up and down JDOS. This
appears to be a reasonable approximation for the optical bandgap in line with the experimental
absorption starting at around 2 eV for both Mn compounds while the strong incline in
absorption can likely be attributed to N 2p to Mn 3d transitions. Electronic bandgaps were
determined from the Bloch spectral functions depicted in Figure 5.6 a–h. Mg-IV-N2 and
Li‐IV2‐N3 (IV = Si, Ge) exhibit direct and indirect bandgaps of very similar magnitude, while
Mn‐IV‐N2 reveal both direct and indirect gaps with respect to their spin channels.
Up to now, bandgap calculations referred to these nitrides were reported for MgSiN2, MgGeN2
and LiSi2N3. Estimated bandgaps range from 3.8 to 6.3 eV for MgSiN2,[10,25,35–40] 2.9 to 5.4 eV for
MgGeN2[25,35–37,41] and 5.0 to 5.6 eV for LiSi2N3.[13,42]

Figure 5.6 Bloch spectral functions of MgSiN2 (a), MgGeN2 (b), MnSiN2 (↑c/↓d), MnGeN2 (↑e/↓f), LiSi2N3 (g)
and LiGe2N3 (h) as calculated by SPRKKR formalism (EV-GGA). ↑ and ↓ indicate spin up and down channels,
respectively.
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The large discrepancies result from different calculation methods which can lead to a significant
under- or overestimation of the bandgaps. In general, the applied SPRKKR formalism seems to
provide reasonable values with regard to the experimental data.

5.3 Conclusions
We developed a new synthetic approach for the ternary nitrides Mg-IV-N2, Mn-IV-N2 and
Li-IV2-N3 (IV = Si, Ge) implementing solutions of supercritical ammonia (pcrit = 11.3 MPa,

Tcrit = 405.5 K)[43] with alkali metal amides as ammonobasic mineralizers. Custom-built highpressure autoclaves made of nickel-based superalloys Inconel 718 (max. 900 K, 300 MPa) and
Haynes alloy 282 (max. 1100 K, 170 MPa) provided the required temperature and pressure for
the formation of these materials. Evaluation of observed absorption bands in diffuse reflectance
spectra resulted in a range of bandgaps between 2.5 eV (MnGeN2) and 4.8 eV (MgSiN2). Band
structures and the type of band transitions were calculated by DFT, which corroborated the
estimated optical bandgaps, further providing new insights into electronic and optical
properties of the materials in question. Calculated Bloch spectral functions show bandgaps
similar in magnitude to the optical bandgaps with direct bandgaps for the majority of discussed
compounds. MnSiN2 and MnGeN2 exhibit much lower electronic bandgaps than estimated from
experimental and calculated optical bandgaps however with low transition probabilities as
indicated by DOS and JDOS calculations.
Up to now, only few reports on ammonothermal synthesis of ternary and multinary nitrides can
be found in literature. Syntheses in supercritical ammonia are still challenging due to the high
demands on autoclave materials and high-pressure facilities. However, recent achievements in
this research field are very intriguing for future studies.[21,34,44,45]
With regard to the structural relationship of III-N, II-IV-N2 and I-IV2-N3 nitrides, bandgap
engineering and further tuning of optical properties by formation of solid solutions is very
promising. Even more attainable compositions for wurtzite-derived superstructures have been
proposed by Parthé and Baur.[46–48] For instance, the thermodynamic stability of wurtzite-related
quaternary nitride semiconductors like LiAlGe2N4 and LiGaGe2N4 was recently predicted as
well.[49] On the basis of our latest studies, the ammonothermal approach is thus very promising
for the discovery and design of novel and innovative next-generation semiconductors.

5.4 Experimental Section
The autoclaves were loaded and sealed in Ar-filled glove boxes (Unilab, MBraun, Garching,
O2<1 ppm, H2O<1 ppm) to avoid oxygen and moisture contamination of the starting materials.
A vacuum line (≤0.1 Pa) with connected argon and ammonia supply was used for the
condensation procedure. Ar (Air Liquide, 99.999%) and NH3 (Air Liquide, 99.999%) were passed
through gas purification cartridges (Micro torr FT400-902 and MC400-702FV, SAES Pure Gas
Inc., San Luis Obispo, CA, USA) providing a purity level of <1 ppbV H2O, O2 and CO2.
Custom-built autoclaves manufactured from nickel-based superalloys Inconel 718 (max. 900 K,
300 MPa, 10 mL/97 mL) or Haynes 282 (max. 1100 K, 170 MPa, 10 mL) were used for
ammonothermal syntheses. The autoclave body and lid is sealed via flange joints using silver98
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coated Inconel 718 metal-C-rings (GFD seals) as sealing gaskets. The hand valve (SITEC),
pressure transmitter (HBM P2VA1/5000 bar) and safety head with integrated bursting disc
(SITEC) are connected to the autoclave lid via 3/8′′ high-pressure tubing connections.
5.4.1 Synthesis of MgSiN2, MnSiN2 and LiSi2N3
To facilitate a complete conversion to intermediate compounds, Si (Alfa Aesar, 99.9%) was ballmilled under argon for 10 h using a planetary ball mill (Retsch PM 400). Mg (10 mmol, Alfa
Aesar, 99.8%), Si (8 mmol) and KN3 (25 mmol, Sigma–Aldrich, 99.9%), Mn (10 mmol, Alfa Aesar,
99.95%), Si (8 mmol) and KN3 (25 mmol) or LiN3 (5 mmol, synthesized according to the
procedure of Fair et al.)[50] and Si (5 mmol) were placed in Mo liners, respectively. The Mo liners
were transferred into Haynes 282 autoclaves. The autoclaves were closed under argon,
evacuated and cooled with ethanol/liquid nitrogen to 198 K. Ammonia was condensed into the
autoclaves via a pressure regulating valve. For the synthesis of MgSiN2 and MnSiN2, the
autoclave body was heated in a custom-built vertical tube furnace (Loba, HTM Reetz) to 570 K
with a rate of 3 K min−1, held at this temperature for 15 h, heated to 1070 K with a rate of
1 K min−1 and held for further 100 h. For the synthesis of LiSi2N3, the autoclave body was
heated to 970 K with a rate of 1.5 K min−1 and maintained at this temperature for 100 h. The
pressure was kept between 100 MPa and 170 MPa during the heating periods and was
appropriately reduced if necessary. The autoclaves were cooled down to room temperature by
switching off the furnace. The products were washed with H2O and 5 M HCl to remove the
residual mineralizer and intermediates and dried at 350 K in air. MgSiN2 and LiSi2N3 where
obtained as white powders and MnSiN2 as red powder, respectively.
5.4.2 Synthesis of MgGeN2, MnGeN2 and LiGe2N3
Ge (smart-elements, 99.99%) was ground for 15 min with an oscillating mixer mill (Specac
Specamill) prior to the syntheses. Mg (20 mmol, Alfa Aesar, 99.8%), Ge (16 mmol) and NaN3
(50 mmol, Sigma–Aldrich, 99.5%), Mn (20 mmol, Alfa Aesar, 99.95%), Ge (16 mmol) and NaN3
(50 mmol) or Li (25 mmol, Alfa Aesar, 99%) and Ge3N4 (3 mmol, ABCR, 99.9%) were directly
placed into Inconel 718 autoclaves, respectively. The autoclaves were closed under argon,
evacuated and cooled with ethanol/liquid nitrogen to 198 K. Ammonia was condensed into the
autoclaves via a pressure regulating valve. For the synthesis of MgGeN2 and MnGeN2, the
autoclave body (97 mL internal volume) was heated in a custom-built vertical tube furnace
(Loba, HTM Reetz) to 670 K with a rate of 3 K min−1, kept at this temperature for 15 h, heated to
870 K with a rate of 2 K min−1 and held for further 100 h. For the synthesis of LiGe2N3, the
autoclave body (10 mL internal volume) was heated to 900 K with a rate of 3 K min−1 and
maintained at this temperature for 100 h. The pressure was kept between 150 MPa and
230 MPa during the heating periods and was appropriately reduced if necessary. The
autoclaves were cooled down to room temperature by switching off the furnace. The products
were washed with EtOH (MgGeN2, LiGe2N3) or H2O (MnGeN2) to remove the residual
mineralizer and intermediates and dried at 350 K in air. MgGeN2, MnGeN2 and LiGe2N3 where
obtained as beige, light brown and white powders, respectively.
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5.4.3 Powder X-ray Diffraction
The products were finely ground and loaded in glass capillaries (0.3 mm diameter, 0.01 mm wall
thickness, Hilgenberg GmbH). XRD measurements were performed using a Stoe STADI P
diffractometer (Mo Kα1, λ = 0.70930 Å, Ge(111) monochromator, Mythen 1 K detector) in
modified Debye–Scherrer geometry. Temperature-programmed powder X-ray diffraction was
conducted on a Stoe STADI P diffractometer (Mo Kα1, λ = 0.70930 Å, Ge(111) monochromator,
image plate position sensitive detector) which is equipped with a high-temperature graphite
furnace. The diffraction patterns were recorded in segments of 50 K up to 1270 K with a heating
rate of 5 K min−1. TOPAS-Academic Software was used for Rietveld refinement applying the
fundamental parameters model with direct convolution of source emission profiles, axial
instrument contributions, crystallite size and microstrain effects for the peak shape
function.[51,52] Capillary absorption correction (inner diameter 0.28 mm) was performed with the
calculated absorption coefficient. Further details on the crystal structure investigations may be
obtained from the Fachinformationszentrum Karlsruhe, 76344 Eggenstein-Leopoldshafen,
Germany (E-mail: crysdata@fiz-karlsruhe.de), on quoting the depository numbers CSD-433631
(MgSiN2),

CSD-433632 (MgGeN2),

CSD-433633 (MnSiN2),

CSD-433634 (MnGeN2),

CSD-

433635 (LiSi2N3) and CSD-433636 (LiGe2N3).
5.4.4 Scanning Electron Microscopy (SEM)
The crystal morphology of the products was investigated using a FEI Helios G3 UC scanning
electron microscope (SEM; field emission gun, acceleration voltage 30 kV). The purified
products were placed on an adhesive carbon pad and subsequently coated with a conductive
carbon film using a high-vacuum sputtercoater (BAL-TEC MED 020, Bal Tec AG).
5.4.5 UV/Vis Spectroscopy
A Jasco V-650 UV/Vis spectrophotometer equipped with Czerny–Turner mount, photomultiplier
tube detector and deuterium (190–350 nm)/halogen (330–900 nm) lamps as light sources was
used for diffuse reflectance measurements. The intensity artifacts at 330 nm arising from the
deuterium—halogen lamp switch were corrected for a reliable determination of the bandgap.
5.4.6 DFT Calculations
Bloch spectral functions and DOS calculations were conducted based on Rietveld refinements
of the experimental structures as shown in Table 5.2 within the fully relativistic Korringa–Kohn–
Rostoker (KKR) Green's function method as implemented in the Munich SPRKKR package.[53,54]
The Brillouin zone was sampled with k-meshes of 12 × 10 × 13 (II-IV-N2) and 12 × 12 × 11
(Li-IV2-N3) respectively. An angular momentum expansion of l = 3 was used for all calculations.
Electronic convergence was achieved based on the local density approximation (LDA) of Vosko,
Wilk, and Nusair and further by the EV-GGA (Engel Vosko) in order to compare the electronic
bandgaps to the experimental measurements.[55,56] For the Li-IV2-N3 phases k-dependent
convergence parameters for the structure constant matrix had to be set manually to values of
ETA = 2.0, RMAX = 2.5 and GMAX = 2.5 in order to achieve reasonable results.
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Figure S5.1 Scanning electron microscopy (SEM) images of MgSiN2 (a), MgGeN2 (b), MnSiN2 (c), MnGeN2
(d), LiSi2N3 (e) and LiGe2N3 (f).
Table S5.1 Wyckoff positions and atomic coordinates of MgSiN2 obtained from Rietveld refinement,
standard deviations in parentheses
Atom

Wyckoff

x

y

z

SOF

Uiso (Å2)

Mg

4a

0.0861(5)

0.6192(7)

0.9945(13)

1

0.0061(3)

Si

4a

0.0689(4)

0.1246(6)

0.0063(11)

1

0.0061(3)

N1

4a

0.0530(15)

0.0894(12)

0.3634(18)

1

0.0061(3)

N2

4a

0.1059(12)

0.6581(10)

0.4213(18)

1

0.0061(3)
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Table S5.2 Wyckoff positions and atomic coordinates of MgGeN2 obtained from Rietveld refinement,
standard deviations in parentheses
Atom

Wyckoff

x

y

z

SOF

Uiso (Å2)

Mg

4a

0.0781(10)

0.6238(21)

0.0061(70)

1

0.0130(4)

Ge

4a

0.0745(3)

0.1255(7)

0.0063(25)

1

0.0130(4)

N1

4a

0.0860(25)

0.1462(23)

0.3917(29)

1

0.0130(4)

N2

4a

0.0849(26)

0.6521(23)

0.3988(18)

1

0.0130(4)

Table S5.3 Wyckoff positions and atomic coordinates of MnSiN2 obtained from Rietveld refinement,
standard deviations in parentheses
Atom

Wyckoff

x

y

z

SOF

Uiso (Å2)

Mn

4a

0.0767(2)

0.6233(4)

0.9966(8)

1

0.0027(2)

Si

4a

0.0686(4)

0.1235(8)

0.9949(15)

1

0.0027(2)

N1

4a

0.1151(8)

0.6600(10)

0.4165(13)

1

0.0027(2)

N2

4a

0.0526(10)

0.0885(11)

0.3489(8)

1

0.0027(2)

Table S5.4 Wyckoff positions and atomic coordinates of MnGeN2 obtained from Rietveld refinement,
standard deviations in parentheses
Atom

Wyckoff

x

y

z

SOF

Uiso (Å2)

Mn

4a

0.0786(6)

0.6245(16)

0.9867(24)

1

0.0101(3)

Ge

4a

0.0721(4)

0.1255(11)

0.9889(26)

1

0.0101(3)

N1

4a

0.0628(25)

0.1031(31)

0.3529(37)

1

0.0101(3)

N2

4a

0.1064(22)

0.6258(38)

0.3933(24)

1

0.0101(3)
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Table S5.5 Wyckoff positions and atomic coordinates of LiSi2N3 obtained from Rietveld refinement,
standard deviations in parentheses
Atom

Wyckoff

x

y

z

SOF

Uiso (Å2)

Li

4a

0

0.3500(31)

0.9945(29)

1

0.0037(3)

Si

8b

0.1662(2)

0.8369(4)

0.0251(36)

1

0.0037(3)

N1

8b

0.1978(5)

0.8617(12)

0.3899(6)

1

0.0037(3)

N2

4a

0

0.2743(11)

0.4488(11)

1

0.0037(3)

Table S5.6 Wyckoff positions and atomic coordinates of LiGe2N3 obtained from Rietveld refinement,
standard deviations in parentheses
Atom

Wyckoff

x

y

z

SOF

Uiso (Å2)

Li

4a

0

0.336(9)

0.979(32)

1

0.0087(3)

Ge

8b

0.1657(3)

0.8280(5)

0.9795(1)

1

0.0087(3)

N1

8b

0.1883(13)

0.8216(33)

0.3452(14)

1

0.0087(3)

N2

4a

0

0.2940(30)

0.3873(18)

1

0.0087(3)

Figure S5.2 Temperature-programmed powder X-ray diffraction pattern of MgSiN2.
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Figure S5.3 Temperature-programmed powder X-ray diffraction pattern of MgGeN2.

Figure S5.4 Temperature-programmed powder X-ray diffraction pattern of MnSiN2.
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Figure S5.5 Temperature-programmed powder X-ray diffraction pattern of MnGeN2.

Figure S5.6 Temperature-programmed powder X-ray diffraction pattern of LiSi2N3.
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Figure S5.7 Temperature-programmed powder X-ray diffraction pattern of LiGe2N3.

Figure S5.8 Diffuse reflectance spectra of MgSiN2 (a), MgGeN2 (b), MnSiN2 (c), MnGeN2 (d), LiSi2N3 (e) and
LiGe2N3 (f).
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Figure S5.9 Enlarged section of total and atom resolved DOS of MnSiN2 (a) and MnGeN2 (b) within the
SPRKKR formalism.

Figure S5.10 Total and atom resolved DOS of MgSiN2 (a), MgGeN2 (b), LiSi2N3 (c) and LiGe2N3 (d) within
the SPRKKR formalism.
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Abstract Grimm-Sommerfeld analogous II-IV-N2 nitrides
like

ZnSiN2,

ZnGeN2

or

MgGeN2

are

promising

semiconductor materials for substitution of commonly used
(Al,Ga,In)N. In this contribution, we present a combined
study on the ammonothermal synthesis of solid solutions of
II-IV-N2 compounds (II = Mg, Mn, Zn and IV = Si, Ge),
having the general formula (IIa1−xIIbx)-IV-N2 with x ≈ 0.5 and

ab initio DFT calculations of their electronic and optical
properties are presented. The ammonothermal reactions
were conducted in custom-built high-temperature, high-pressure autoclaves by using the
corresponding elements as starting materials. NaNH2 and KNH2 act as ammonobasic
mineralizers, that increase the solubility of the reactants in supercritical ammonia. Temperatures
between 870 and 1070 K and pressures up to 200 MPa were chosen as reaction conditions. All
solid solutions crystallize in wurtzite-type superstructures with space group Pna21 (no. 33),
confirmed by powder X-ray diffraction. The chemical compositions were analyzed by energydispersive X-ray spectroscopy. Diffuse reflectance spectroscopy was used for estimation of
optical bandgaps of all compounds, which ranged from 2.6 to 3.5 eV (Ge-compounds) and 3.6
to 4.4 eV (Si-compounds), and thus demonstrated bandgap tunability between the respective
boundary phases. Experimental findings were corroborated by DFT calculations of the
electronic structure of pseudorelaxed mixed-occupancy structures by using the KKR+CPA
approach.

6.1 Introduction
The investigation of new semiconducting materials is of essential importance due to the
increasing demand and the large number of possible applications. At present, GaN and solid
solutions of

group 13

nitrides (Al,Ga,In)N
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semiconductors with different application fields in modern electronic technologies. These
include areas such as light‐emitting diodes (LEDs), field-effect transistors or laser diodes.[1–2]
By using solid solutions of group 13 nitrides, a large bandgap range from around 0.7 to 6.2 eV
can be covered.[3] However, the major problem of these compounds arises from the limited
availability of the constitutent elements. Ga and In only arise as byproducts during the
production of copper, aluminum, lead or zinc and are therefore difficult to access. In contrast,
the natural abundance of elements such as Zn or Si is considerably higher. Therefore, one goal
of modern semiconductor research is to synthesize compounds composed of earth-abundant
elements. Recently, DFT calculations indicated various zinc nitrides such as Grimm-Sommerfeld
analogous Zn(Si,Ge,Sn)N2 compounds as possible next-generation semiconductors.[4] These
materials exhibit similar electronic and optical properties compared to GaN, including high
carrier mobility and small carrier effective masses, as well as high chemical stability and
dopability. Additionally, such II-IV-N2 compounds show lattice parameters similar to (Al,Ga,In)N,
which enable the formation of hybrid structures or epitaxial growth on group 13 nitrides. In the
last few years, different studies examined the synthesis and properties of II-IV-N2
compounds.[5–10] However, the bulk synthesis of these materials is still challenging. Recently, we
employed the ammonothermal method as a suitable synthesis approach to Zn-IV-N2
compounds (IV = Si, Ge), as well as other Grimm-Sommerfeld analogous nitrides such as
II‐IV‐N2 (II = Mg, Mn; IV = Si, Ge), II2-P-N3 (II = Mg, Zn), CaGaSiN3 or Ca1−xLixAl1−xGe1+xN3
(x ≈ 0.2).[11–15] By employing this method, we were able to synthesize crystalline ZnSiN2 and
ZnGeN2 with crystal sizes of several micrometers and, for the first time, single crystals of
Mg2PN3 with lengths of up to 30 μm. Furthermore, well defined crystallites of InN were
obtained ammonothermally quite recently, indicating the ammonothermal process as an
auspicious method for synthesis and crystal growth of semiconducting nitrides.[16]
Herein, we present the synthesis of the solid solutions Mg1−xMnxSiN2, Mg1−xZnxSiN2,
Mn1−xZnxSiN2,

Mg1−xMnxGeN2,

Mg1−xZnxGeN2

and

Mn1−xZnxGeN2

(x ≈ 0.5)

under

ammonothermal conditions. The Si-compounds were synthesized at 1070 K and pressures up
to 150 MPa, whereas the Ge-compounds already decompose at such high temperatures and
were therefore synthesized at 870 K and maximum pressures of up to 200 MPa. The products
were analyzed by powder X-ray diffraction and energy dispersive X-ray spectroscopy (EDX).
Diffuse reflectance spectroscopy and DFT calculations were used for evaluation of optical and
electronic properties. Due to the mixed occupancy sites in solid solutions, DFT calculations are
challenging without relying on extensive supercell calculations. Previous works on mixed
occupancy materials CaMSiN3 (M = Al, Ga) and fully ordered II-IV-N2 materials were
successfully used to describe the electronic structure in the Korringa–Kohn–Rostoker (KKR)
Green's function method together with bandgap corrections by the Engel Vosko formalism.[12,17]
Here we advance the described method to show successful application to solid solutions of
these nitride materials. The presented results again demonstrate the great potential of the
ammonothermal approach for synthesis of semiconducting materials and mark another step of
II-IV-N2 compounds towards next-generation semiconductors as alternatives for commonly
used group 13 nitrides.
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6.2.1 Synthesis
The solid solutions of II-IV-N2 compounds Mg1−xMnxSiN2, Mg1−xZnxSiN2, Mn1−xZnxSiN2,
Mg1−xMnxGeN2, Mg1−xZnxGeN2 and Mn1−xZnxGeN2 (x ≈ 0.5) were synthesized using supercritical
ammonia as solvent in custom-built high-pressure, high-temperature autoclaves. The
respective elements (Mg, Mn, Zn, Ge and Si) were used as starting materials. NaN3
(Ge‐compounds) and KN3 (Si-compounds) were added to the reaction mixture. They
decompose during the reaction and form the corresponding amides (NaNH2 and KNH2), acting
as ammonobasic mineralizers. The azides were used instead of metals or amides because of
their high purity and chemical stability toward hydrolysis. The mineralizers increase the
solubility of the other starting materials in supercritical ammonia by formation of soluble
intermediates (e.g. K2[Zn(NH2)4]).[18–19] In the case of the Si-compounds, the use of KNH2 instead
of NaNH2 resulted in products with higher crystallinity. These findings are consistent with
previous results, where MgSiN2 and MnSiN2 were synthesized with KNH2, and MgGeN2 and
MnGeN2 with NaNH2.[12] Due to the preferred formation of intermediates around 700 K and the
following transformation into the nitrides at higher temperatures, the syntheses were
conducted in two temperature steps (see Experimental Section). Whereas all Si-compounds
were synthesized at 1070 K with an autogenous pressure of around 150 MPa, Ge containing
compounds are thermally less stable and already decompose at these temperatures. Therefore,
Mg1−xMnxGeN2, Mg1−xZnxGeN2 and Mn1−xZnxGeN2 (x ≈ 0.5) were synthesized at 870 K reaching
maximum pressures of about 200 MPa. To prevent uncontrolled diffusion of the starting
materials through the autoclave, the reaction mixtures were contained in closed Ta-liners. The
lids of the liners contain a small hole to ensure the filling with ammonia. After reaction, residual
amides and other impurity phases were removed as far as possible (see below) by washing the
products with ethanol and acetic acid. Optical micrographs of the obtained products are shown
in Figure 6.1.

Figure 6.1 Optical micrographs of Mg1−xMnxSiN2 (a), Mg1−xMnxGeN2 (b), Mg1−xZnxSiN2 (c), Mg1−xZnxGeN2
(d), Mn1−xZnxSiN2 (e), and Mn1−xZnxGeN2 (f) with x ≈ 0.5.
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The purified compounds were analyzed by PXRD. Rietveld plots of all products are shown in
Figure 6.2. Wyckoff positions, atomic coordinates and lattice parameters as starting values for
the refinement were taken from ammonothermally synthesized II-IV-N2 phases in the
literature.[11–12] Obtained crystallographic data are summarized in Table 6.1, and refined atomic
coordinates and displacement parameters in Tables S6.1–S6.2 in the Supporting Information. All
compounds crystallize in orthorhombic space group Pna21 (no. 33) and can be derived from the
wurtzite structure type (P63mc, no. 186) by ordering of tetrahedrally coordinated divalent and
tetravalent cations, to form sechser-rings along [001] (Figure 6.3).[20] The ordering can be
verified by the expected (011) and (110) superstructure reflections for the orthorhombic
structure,[21] which occur as the first two reflections of the target phases in the powder patterns.
Further ordering of the different divalent cations in the solid solutions (e.g. Mg2+ and Zn2+ in
Mg1−xZnxGeN2) could not be detected by PXRD. The occupation of the divalent cation positions
were refined and slightly deviate from 0.5 for each divalent cation (see Supporting Information
Tables S6.1–S6.6). The largest deviation is found in Mg0.375Mn0.625GeN2, whereas the deviations
of all other compounds are in the range of ± 0.05. The chemical compositions of the products
were verified by elemental analysis (see below). Cell volumes of the solid solutions are within
the range of the respective boundary phases reported in literature.[11–12]

Figure 6.2 Rietveld refinement of PXRD pattern of solid solutions of II-IV-N2 compounds (II = Mg, Mn, Zn;
IV = Si, Ge) with experimental data (black lines), calculated data (red lines), difference profiles (blue lines),
and reflection positions (black bars). Green bars indicate reflection position of K3MnO4 side phase.
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Table 6.1 Crystallographic data of Mg1−xMnxSiN2, Mg1−xMnxGeN2, Mg1−xZnxSiN2, Mg1−xZnxGeN2,
Mn1−xZnxSiN2 and Mn1−xZnxGeN2 (x ≈ 0.5) obtained by Rietveld refinement
Mg1−xMnxSiN2 Mg1−xMnxGeN2 Mg1−xZnxSiN2 Mg1−xZnxGeN2 Mn1−xZnxSiN2 Mn1−xZnxGeN2

formula

(x = 0.543)

(x = 0.625)

(x = 0.515)

crystal system

(x = 0.545)

(x = 0.53)

(x = 0.55)

orthorhombic

Pna21 (33)

space group

a 5.27579(12)

5.50086(8)

5.26264(8)

5.48149(8)

5.26071(10)

5.48798(9)

b 6.49871(17)

6.65560(11)

6.36667(11)

6.51446(11)

6.35726(15)

6.54510(13)

c

5.03780(13)

5.22654(8)

5.00805(7)

5.18384(7)

5.04257(11)

5.22186(9)

cell volume / Å3

172.725(7)

191.352(5)

167.797(5)

185.110(5)

168.642(6)

187.566(6)

Density / g·cm-3

3.732

5.001

3.972

5.286

4.592

5.676

lattice
parameters / Å

formula units / cell

4

T/K

293(2)

diffractometer

STOE STADI P

radiation / Å

Cu-Kα1 (λ = 1.5406)

2θ range / °

5.0 ≤ 2θ ≤ 100

profile function

fundamental parameters model

background
function

Shifted Chebyshev

data points

6365

6365

6365

6365

6365

6365
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Figure 6.3 Crystal structure of solid solutions of II-IV-N2 compounds (II = Mg, Mn, Zn; IV = Si, Ge) along
[001]. Mixed occupied II-N4-tetrahedra are depicted in blue, IV-N4-tetrahedra in orange.
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However, the values of the solid solution deviate slightly from those expected from Vegard's
rule (see Supporting Information Figure S.6.1).[22] Possible explanations for this slight
divergence could be a certain heterogeneous phase width of the solid solutions, which could
also explain slight reflection broadening effects in the PXRD patterns of the solid solutions
compared to the boundary phases, vacancies within the crystal structure, and as measuring
inaccuracies.
To show that, in principle, solid solutions with other compositions are possible, Mg1−xZnxGeN2
with x ≈ 0.8 was synthesized. The Rietveld plot, atomic coordinates, and crystallographic data
are given in the Supporting Information (Figure S6.2, Tables S6.7 and S6.8).

6.4 Scanning Electron Microscopy
SEM was conducted for verification of the chemical composition of the solid solutions as well as
for examination of crystallite size and morphology. EDX values are summarized in Tables S6.9
and S6.10 in the Supporting Information. The slightly differing compositions measured at
different measuring points suggest a phase width. A possible explanation could be the different
solubilities of the starting materials (Mg, Mn and Zn) in supercritical ammonia, resulting in a
varying transport through the autoclave, which could not be prevented completely by the use
of Ta liners. Nevertheless, based on the obtained values, it can be assumed that the solid
solutions have an atomic ratio of the divalent cations close to 1 : 1, which is consistent with the
findings received from Rietveld refinement. Exemplarily, SEM images of Mn1−xZnxSiN2 and
Mn1−xZnxGeN2 (Figure S6.3 in the Supporting Information) show crystallites with sizes up to
several micrometers. The sizes and well-defined crystal faces suggest a solution based growth
mechanism, as already reported for ZnGeN2.[11] SEM images of the Mg-containing compounds
only show nanocrystalline products and were therefore not presented in the Supporting
Information.

6.5 UV/Vis Spectroscopy
The optical properties of the solid solutions were investigated by diffuse reflectance
spectroscopy. Whereas the Si-compounds show absorption bands in the region between 200
and 350 nm, the absorption bands of the Ge-compounds are shifted to higher wavelengths
between 300 and 500 nm (see Figure S6.4 in the Supporting Information). In the case of Mncontaining compounds, sub-bandgap absorption was observed. These absorption bands can be
attributed to the absorption of Mn2+ [transition of the ground state 6A1(6S) to the excited states
4T

1(

4G), 4T

2(

4G), 4A ,4E(4G), 4T (4D)
1
2

and 4E(4D)] according to literature.[8,23] In the case of the

germanium compounds, these absorption bands are partially overlaid by the bandgap
absorption. The Kubelka-Munk function F (R) = (1−R)2/2R, where R is reflectance, was used to
calculate pseudo-absorption spectra.[24] Figure 6.4 shows Tauc plots, which were used for
evaluation of the bandgaps Eg, whereby the energy hν was plotted against [F (R)∙hν]1/n with

n = 1/2 for direct bandgaps.[25] Direct transitions were assumed according to DFT calculations
(see below). Table 6.2 summarizes the measured bandgaps. The evaluated bandgaps are in
similar ranges to those already described in literature for the boundary phases.[9,11–12,26–31]
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Figure 6.4 Tauc plots of Mg1−xMnxSiN2 (a), Mg1−xMnxGeN2 (b), Mg1−xZnxSiN2 (c), Mg1−xZnxGeN2 (d),
Mn1−xZnxSiN2 (e) and Mn1−xZnxGeN2 (f) with x ≈ 0.5. Red lines indicate tangents at the inflection points.

Table 6.2 Evaluated optical bandgaps (Egexp) of the the mixed occupancy (IIa1−xIIbx)‐IV‐N2 (x ≈ 0.5)
compound series from Tauc plots at room temperature.
Mg1₋xMnxSiN2
3.6 eV

Mg1₋xMnxGeN2
2.7 eV

Mg1₋xZnxSiN2
4.4 eV

Mg1₋xZnxGeN2
3.5 eV

Mn1₋xZnxSiN2
3.8eV

Mn1₋xZnxGeN2
2.6 eV

Compared with the boundary phases prepared from ammonothermal syntheses (Figure S6.5 in
the Supporting Information), the measured Eg of the mixed phases do not exactly match the
mean values of their constituent boundary phases. This is in line with the aforementioned
minor deviations and possible measuring inaccuracies of lattice parameters observed from
structure refinement. Considering the extensive Urbach tailing observed in the diffuse
reflectance spectra (see Figure S6.4 in the Supporting Information), such deviations might well
be explained by slight variations in the occupation of the divalent cation sites, possible defect
sites, or resulting increased phonon-assisted absorption in the nanocrystallites obtained from
ammonothermal synthesis.[17,32] In the case of Mg1−xZnxGeN2 the evaluated bandgap (3.5 eV) is
larger than those of the corresponding boundary phases (both 3.2 eV). On the basis of
numerous theoretical calculations, it can be assumed that the bandgap of MgGeN2 should
actually be larger (around 4 eV) than previously estimated (3.2 eV).[12,33]
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6.6 DFT Calculations
To validate and investigate the observed trends of the experimentally deduced bandgap
behavior of the examined solid solutions, DFT calculations were carried out for all boundary
phases and the solid solutions Mg0.5Mn0.5SiN2, Mg0.5Zn0.5SiN2 and Mn0.5Zn0.5SiN2, as well as the
isotypical Ge series Mg0.5Mn0.5GeN2, Mg0.5Zn0.5GeN2 and Mn0.5Zn0.5GeN2, in which the mixed
occupancy was fixed at 0.5 for the sake of consistency. Each mixed occupancy model was
constructed from a symmetrized average of three VASP‐relaxed orderings with regard to atomic

position and lattice parameters (for models, see Figure S6.6 in the Supporting Information).
These pseudorelaxed models were used as starting points for electronic structure calculations
of the mixed-occupancy models (IIa0.5IIb0.5)-IV-N2 by means of the MUNICH SPRKKR package, which

has been shown to be a sensible approach according to our previous work.[17] Figure 6.5 depicts
the calculated plots for the density of states (DOS) for each material.
Excluding temperature effects, all (Mn0.5II0.5)‐IV‐N2 (II = Mg, Zn / IV = Si, Ge) compounds
(Figure 6.5 a, b, e, f) exhibit spin polarization with values of total magnetic moments ranging
between 4.17 – 4.23 µB. The obtained electronic bandgaps for the calculated solid solutions lie
in‐between the calculated values of the respective boundary phases for all compounds
calculated within the framework of the used code. These obtained Eg values for purely

Figure 6.5 Density of states (DOS) as calculated by the KKR formalism with the coherent potential
approximation and Engel Vosko exchange correlation (EV‐GGA) for the mixed occupancy (IIa0.5IIb0.5)‐IV‐N2
compound

series.

(Mg0.5Mn0.5)SiN2 (a), (Mg0.5Mn0.5)GeN2 (b), (Mg0.5Zn0.5)SiN2 (c), (Mg0.5Zn0.5)GeN2 (d),

(Mn0.5Zn0.5)SiN2 (e) and (Mn0.5Zn0.5)GeN2 (f).
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Figure 6.6 Electronic and magnetic properties as calculated by the KKR formalism with the coherent
potential approximation and Engel-Vosko exchange correlation (EV‐GGA) for the mixed occupancy
(IIa0.5IIb0.5)‐IV‐N2 compound series. Left: Si-series, Right: Ge-series. Arrows indicate direct electronic gaps for
up and down spin channels.

electronic transitions are estimated from the respective Bloch spectral functions (see
Figures S6.7 and S6.8 in the Supporting Information) and are summarized in Figure 6.6. For
spin-polarized Mn-compounds Eg is given in terms of the respective spin-up and spin-down
channels along values of magnetic moments. Owing to the underestimation of the exchangecorrelation by PBE we utilize the EV-PBE functional implemented in SPRKKR to correct the
exchange-correlation and increase the bandgap accordingly. For a variety of materials including
group 13 nitrides, EV-GGA has been shown to provide accurate band dispersion with gaps lying
somewhere between those of LDA/GGA and those from the modified Becke Johnson potential
(mBJ), the latter of which is widely considered to reproduce gaps with good accuracy.[34–40] Due
to the smearing of the bands introduced by the mixed-occupancy disorder and the induced
smearing of the Bloch spectral functions, together with the relatively flat progression of the
valence states, the assignment of the transition types for the solid solutions is not without
ambiguity. For better analysis we performed subsequent calculations on the respective ordering
models within VASP and the therein-available mBJ potential. For all ordered compounds
Mg0.5Zn0.5SiN2, Mn0.5Zn0.5SiN2 and Mn0.5Mg0.5SiN2, the ordered models suggest that indirect
transitions are slightly favored over direct transitions, whereas for Mn0.5Zn0.5GeN2 and
Mn0.5Mg0.5GeN2 direct and indirect transitions arise depending on the cation ordering with only
Mg0.5Zn0.5GeN2 showing consistent direct transitions. From the respective KKR calculations of
the solid solutions indirect transitions are found for the (IIa0.5IIb0.5)-Si-N2 compounds, albeit with
only about 0.05 eV difference to direct transitions. For the (IIa0.5IIb0.5)-Ge-N2 compound series
direct and indirect transitions are found to be energetically identical.
As both types of transitions are found for the ordering models, KKR+CPA calculations appear to
consistently describe the solid solution for statistical mixed occupancy. With regard to the
minimal difference in direct and indirect transitions, we estimate that optically allowed direct
transitions are more likely to be occur and thus best described with the Kubelka-Munk
formalism for direct transitions, as chosen accordingly for the experimental evaluation by
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UV/Vis spectroscopy. With regard to the bandgap the ordered mBJ calculations on average
further increase the bandgaps from EV-PBE by about 1 eV. Lambrecht et al. have further
published a number of computationally dedicated bandgap estimates from QSGW calculations
for MgSiN2, ZnSiN2, MgGeN2 and ZnGeN2. For MgSiN2 and ZnSiN2 indirect transitions of 5.84
and 5.44 eV are reported, whereas for MgGeN2 and ZnGeN2 direct transitions of 5.14 and
3.42 eV in magnitude were obtained from the QSGW calculations, respectively, while more
recent calculations that explicitly correct the influence of semicore d states suggest a corrected
bandgap of 4.11 eV for MgGeN2.[33,41,42]
Although our bandgap determined for MgGeN2 from EV-GGA appears to still underestimate Eg,
it seems to be a reasonable cost-efficient correction for the exchange correlation compared to
PBE while qualitatively describing the trend in gap progression between the II-IV-N2 boundary
phases correctly. Hence, we assume that the fundamental electronic bandgaps of both
(IIa0.5IIb0.5)-Si-N2 and (IIa0.5IIb0.5)-Ge-N2 should be increased by approximately 1 eV, which would
place them closer to QSGW calculations.[33,41,42] A summary of our bandgap determinations,
along with experimental and QSGW evaluations from literature where available, is given in
Tables S6.11 and S6.12 of the Supporting Information. Figure 6.5 shows that the edges of the
conduction bands (CBs) for the majority spin channels are characterized by a slow ascent for all
II‐IV‐N2 compounds. This is due to the limited number of states originating from a single band
(conduction band minimum at the Γ point, see also Figure S6.7 in the Supporting Information),
which is mostly characterized by mixed N and M2+ states with s character. In turn this implies
reduced optical transition probabilities for the optical absorption, as can be seen from
calculations of the joint DOS shown in Figure 6.7. These calculations are in good agreement
with the experimentally determined pseudo-absorption spectra from Kubelka-Munk theory,
even in terms of analogous bandgap estimates, as shown in Table 6.3. Whereas the
experimentally determined bandgaps may be lowered due to defects introduced during
synthesis and Urbach tail absorptions, the herein estimated bandgaps from the JDOS are
expected to overestimate the fundamental bandgap due to the decreased transition probability
of the CB edges.

Figure 6.7 JDOS calculations for (IIa0.5IIb0.5)‐Si‐N2 (a) and (IIa0.5IIb0.5)‐Ge‐N2-compounds (b) within the KKR
formalism. Extrapolated linear fits (dotted lines) were used for the estimation of optical bandgaps. Inset:
JDOS of spin down channels.
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Table 6.3 Optical bandgaps EgJD (eV) of the the mixed occupancy (IIa0.5IIb0.5)‐IV‐N2 compound series from
joint DOS calculations based on the EV-PBE functional within the MUNICH SPRKKR program package.
Mg0.5Mn0.5SiN2

Mg0.5Mn0.5GeN2

Mg0.5Zn0.5SiN2

Mg0.5Zn0.5GeN2

Mn0.5Zn0.5SiN2

Mn0.5Zn0.5GeN2

3.4 eV

2.8 eV

4.9 eV

4.3 eV

3.4 eV

2.5 eV

This effect is, however, likely compensated by underestimations for Eg from DFT. The lowenergy transitions to CB at the Γ point seen from the JDOS might also further influence the
broad absorption tails observed in the diffuse reflectance spectra. Accordingly, advanced
experimental measurement techniques to determine the fundamental bandgaps with more
accuracy such as XAS-XES might prove promising for future investigations of this materials
class, which are so far only available for MgSiN2 (XANES-XES: 5.6 eV).[31]

6.7 Magnetic Measurements
Magnetic measurements were performed to investigate the magnetic behavior of the
Mn‐containing solid-solutions. However, due to paramagnetic impurities, a precise statement
on the magnetic properties is difficult. A corresponding discussion together with detailed
information on the magnetic measurements is presented in the Supporting Information

6.8 Conclusions
Herein we report on the synthesis of the solid solutions Mg1−xMnxSiN2, Mg1−xZnxSiN2,
Mn1−xZnxSiN2, Mg1−xMnxGeN2, Mg1−xZnxGeN2 and Mn1−xZnxGeN2 (x ≈ 0.5) using supercritical
ammonia (Tcrit = 405.5 K, pcrit = 11.3 MPa) as reaction media and alkali metal amides as
mineralizers.[19] Special autoclaves constructed of nickel-based superalloys (Inconel 718 and
Haynes alloy 282) were used for the syntheses. All six compounds crystallize in a wurtzite-type
superstructure in space group Pna21. The measured optical bandgaps range from 2.6 to 3.5 eV
(Ge compounds) and 3.6 to 4.4 eV (Si compounds). Additionally, DFT calculations of
(IIa0.5IIb0.5)‐IV-N2 (II = Mg, Mn, Zn; IV = Si, Ge) provide detailed insights into the electronic
structures, electronic and optical bandgaps, and type of band transitions. The resulting values
for the electronic bandgaps as well as the values for the optical transitions obtained by JDOS
calculations are of the same order of magnitude as the measured ones and thus corroborate
the validity of our approach to calculate both solid solutions and boundary phases of II-IV-N2
semiconductors.
Although the ammonothermal synthesis of ternary and higher (oxide) nitrides is still
challenging and only a small number of synthesized compounds are known from literature,
these studies once again demonstrate the great potential of this method.[11–15,43–46] Furthermore,
it could be shown within the scope of this work that bandgap tunability is possible in this
system, paving the way for possible future applications of bandgap engineering. With regard to
the semiconducting properties of II-IV-N2 and their potential as alternatives to commonly used
group 13 nitride semiconductors, the crystal growth and further characterization of materials
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properties of these solid solutions, for example electronic band structure measurements by
means of XES-XAS measurements, is the next step in the exploration and contribution to a
better understanding of II-IV-N2 compounds.

6.9 Experimental Section
The autoclaves were loaded in an Ar-filled glovebox (Unilab, MBraun, Garching, O2 < 1 ppm,
H2O < 1 ppm) to prevent oxygen or moisture contamination. Ammonia was condensed into
the autoclaves by using a vacuum line (≤ 0.1 Pa) with argon and ammonia (both: Air Liquide,
99.999%) supply. Gas purification cartridges (Micro Torr FT400-902 (for Ar) and MC400-702FV
(for NH3), SAES Pure Gas Inc., San Luis Obispo, CA, USA) were used for further purification,
providing a purity level of < 1 ppbV H2O, O2 and CO2.
6.9.1 Ammonothermal Synthesis of Mg1−x Mnx GeN2, Mg1−x Znx GeN2, Mn1−x Znx GeN2
Mg1−xMnxGeN2, Mg1−xZnxGeN2 and Mn1−xZnxGeN2 (x ≈ 0.5) as well as Mg1−xZnxGeN2 (x ≈ 0.8)
were synthesized under ammonothermal conditions starting from the corresponding metals
[Mg (1.5 mmol, 36.5 mg, Alfa Aesar, 99.8%), Mn (1.5 mmol, 82.4 mg, Alfa Aesar, 99.95%) and Zn
(1.5 mmol, 98.1 mg, Alfa Aesar, 99.9 %)], Ge (3 mmol, 217.9 mg, smart-elements, 99.99%) and
NaN3 (7.5 mmol, 487.5 mg, Sigma-Aldrich, 99.5%) as mineralizer for x ≈ 0.5 and Mg (0.75 mmol,
18.2 mg, Alfa Aesar, 99.8%), Zn (2.25 mmol, 147.2 mg, Alfa Aesar, 99.9 %), Ge (3 mmol,
217.9 mg, smart-elements, 99.99%) and NaN3 (7.5 mmol, 487.5 mg, Sigma-Aldrich, 99.5%) for

x ≈ 0.8. The starting materials were mixed and transferred in a Ta liner, to protect the mixture
against contamination by the autoclave material. The liners were closed by means of a Ta lid
with a small hole. Afterwards, the liner was placed in the autoclave (Inconel® 718, max. 900 K,
300 MPa, 10 mL), which was sealed with a lid via flange joints using a sealing gasket (silver
coated Inconel® 718 ring, GFD seals). The autoclave body is connected via an Inconel® 718
high pressure tube to the upper part, consisting of a hand valve (SITEC), a pressure transmitter
(HBM P2VA1/5000 bar), and a bursting disc (SITEC). After closing under argon, the autoclave
was evacuated and cooled with an ethanol/liquid nitrogen mixture to 198 K. Subsequently,
ammonia (≈ 7 mL) was directly condensed into the autoclave via a pressure regulating valve.
The amount of NH3 was determined by means of a mass flow meter (D-6320-DR, Bronkhorst,
Ruurlo, Netherlands). The autoclave was heated to 670 K within 2 h, held at this temperature for
16 h, heated to 870 K within 2 h, and kept at this temperature for 96 h, reaching pressures
around 200 MPa. After cooling, residual ammonia was removed and the products were
separated in air, washed with EtOH and acetic acid and dried at 350 K. Mg1₋xMnxGeN2,
Mg1₋xZnxGeN2 and Mn1₋xZnxGeN2 (x ≈ 0.5) were obtained as light brown, beige and ocher
powders, respectively.
6.9.2 Ammonothermal Synthesis of Mg1−x Mnx SiN2, Mg1−x Znx SiN2 and Mn1−x Znx SiN2
The ammonothermal method was used for synthesis of the solid solutions Mg1−xMnxSiN2,
Mg1−xZnxSiN2 and Mn1−xZnxSiN2 (x ≈ 0.5). The corresponding metals [Mg (1.5 mmol, 36.5 mg,
Alfa Aesar, 99.8%), Mn (1.5 mmol, 82.4 mg, Alfa Aesar, 99.95%) and Zn (1.5 mmol, 98.1 mg, Alfa
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Aesar, 99.9 %)], Si (3 mmol, 84.3 mg, Alfa Aesar, 99.9%) and KN3 (7.5 mmol, 608.4 mg, SigmaAldrich, 99.9%) as mineralizer were used as starting material. Si was ball-milled under argon for
10 h in a planetary ball mill (Retsch PM 400) to support reaction in supercritical ammonia. The
reactants were mixed and placed in a Ta liner. The liners were closed by means of a Ta lid with a
small hole. Subsequently, the liner was transferred into the autoclave (Haynes® 282®, max.
1100 K, 170 MPa, 10 mL), which was closed under argon. The autoclave setup is similar to the
above mentioned one. After evacuating and cooling the reactor to 198 K, NH3 (≈ 4.5 mL) was
condensed into the autoclave. The amount of NH3 was determined by means of a mass flow
meter (D-6320-DR, Bronkhorst, Ruurlo, Netherlands). The autoclave was heated to 670 K within
2 h, held for 16 h, heated to 1070 K within 3 h and kept at this temperature for 96 h, resulting in
maximum pressures of up to 150 MPa. After cooling to room temperature and removing
residual ammonia, the samples were extracted from the liners and washed with ethanol and
acetic acid. Mg1−xMnxSiN2 (x ≈ 0.5) was obtained as white powder, and Mg1−xZnxSiN2 and
Mn1−xZnxSiN2 (x ≈ 0.5) were obtained as brown powders.
6.9.3 Digital Microscope
Optical micrographs of the obtained powders were recorded with a digital microscope (VHX5000, Keyence) under white light irradiation. All sample images were collected with a
magnification of 200.
6.9.4 Powder X-ray Diffraction
The products were ground and filled in glass capillaries (0.3 mm diameter, 0.01 mm wall
thickness, Hilgenberg GmbH). The data were collected with a Stoe STADI P diffractometer with
Cu-Kα1 radiation (λ = 1.5406 Å), Ge(111) monochromator and Mythen 1K detector in DebyeScherrer geometry. TOPAS was used for Rietveld refinement.[47]
CCDC 1903084 (Mg0.375Mn0.625GeN2), CCDC 1903085 (Mg0.455Zn0.545GeN2 CCDC 1903088
(Mn0.55Zn0.45GeN2), CCDC 1903087 (Mg0.457Mn0.543SiN2), CCDC 1903086 (Mg0.515Zn0.485SiN2) and
CCDC 1903089 (Mn0.47Zn0.53SiN2) contain the supplementary crystallographic data for this
paper. The data are provided free of charge from The Cambridge Crystallographic Data Centre.
6.9.5 Scanning Electron Microscopy
A Dualbeam Helios Nanolab G3 UC (FEI) scanning electron microscope, equipped with an EDX
detector (X-Max 80 SDD, Oxford instruments) was used for determination of crystal
morphologies and their chemical composition. The samples were placed on an adhesive carbon
pad and coated with a conductive carbon film by using a high-vacuum sputter coater (BAL-TEC
MED 020, Bal Tec A).
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6.9.6 UV/Vis Spectroscopy
For determination of the optical bandgaps, diffuse reflectance measurements of the samples at
room temperature were recorded using a Jasco V-650 UV/Vis spectrophotometer equipped
with

Czerny-Turner

mount,

photomultiplier

tube

detector

and

deuterium

(190 – 350 nm) / halogen (330 – 900 nm) lamps as light sources.
6.9.7 Computational Details
Initial structural relaxations for the ordered models for all (IIa0.5IIb0.5)‐IV‐N2 compounds were
performed by means of the VASP program package with the implemented projector augmented
wave (PAW) method.[48–52] The generalized gradient approximation (GGA) functional of Perdew,
Burke and Ernzerhof (PBE) was used to model the exchange‐correlation.[53,54] A plane‐wave
cutoff energy of 535 eV was used for all calculations together with a Brillouin zone sampling on
dense gamma centered Monkhorst‐Pack meshes of 10 x 8 x 10. Electronic and structural
convergence criteria of 10−8 and 10−7 eV were set in order to ensure precision of total energies.
For the respective ordering models the exchange-correlation was further corrected with the
modified Becke−Johnson formalism (mBJ -GGA) in order to estimate the bandgaps more
accurately.[40,55,56] Subsequently, in order to accurately estimate the electronic properties of the
experimental solid solution the relaxed structures were averaged, symmetrized and converted
with the CIF2Cell program[57] to formats compatible with the MUNICH SPRKKR program
package.[58,59] The electronic structure was further converged to values of 10−5 eV utilizing the
implemented fully relativistic Korringa–Kohn–Rostoker (KKR) Green's function method with the
PBE functional.[53,54] Owing to the currently missing implementation of the mBJ-GGA potential
the EV‐GGA (Engel Vosko) formalism was used to obtain more reliable bandgaps by calculating
the respective Bloch spectral functions and DOS.[60] The chemical disorder was treated by the
coherent potential approximation (CPA) self consistently and fully relativistic within the four
component Dirac formalism. For all calculations an angular momentum expansion of l = 3 was
used.
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6.11 Supporting Information
6.11.1 Additional Crystallographic Data
Table S6.1 Wyckoff positions and atomic coordinates of Mg1−xMnxSiN2 (x ≈ 0.543) obtained from powder
X-ray diffraction, standard deviations in parentheses
Atom

Wyckoff

x

y

z

SOF

Uiso

Mg1

4a

0.0810(4)

0.6251(6)

-0.0116(5)

0.457(12)

0.0127

Mn1

4a

0.0810(4)

0.6251(6)

-0.0116(5)

0.543(12)

0.0127

Si1

4a

0.0646(5)

0.1356(6)

0.0082(7)

1

0.0127

N1

4a

0.0468(12)

0.0799(15)

0.3611(11)

1

0.0127

N2

4a

0.1235(9)

0.6388(17)

0.4167(12)

1

0.0127

Table S6.2 Wyckoff positions and atomic coordinates of Mg1−xZnxSiN2 (x ≈ 0.515) obtained from powder
X-ray diffraction, standard deviations in parentheses
Atom

Wyckoff

x

y

z

SOF

Uiso

Mg1

4a

0.08133(16)

0.6226(3)

0.0043(3)

0.485(3)

0.0127

Zn1

4a

0.08133(16)

0.6226(3)

0.0043(3)

0.515(3)

0.0127

Si1

4a

0.0742(3)

0.1225(5)

0.0048(7)

1

0.0214(5)

N1

4a

0.0560(7)

0.1010(11)

0.3610(5)

1

0.0127

N2

4a

0.1086(6)

0.6528(10)

0.4168(5)

1

0.0127

Table S6.3 Wyckoff positions and atomic coordinates of Mn1−xZnxSiN2 (x ≈ 0.53) obtained from powder
X-ray diffraction, standard deviations in parentheses
Atom

Wyckoff

x

y

z

SOF

Uiso

Mn1

4a

0.08166(18)

0.6227(4)

0.9652(5)

0.47(2)

0.0127

Zn1

4a

0.08166(18)

0.6227(4)

0.9652(5)

0.53(2)

0.0127

Si1

4a

0.0709(4)

0.1213(9)

0.9672(17)

1

0.0171(1)

N1

4a

0.1097(12)

0.6601(15)

0.3690(8)

1

0.0127

N2

4a

0.0397(14)

0.1082(19)

0.3118(8)

1

0.0127

Table S6.4 Wyckoff positions and atomic coordinates of Mg1−xMnxGeN2 (x ≈ 0.625) obtained from powder
X-ray diffraction, standard deviations in parentheses
Atom

Wyckoff

x

y

z

SOF

Uiso

Mg1

4a

0.0827(3)

0.6217(7)

0.0880(10)

0.375(6)

0.0127

Mn1

4a

0.0827(3)

0.6217(7)

0.0880(10)

0.625(6)

0.0127

Ge1

4a

0.0711(2)

0.1267(4)

0.0814(6)

1

0.0265(4)

N1

4a

-0.0621(14)

-0.0877(12)

-0.0476(12)

1

0.0127

N2

4a

0.1065(11)

0.6248(18)

0.4827(11)

1

0.0127
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Table S6.5. Wyckoff positions and atomic coordinates of Mg1−xZnxGeN2 (x ≈ 0.545) obtained from powder
X-ray diffraction, standard deviations in parentheses
Atom

Wyckoff

x

y

z

SOF

Uiso

Mg1

4a

0.0843(3)

0.6251(7)

0.9629(7)

0.455(4)

0.0127

Zn1

4a

0.0843(3)

0.6251(7)

0.9629(7)

0.545(4)

0.0127

Ge1

4a

0.07434(19)

0.1261(5)

0.9691(4)

1

0.0203(3)

N1

4a

0.0745(14)

0.125(2)

0.3342(9)

1

0.0127

N2

4a

0.0954(13)

0.6515(14)

0.3697(9

1

0.0127

Table S6.6. Wyckoff positions and atomic coordinates of Mn1−xZnxGeN2 (x ≈ 0.45) obtained from powder
X-ray diffraction, standard deviations in parentheses
Atom

Wyckoff

x

y

z

SOF

Uiso

Mn1

4a

0.0839(3)

0.6255(10)

0.9900(11)

0.55(2)

0.0127

Zn1

4a

0.0839(3)

0.6255(10)

0.9900(11)

0.45(2)

0.0127

Ge1

4a

0.0733(3)

0.1277(9)

0.9922(8)

1

0.0137(1)

N1

4a

0.0743(19)

0.117(5)

0.3587(19)

1

0.0127

N2

4a

0.0998(18)

0.652(3)

0.3886(19)

1

0.0127

Figure S6.1

Comparison

of

the

cell

volumes

of

the

solid

solutions

Mg1−xMnxSiN2

(a),

Mg1−xMnxGeN2 (b), Mg1−xZnxSiN2 (c), Mg1−xZnxGeN2 (d), Mn1−xZnxSiN2 (e) and Mn1−xZnxGeN2 (f) with the
cell volumes of their corresponding edge phases.[1-2] Error bars represent the standard deviations obtained
from rietveld refinement. The red lines were extrapolated using Vegard's rule.
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Figure S6.2 Rietveld refinement of PXRD pattern (Cu-Kα1) of solid solution of Mg1−xZnxGeN2 (x ≈ 0.826)
with experimental data (black line), calculated data (red line), difference profile (blue lines), and reflection
positions (black bars). Asterisks mark unknown reflections.

Table S6.7 Wyckoff positions and atomic coordinates of Mn1−xZnxGeN2 (x ≈ 0.826) obtained from powder
X-ray diffraction, standard deviations in parentheses
Atom

Wyckoff

x

y

z

SOF

Uiso

Mg1

4a

0.0785(4)

0.6273(7)

0.9696(6)

0.174(6)

0.0127

Zn1

4a

0.0785(4)

0.6273(7)

0.9696(6)

0.826(6)

0.0127

Ge1

4a

0.0802(4)

0.1249(7)

0.9719(7)

1

0.0528(5)

N1

4a

0.1161(12)

0.093(2)

0.3733(13)

1

0.0127

N2

4a

0.0567(15)

0.645(3)

0.3334(13)

1

0.0127

Table S6.8 Crystallographic data of Mg1−xZnxGeN2 (x = 0.826) obtained by Rietveld refinement
formula

Mg0.174Zn0.826GeN2

crystal system

orthorhombic

space group

Pna21 (33)

lattice parameters / Å

cell volume /

a

5.47260(10)

b

6.44130(13)

c

5.18932(10)

Å3

182.927(6)

Density / g·cm-3

5.766(6)

formula units / cell

4

T/K

293(2)

diffractometer

STOE STADI P

radiation / Å

Cu-Kα1 (λ = 1.5406)

2θ range /°

5.0 ≤ 2θ ≤ 90

profile function

fundamental parameters model

background function

Shifted Chebyshev

data points

5668

number of reflections

89

refined parameters

56

R values

Rp = 0.0539
Rwp = 0.0699
RBragg = 0.0161

Goodness of fit

1.52
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6.11.2 Details on Scanning Electron Microscopy
All EDX measurements showed small amounts of impurities like Na, K and O which originate
from residual mineralizer as well as washing steps with ethanol and acetic acid. For the
quantification of the composition of the compounds, the peaks of Na, K and O were
deconvoluted.

Table S6.9 SEM EDX measurements of Si-compounds
Mg1−x Mnx SiN2

Mg

Mn

Si

N

measurement 1:

11.3

10.6

23.7

54.4

measurement 2:

11.8

12.0

25.7

50.5

measurement 3:

11.9

12.1

25.7

50.3

measurement 4:

11.3

11.8

24.3

52.6

Ø

11.6

11.6

24.9

51.9

Mg1−x Znx SiN2

Mg

Zn

Si

N

measurement 1:

13.1

14.9

26.9

45.1

measurement 2:

11.4

13.2

27.1

48.3

measurement 3:

14.4

11.3

28.1

46.2

measurement 4:

12.4

10.4

27.0

50.2

Ø

12.8

12.5

27.3

47.4

Mn1−x Znx SiN2

Mn

Zn

Si

N

measurement 1:

12.6

12.4

27.9

47.1

measurement 2:

12.6

12.4

28.0

47.0

measurement 3:

11.5

11.3

25.9

51.3

measurement 4:

12.0

9.4

26.6

52.0

Ø

12.2

11.4

27.1

49.3
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Table S6.10 SEM EDX measurements of Ge-compounds
Mg1−x Mnx GeN2

Mg

Mn

Ge

N

measurement 1:

12.5

11.8

22.7

53.0

measurement 2:

12.2

11.2

21.8

54.8

measurement 3:

12.8

12.8

23.8

50.6

measurement 4:

13.6

12.9

24.3

49.2

Ø

12.8

12.2

23.1

51.9

Mg1−x Znx GeN2

Mg

Zn

Ge

N

measurement 1:

14.6

13.0

22.7

49.7

measurement 2:

14.6

14.8

25.5

45.1

measurement 3:

13.6

13.8

24.8

47.8

measurement 4:

13.3

13.9

27.1

45.7

Ø

14.0

13.9

25.0

47.1

Mn1−x Znx GeN2

Mn

Zn

Ge

N

measurement 1:

10.8

11.2

25.4

52.6

measurement 2:

13.3

12.5

25.6

48.6

measurement 3:

14.2

12.8

28.8

44.2

measurement 4:

10.9

10.4

23.0

55.7

Ø

12.3

11.7

25.7

50.3

Figure S6.3 SEM images of Mn1−xZnxSiN2 (left) and Mn1−xZnxGeN2 (right).
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6.11.3 Details on UV/Vis Reflectance Spectroscopy

Figure S6.4 Diffuse reflectance spectra of Mg1−xMnxSiN2 (a), Mg1−xMnxGeN2 (b), Mg1−xZnxSiN2 (c),
Mg1−xZnxGeN2 (d), Mn1−xZnxSiN2 (e) and Mn1−xZnxGeN2 (f). Sub-bandgap absorption bands in the case of
Mg1−xMnxSiN2 (a) and Mn1−xZnxSiN2 (e) can be attributed to the absorption of Mn2+ (transition of the
ground state 6A1(6S) to the excited states 4T1(4G), 4T2(4G), 4A1, 4E(4G), 4T2(4D) and 4E(4D) according to
literature.[3]
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Figure S6.5 Evaluated bandgaps (Egexp) of the mixed occupancy (IIa1−xIIbx)‐IV‐N2 compound series.
Top: Si-series, bottom Ge-series. Band gaps of edge phases were taken from literature.[1-2]
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6.11.4 Additional Data of DFT Calculations

Figure S6.6 Different ordering variants (A-C) and model for mixed occupation of divalent cations in
(IIa1−xIIbx)‐IV‐N2

(x = 0.5).

IIa-N4

IV-N4 in blue and mixed occupied

tetrahedra
IIa/b-N

4

are

depicted

tetrahedra in orange.

138

in
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IIb-N4

tetrahedra

in

yellow,
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Figure S6.7 Bloch spectral functions as calculated by the SPRKKR formalism (EV‐GGA) of (Mg0.5Mn0.5)SiN2
(a) (left: ↑/right: ↓), (Mg0.5Mn0.5)GeN2 (b) (left: ↑/right: ↓), (Mg0.5Zn0.5)SiN2 (c), (Mg0.5Zn0.5)GeN2 (d),
(Mn0.5Zn0.5)SiN2 (e) (left: ↑/right: ↓) and (Mn0.5Zn0.5)GeN2 (f) (left: ↑/right: ↓).
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Figure S6.8 Bloch spectral functions as calculated by the SPRKKR formalism (EV‐GGA) of MgSiN2 (a),
MgGeN2 (b), MnSiN2 (c) (left: ↑/right: ↓), MnGeN2 (d) (left: ↑/right: ↓), ZnSiN2 (e) and ZnGeN2 (f).
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Table S6.11 Bandgap values [eV] for the different (IIa1−xIIbx)-Si-N2 compounds from experiment and theory
in comparison to values of the preceding literature
a)mBJ-GGA

ØA+B+C
Transition

↑ to ↑

↑ to ↓

direct ≈ indirect

a)KKREV-GGA

↑ to ↑

direct ≈ indirect

MgSiN2
Mg0.5Mn0.5SiN2

4.1
2.78

2.28

MnSiN2
Mn0.5Zn0.5SiN2

2.44

2.4

direct

indirect

6.28[4]

5.84[4]

EXP.

4.8–5.6[2,5–6]

0.63

a)3.6

1.2

0.85

3.5–4.3[2,7]

1.4

1.1

a)3.8

3.45

Mg0.5Zn0.5SiN2

0.8∑ + Δ0 (+ Exb)

1.65

ZnSiN2
4.55

5.66[8]

5.44[8]

3.7

MgSiN2
a)

↑ to ↓

QSGW

3.7–4.4[1,9–11]
a)4.4

4.1

6.28[4]

5.84[4]

4.8–5.6[2,5–6]

Bandgap values from this work

Table S6.12 Bandgap values [eV] for the different (IIa1−xIIbx)-Ge-N2 compounds from experiment and
theory in comparison to values of the preceding literature
a)mBJ-GGA

ØA+B+C
Transition

↑ to ↑

↑ to ↓

direct ≈ indirect

a)KKREV-GGA

↑ to ↑

direct ≈ indirect

MgGeN2
Mg0.5Mn0.5GeN2

3.1
1.42

1.8

MnGeN2
Mn0.5Zn0.5GeN2

1.09

1.43

ZnGeN2
Mg0.5Zn0.5GeN2

3.14

0.8∑ + Δ0 (+ Exb)

EXP.

direct
5.14[4]

3.2[2]

1.3

1.15

a)2.7

0.7

1.1

2.5[2]

0.75

1.1

a)2.6

2.0

MgGeN2
a)

↑ to ↓

QSGW

3.42[8]

2.6
3.1

Bandgap values from this work
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3.1–3.5[1,10–13]
a)3.5

5.14[4]

3.2[2]
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6.11.5 Magnetic Measurements
Experimental
Magnetic measurements were performed with a Quantum Design PPMS-9. The magnetic
properties were determined using the vibrating sample magnetometer (VSM) option.
Temperature dependent magnetization measurements were carried out between 2 and 400 K
with an applied field of 0.01 T and 3 T. The isothermal magnetization was determined at 2 and
400 K with variable fields of B = ±5 T.
Results and Discussion
The magnetic properties of MnSiN2 and MnGeN2 are well known from literature. Both The
magnetic properties of MnSiN2 and MnGeN2 have been reported in literature. Both compounds
order anti-ferromagnetically with Néel temperatures of TN = 453 K (MnSiN2) and TN = 448 K
(MnGeN2).[14–15] The magnetic structure of MnSiN2 was determined from neutron powder
diffraction and magnetization data. Above 500 K the nitride appeared to be paramagnetic with
strong antiferromagnetic fluctuations. Antiferromagnetic order occurs below 490 K, which
changes into a capped antiferromagnetic state with spin tilting disorder at 442 K.[16]
We first reinvestigated the magnetic behavior of MnSiN2 synthesized via solid state methods or
via ammonothermal reactions with and without mineralizer, according to literature.[2,16] In the
range between 300 and 400 K, we find linearly decreasing susceptibility for MnSiN2 from solid
state and ammonothermal synthesis without mineralizer, both in agreement with the
antiferromagnetic state reported in literature

[16]

(Figures S6.9, S6.10). The upturn at lower

temperatures is probably caused by paramagnetic impurities. Samples prepared with KNH2 in
the ammonothermal reaction reveal increasing paramagnetic susceptibility over the whole
temperature range. This is probably caused by higher amounts of paramagnetic impurities like
K3MnO4 (see Figure 6.2), which has an effective moment of 2.80μB.[17] It is also possible that the
samples contain amorphous proportions of potassium manganites. Thus the magnetic
measurements of all samples synthesized with mineralizer are mainly affected by impurity
phases and therefore of limited significance.
The solid solutions Mg1−xMnxSiN2, Mn1−xZnxSiN2, Mg1−xMnxGeN2 and Mn1−xZnxGeN2 (x ≈ 0.5)
were synthesized using a mineralizer. The susceptibility data are similar to those of magnetic
MnSiN2 synthesized via the same synthetic method. Consequently, the magnetism of the solid
solutions are also mainly affected by paramagnetic impurity phases (see Figure S6.12–S6.15),
which impedes a reliable determination of the intrinsic magnetic properties. However, the data
shown in Figures S6.12–S6.15 are compatible with antiferromagnetism in the solid solutions
similar to the boundary phases MnSiN2 and MnGeN2.
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MnSiN2 (solid state reaction)

Figure S6.9 Magnetic measurements of MnSiN2. Left: Susceptibility and inverted susceptibility (red) at 3 T
in the temperature range of 2 – 400 K. Right: Magnetization isotherms at 2 K (red) and 400 K (black).
MnSiN2 (Ammonothermal without mineralizer)

Figure S6.10 Magnetic measurements of MnSiN2. Left: Susceptibility and inverted susceptibility (red) at
3 T in the temperature range of 2 – 400 K. Right: Magnetization isotherms at 2 K (red) and 400 K (black).
MnSiN2 (Ammonothermal with mineralizer)

Figure S6.11 Magnetic measurements of MnSiN2. Left: Susceptibility and inverted susceptibility (red) at
3 T in the temperature range of 2 – 400 K. Right: Magnetization isotherms at 2 K (red) and 400 K (black).
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Mg0.457Mn0.543SiN2

Figure S6.12 Magnetic measurements of Mg0.457Mn0.543SiN2. Left: Susceptibility and inverted susceptibility
(red) at 3 T in the temperature range of 2 – 400 K. Right: Magnetization isotherms at 2 K (red) and 400 K
(black).
Mn0.47Zn0.53SiN2

Figure S6.13 Magnetic measurements of Mn0.47Zn0.53SiN2. Left: Susceptibility and inverted susceptibility
(red) at 3 T in the temperature range of 2 – 400 K. Right: Magnetization isotherms at 2 K (red) and 400 K
(black).
Mg0.375Mn0.625GeN2

Figure S6.14

Magnetic

measurements

of

Mg0.375Mn0.625GeN2.

Left:

Susceptibility

and

inverted

susceptibility (red) at 3 T in the temperature range of 2 – 400 K. Right: Magnetization isotherms at 2 K
(red) and 400 K (black).
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Mn0.45Zn0.55GeN2

Figure S6.15 Magnetic measurements of Mn0.45Zn0.55GeN2. Left Susceptibility and inverted susceptibility
(red) at 3 T in the temperature range of 2 – 400 K. Right: Magnetization isotherms at 2 K (red) and 400 K
(black).
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Abstract

The

chemical

and

physical properties of phosphorus
oxonitride (PON) closely resemble
those of silica, to which it is
isosteric.

A

new

high‐pressure

phase of PON is reported herein.
This polymorph, synthesized by
using the multianvil technique, crystallizes in the coesite structure. This represents the first
occurrence of this very dense network structure outside of SiO2. Phase‐pure coesite PON
(coe‐PON) can be synthesized in bulk at pressures above 15 GPa. This compound was
thoroughly characterized by means of powder X‐ray diffraction, DFT calculations, and FTIR and
MAS NMR spectroscopy, as well as temperature‐dependent diffraction. These results represent
a major step towards the exploration of the phase diagram of PON at very high pressures and
the possibly synthesis of a stishovite‐type PON containing hexacoordinate phosphorus.

7.1 Introduction with Results and Discussion
Owing to its unique properties, silica (SiO2) has been of great interest for physicists, chemists,
and geoscientists for many decades. This is partly due to its properties and the resultant
applications, such as nonlinear optical properties[1]or piezoelectricity,[2] but it is also to a large
extent due to the wide variety of crystal structures found for this material.[3] With SiO2 being the
parent compound of the major components of the crust and mantle of the Earth,[4–6] precise
knowledge of the phase diagram of silica leads to a detailed understanding of many geological
processes. The high-pressure polymorph coesite was artificially synthesized[7] and studied in
detail[8,9] before it was first discovered in nature as a product of meteorite impacts.[10]
Subsequent investigations showed that the presence of coesite in rocks can serve as an
indicator of the material having undergone ultrahigh-pressure metamorphism.[11–13] This
enables a detailed understanding of the geological history of these rocks.
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Similarly, the polymorphs stable at even higher pressures, namely stishovite[14,15] and
seifertite,[16,17] can be used as indicators of previous impact events. Stishovite has additionally
drawn particular interest because of remarkable mechanical properties. It held the record for
the hardest oxide[18] until it was surpassed by cotunnite-type TiO2 in 2001.[19]
In order to gain a more detailed understanding of the high-pressure behavior of silica related
phases we have investigated the phase diagram of phosphorus oxonitride PON, which is
isosteric to SiO2[20] and its analogues PN(NH)[21] and AlPO4.[22] Owing to the similar ionic radii
(Si4+: 26 pm, P5+: 17 pm; O2−: 135 pm, N3−: 146 pm)[23] some of the polymorphs exhibited by
silica can also be found in PON. At ambient pressure PON adopts a β-cristobalite-type structure
and has no known high-temperature polymorphs.[24] The high-pressure phases include
quartz‐[25] and moganite-type polymorphs.[26] In the case of silica, moganite has only been
found in microscopic quantities in nature, whereas it is synthetically accessible in bulk
quantities for PON. Recently, we were able to synthesize another polymorph of phosphorus
oxonitride that crystallizes in a unique structure type that had not been observed in any other
compound before.[27] This indicates that the diversity of possible structure types for PON could
possibly even exceed that for SiO2. A particular factor that could extend the range of possible
AB2‐structures in PON is the fact that the nitride ion is able to connect more than two
neighboring P(O,N)4 tetrahedra.[28] Notable examples that contain triply bridging nitrogen are
α- and β-HP4N7,[29–31] P4N6O[32] as well as the layered oxonitrido phosphate Sr3P6O6N8.[33]
Herein, we report the discovery of a new polymorph of PON that crystallizes in the coesite
structure type, for which we propose the name coesite PON or coe-PON. This high-pressure
phase was synthesized in a modified Walker-type multianvil assembly. The starting material
cristobalite-type PON was treated at 15.5 GPa and approximately 1300 °C for 60 min.

Figure 7.1 Observed (crosses) and calculated (light gray line) powder diffraction pattern of

coe‐PON as well as difference profile (dark gray line). Black vertical bars represent the positions of
Bragg reflections.
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The product could then be isolated as a colorless crystalline solid. Energy-dispersive X-ray (EDX)
spectroscopy was used to establish the absence of any elements other than P, O, and N. The
crystal structure was elucidated from powder X-ray diffraction data.[34] Structure solution was
performed by using the charge-flipping algorithm.[35–37] Both structure solution and Rietveld
refinement were carried out by using TOPAS-Academic 4.1.[38] Rietveld refinement also showed
no signs of any amorphous or crystalline side phases (Figure 7.1). The unit cell of coe-PON
(a = 6.95903(8), b = 12.0610(2), c = 6.96821(8) Å, β = 120.0348(7)°) displays remarkable lattice
pseudosymmetry, appearing hexagonal at first glance. The symmetry of the structure itself,
however, is monoclinic, a fact that has similarly been observed for coesite SiO2[9] The crystal
structure (Figure 7.2) closely resembles that of coesite. The compound is composed of a threedimensional network of all-side vertex-sharing P(O,N)4 tetrahedra. As with the other known
polymorphs of PON, there was no indication of any ordering of the anion positions. We thus
assume a statistical disorder of the anions. In the case of cristobalite PON, this was confirmed
by neutron diffraction experiments.[39] The topological identity of the networks of coesite SiO2
and PON is also illustrated by topological analysis with TOPOS.[40,41] Both compounds are
described by the point symbol (42.6.82.9)(42.63.8).
According to the nomenclature established by Liebau, the crystal structure of coe-PON can be
described as loop-branched dreier single chains that are interconnected to form a threedimensional network. This leads to a loop-branched dreier framework {lB,3∞}[3P4(O,N)8] similar to
that found in feldspars.[42] The P–(O,N) bond lengths are in the range of 154 to 164 pm
(Figure 7.3). A similarly large variance in the interatomic distances has been observed in
δ‐PON.[27] The P(O,N)4 tetrahedra are slightly distorted, but to a lesser degree than those in
δ‐PON. The P–(O,N)–P angles around most of the anion sites range from 137 to 147° and are
therefore very similar to those found in coesite SiO2. The angle P1–(O,N)1–P1, however, exhibits
an intriguing value of 180°.

Figure 7.2 Crystal structure of coe-PON in polyhedral representation. View along [101]. One
fundamental chain is highlighted in orange.
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Figure 7.3 Atomic arrangement and bond lengths in coe-PON. Bond lengths are denoted in pm.

Since this same angle occurs in coesite SiO2 as well and differs greatly from the value of 140°
for a strain-free Si–O–Si bond, it has been discussed in detail by Liebau.[42] He came to the
conclusion that this angle is not an artifact caused by the fact that the bridging atom resides on
an inversion center but is intrinsic to the crystal structure. In order to show the same for coePON, we also performed the structure solution in the non‐centrosymmetric space group Cc.
This did not lead to a significant deviation of this angle from 180°, thus indicating that the
structural model in space group C2/c is correct. Another possible cause of an apparent angle of
180° could be static or dynamic disorder of the bridging atom around the crystallographic site.
Such an effect, which can also be described as a coupled rotation of the involved tetrahedra,
has been discussed for β-cristobalite.[43] This would, however, lead to a significantly increased
displacement parameter for the anion site. Since the Beq value for (O,N)1 is similar to those of
the other anion sites, this phenomenon is unlikely for coe-PON.
In order to quantify the similarity between the crystal structures of coesite SiO2 and coesite
PON, the two were compared by using the COMPSTRU program of the Bilbao Crystallographic
Server.[44] The calculated arithmetic mean of the distance between equivalent atomic sites
amounts to just 4.4 pm. This leads to a measure of similarity[45] (Δ) of 0.014, thus indicating that
the two crystal structures are in fact very closely related.DFT calculations were employed to
validate our experimental findings. Owing to the statistical O/N disorder, energy-volume curves
were calculated for all six chemically reasonable arrangements of O and N. For comparison, the
energy-volume curves for cristobalite PON with the lowest energy O/N arrangements were also
determined. Details of the calculations and ordered structural models can be found in the
Supporting Information. The corresponding enthalpy–pressure diagram (Figure S7.7 in the
Supporting Information) shows that coesite PON is expected to be more stable than the
ambient pressure polymorph above 7.5–10.5 GPa, which is in good agreement with the
pressure of 15.5 GPa used in the synthesis. The predicted bulk modulus for coe-PON is in the
range of 151 to 170 GPa.
The high-pressure high-temperature conditions used for the synthesis, combined knowledge of
the phase diagram of closely related SiO2, strongly suggest that coe-PON is a high-pressure
phase of phosphorus oxonitride and therefore metastable at ambient pressure. In order to
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corroborate this hypothesis, we performed temperature-dependent powder X-ray diffraction up
to 1000 °C. The results (Figure S7.4) show that at ambient pressures, coe-PON transforms back
into the cristobalite polymorph above 750 °C. This result indicates that temperatures above
700 °C are needed to initiate reconstructive transformations in phosphorus oxonitride, which is
consistent with our laboratory experience. At 975 °C, the first signs of thermal decomposition
can be observed. In order to corroborate the results of the structure solution, a

31P

MAS NMR

spectrum was acquired (Figure S7.1). The spectrum shows two rather broad peaks at −48 and
−66 ppm that can be attributed to the two crystallographic P sites. The broad signals can be
explained by statistical O/N disorder. This leads to a range of distinct local environments
around the P nuclei. Since the NMR signal is an average over all of the P sites in the sample, this
leads to a broadening of the NMR signals. A similar effect has been observed in the case of
δ‐PON.[27] In order to rule out the presence of NH groups in the sample, which could in theory
replace the isoelectronic O2−, an FTIR spectrum of the sample was collected (Figure S7.2). It
showed no signs of the characteristic N–H vibrations around 3000 cm−1, which is a strong
indication of the absence of hydrogen in the sample. The discovery of coe-PON provides new
insight into the high-pressure chemistry of phosphorus oxonitride. Previous investigations up
to a pressure of 70 GPa with diamond anvil cells at room temperature showed no
reconstructive transformations to new high-pressure phases,[46] while experiments in laserheated diamond anvil cells at 20 GPa led to the formation of the already known moganite PON.
The new results presented herein show that it is indeed possible to obtain further high-pressure
phases of PON through a combined high-temperature high-pressure approach by using the
multianvil technique. The formation of a coesite-type phase shows that the similarity between
SiO2 and PON extends to higher pressures. However, the pressure needed for the
transformation of PON (15.5 GPa) is significantly higher than that for SiO2 (3.5 GPa).[7] It is
plausible that this similarity could extend to the extreme pressure phases known for silica.
Stishovite-type PON containing hexacoordinate phosphorus might thus be accessible, albeit at
even higher pressures than for stishovite SiO2. The possibility of synthesizing and recovering
compounds containing pentacoordinate phosphorus has already been shown for the closely
related systems P3N5[47,48] and P4N6(NH).[49]
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7.3.1 Experimental Details of the HP/HT-Synthesis of coe-PON
The starting material cristobalite PON was synthesized by a two-step condensation of
phosphoric triamide. A mixture of PO(NH2)3 and NH4Cl, obtained by reacting POCl3 (99%, Sigma
Aldrich) with liquid NH3 (5.0, Air Liquide) as described in the literature,[1] was heated to 620 °C
for 5 h in a stream of dry ammonia. The resulting amorphous condensation product was
crystallized for 7 days at 750 °C in evacuated fused quartz ampoules yielding pure cristobalitetype PON. coe-PON was synthesized by a high-pressure high-temperature reaction using a
modified Walker-type multianvil assembly. The starting material cristobalite PON was tightly
packed in a BN crucible which was in turn placed in a MgO octahedron (Ceramic Substrates &
Components, Isle of Wight, UK) with an edge length of 10 mm. More details about the
assembly can be found in the literature.[2–6] The sample was compressed to 15.5 GPa between
eight truncated tungsten carbide cubes (Hawedia, Marklkofen, Germany) using a 1000 t
hydraulic press (Voggenreiter, Mainleus, Germany). The temperature was raised to 1300 °C
within 15 min and held for 60 min. After quenching and decompression the sample was
mechanically isolated and ground in an agate mortar.
7.3.2 Information on Data Collection and Structure Elucidation of coe‐PON
X-ray powder diffraction measurements were conducted in parafocusing Debye-Scherrer
geometry using a StadiP-diffractometer (Stoe & Cie, Darmstadt, Germany) using Ge(111)
monochromated Cu-Kα1-radiation and a MYTHEN 1K Si-strip detector (Dectris, Baden,
Switzerland). Structure elucidation was performed using TOPAS Academic 4.1.[7] The powder
pattern was indexed using the SVD-algorithm[8] and the reflection intensities extracted with the
Pawley-method. Structure solution was carried out with the charge-flipping algorithm.[9] Final
refinement was carried out using the Rietveld method, peak shapes being modelled by the
fundamental parameters approach (direct convolution of source emission profiles, axial
instrument contributions and crystallite size and microstrain effects).[10 11] The anion positions
,

were occupied equally with 0.5 for both O and N applying a common atomic displacement
parameter. Capillary absorption correction (inner diameter 0.28 mm) was carried out using the
calculated absorption coefficient. Preferred orientation was corrected using spherical harmonics
functions of the 4th order.[12] Temperature dependent X-ray powder diffraction measurements
were carried out on a Stoe StadiP diffractometer that was equipped with a high-temperature
graphite furnace using Ge(111) monochromated Mo-Kα1 radiation (λ = 0.70930) and an image
plate position sensitive detector. The sample was heated with a rate of 10 °C/min between
measurements. The temperature was held constant for each 15 min measurement. The FTIR
spectrum was collected on a Spectrum BX II-spectrometer (Perkin Elmer, Waltham MA, USA) in
ATR geometry. The

31P-NMR

spectrum was collected on a Bruker Avance III spectrometer, using

a 11.7T magnet and a 1.3 mm MAS probe. The sample was spun at a MAS rate of 50 KHz. The
spectrum was acquired using a 90° pulse using a long recycle delay with T1 estimated to be
>30 min. The chemical shift values are referenced to 0.1% TMS in CDCl3 (Sigma-Aldrich) as an
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external reference. Energy dispersive X-ray analyses were performed using a JSM 6500F
scanning electron microscope (Jeol, Tokyo, Japan) with an Oxford Instruments 7418 X-ray
detector.
7.3.3 Additional Crystallographic Data for coe‐PON
Table S7.1 Fractional atomic coordinates, isotropic thermal displacement parameters, and site occupancies
for coe-PON

Atom

Wyckoff
Position

x

y

z

Ueq / Å2

occupancy

P1

8f

0.1434(4)

0.1066(2)

0.0753(4)

0.0193(6)

1

P2

8f

0.5037(5)

0.1613(2)

0.5376(3)

0.0132(4)

1

O1

4a

0

0

0

0.024(2)

0.5

N1

4a

0

0

0

0.024(2)

0.5

O2

4e

1/2

0.1121(7)

3/4

0.024(2)

0.5

N2

4e

1/2

0.1121(7)

3/4

0.024(2)

0.5

O3

8f

0.257(1)

0.1229(4)

0.9300(7)

0.012(2)

0.5

N3

8f

0.257(1)

0.1229(4)

0.9300(7)

0.012(2)

0.5

O4

8f

0.319(1)

0.1014(5)

0.334(1)

0.031(2)

0.5

N4

8f

0.319(1)

0.1014(5)

0.334(1)

0.031(2)

0.5

O5

8f

0.0178(8)

0.2109(4)

0.4831(7)

0.018(2)

0.5

N5

8f

0.0178(8)

0.2109(4)

0.4831(7)

0.018(2)

0.5

Table S7.2 Interatomic distances / pm for coe-PON
P1–O1/N1

155.0(2)

P2–O2/N2

160.7(4)

P1–O3/N3

157.5(7)

P2–O3/N3

163.5(8)

P1–O4/N4

159.6(7)

P2–O4/N4

153.6(7)

P1–O5/N5

159.6(6)

P2–O5/N5

154.9(5)

Table S7.3 Bond angles / ° for coe-PON
O1/N1–P1–O3/N3

109.3(2)

O5/N5–P2–O2/N2

114.1(4)

O1/N1–P1–O4/N4

110.4(3)

O5/N5–P2–O3/N3

109.8(3)

O1/N1–P1–O5/N5

108.4(3)

O2/N2–P2–O3/N3

104.7(2)

O3/N3–P1–O4/N4

112.7(4)

P1–O1/N1–P1

180

O3/N3–P1–O5/N5

104.6(3)

P2–O2/N2–P2

136.6(6)

O4/N4–P1–O5/N5

111.3(3)

P1–O3/N3–P2

138.6(3)

O4/N4–P2–O5/N5

112.7(3)

P2–O4/N4–P1

147.0(5)

O4/N4–P2–O2/N2

106.5(4)

P2–O5/N5–P1

137.5(4)

O4/N4–P2–O3/N3

108.6(4)
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7.3.4 Details of the Rietveld Refinement
Table S7.4 Crystal details for coe-PON
formula

PON

formula mass / g ∙ mol-1

60.98

crystal system / space group

monoclinic, C2/c (no. 15)

lattice parameters / Å, °

a = 6.95903(8)
b = 12.0610(2)
c = 6.96821(8)
β = 120.0348(7)

cell volume / Å3

506.33(2)

formula units per cell Z

16

X-ray density / g ∙ cm-3

3.200

linear absorption coefficient / cm-1

138.23

radiation

Cu-Kα1 (λ = 154.059 pm)

monochromator

Ge(111)

diffractometer

Stoe StadiP

detector

MYTHEN 1K

2θ-range / °

3–119.985

temperature / K

298 (2)

data points

7800

number of observed reflections

385

number of parameters

65

constraints

0

program used

TOPAS Academic

structure solution

charge-flipping

structure refinement

Rietveld-Method

profile function

fundamental parameters model

background function

shifted Chebychev

Rwp

0.04069

Rexp

0.01927

Rp

0.02716

RBragg

0.00657

χ2

2.111
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7.3.5 Comparison of coesite SiO2 and PON
Table S7.5 Comparison of the atomic coordinates of coesite SiO2 and PON. |u| is the absolute distance
between the equivalent atomic sites
Wyckoff
position

Atom
(SiO2)a

x (SiO2)

y (SiO2)

z (SiO2)

Atom
(PON)b

x (PON)

y (PON)

z (PON)

|u| / pm

8f

Si1

0.1403

0.1084

0.0723

P1

0.1434

0.1066

0.0753

3.07

8f

Si2

0.5066

0.1580

0.5405

P2

0.5037

0.1613

0.5376

4.64

4a

O1

0

0

0

(O,N)1

0

0

0

0

4e

O2

1/2

0.1161

3/4

(O,N)2

1/2

0.1121

3/4

4.87

8f

O3

0.2660

0.1232

0.9400

(O,N)3

0.2565

0.1229

0.9300

6.95

8f

O4

0.3110

0.1037

0.3280

(O,N)4

0.3191

0.1014

0.3342

5.95

8f

O5

0.0177

0.2119

0.4784

(O,N)5

0.0178

0.2109

0.4831

3.56

a) lattice parameters: a = 7.17, b = 7.17, c = 12.38 Å, β = 120.0°;[13] b) lattice parameters: a = 6.95903,

b = 12.0610, c = 6.96821 Å, β = 120.0348°

7.3.6 Solid-state-NMR and FTIR spectra

Figure S7.1

31P-solid-state

NMR spectrum of coe-PON. The signals at -20 and -100 ppm may be caused

by small amounts of a high-pressure polymorph of P4N6O with γ-HP4N7-structure present in the sample
used for the measurement.[14]
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Figure S7.2 FTIR spectrum of coe-PON.

7.3.7 Detailed Rietveld Plot

Figure S7.3 Observed (crosses) and calculated (red line) powder diffraction pattern of coe-PON as well as
positions of Bragg reflections (green) and difference profile (gray line).
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7.3.8 Temperature Dependent Powder X-ray Diffraction

Figure S7.4 Temperature dependent powder X-ray diffraction for coe-PON.

7.3.9 Details on the DFT Calculations
To corroborate the observed high pressure phase transition from β-cristobalite to coesite-type
for PON, ab initio calculations were performed for a variety of O/N ordering models of both
structure types. Ordering models in P1 were considered, since it is not easily feasible to perform
structure optimizations for statistical atom occupation, as has been proven to be the case for
the O/N site of cristobalite PON, and which is also observed for the high-pressure coesite
phase. Hence, to examine the trend in transition pressure, chemically reasonable ordering
models, each containing PON tetrahedra with 2 O and 2 N atoms respectively, were created for
both phases of PON. The different ordering variants for cristobalite and coe-PON are depicted
in Figure S7.5.
We calculated the total energies and atomic structures using density functional theory in the
generalized gradient approximation (GGA) of Perdew, Burke, and Ernzerhof (PBE),[15,16] together
with the projector-augmented-wave (PAW) method,[17,18] as implemented in the Vienna ab initio
simulation package (VASP).[19–21] The GGA was chosen over the LDA as it is typically superior in
reproducing the transition pressures in solid-state materials.[22,23] The structures of all PON
models, were completely optimized by relaxing all internal coordinates and cell parameters,
while using a plane-wave cut-off of 535 eV. The Brillouin zone was sampled on a dense gamma
centered k-mesh (cristobalite PON: 10 x 10 x 7, coe-PON: 8 x 5 x 9) produced from the method
of Monkhorst and Pack

[24]

to ensure high precision. The energy convergence criterion was set

to 1×10–8 eV per unit cell to ensure accurate electronic convergence, while the residual atomic
forces were converged below values of 2×10–3 eV/Å.
161

7.3 Supporting Information

Figure S7.5 Different O/N arrangements used for the DFT calculations. a) cristobalite PON –
N1N2O3O4N5N6O7O8 b) cristobalite PON N1O2N3O4O5N6N7O8. c–h) models used for coe-PON:
c) O1O2O3N4N5,

d) O1O2N3O4N5,

e) O1O2N3N4O5,

f) N1N2O3O4N5,

g) N1N2O3N4O5,

h) N1N2N3O4O5. Numbers reference the anion positions according to Table S7.1.

The total energies were calculated for all chosen ordering variants of cristobalite and coe-PON
as depicted in Table S7.6. As expected the difference in total energy between the ordering
models is small and partly identical for cristobalite PON which is in agreement with the
observed statistical ordering of N and O determined by neutron diffraction.[25]
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Table S7.6 Total energies per formula unit of PON for the chosen ordering models of cristobalite and

coe‐PON within the GGA
coe-PON

Cristobalite-PON
Ordering variant

Total energy (eV) / PON

Ordering variant

Total energy (eV) / PON

N1N2O3O4N5N6O7O8

−22.08301681

O1O2O3N4N5

−21.76608136

N1O2N3O4N5O6N7O8

−22.07427969

O1O2N3O4N5

−21.76171247

N1O2N3O4N5O6O7N8

−22.06690326

O1O2N3N4O5

−21.78091168

N1O2N3O4O5N6N7O8

−22.08155875

N1N2O3O4N5

−21.86939451

N1O2N3O4O5N6O7N8

−22.07427969

N1N2O3N4O5

−21.87634218

N1O2O3N4N5O6N7O8

−22.06690326

N1N2N3O4O5

−21.86940664

N1O2O3N4N5O6O7N8

−22.07427969

N1O2O3N4O5N6N7O8

−22.07427969

N1O2O3N4O5N6O7N8

−22.08155874

To study the structural behavior at high pressures, the total energies were (re)calculated at
constant volume for a uniform expansion of the lattice parameters to simulate an expansion
and compression of volume between 103% and 96% (respectively 91% for cristobalite PON) of
the originally relaxed structure, resulting in pressures up to 20 GPa. This was done only for the
two energetically lowest ordering modifications of cristobalite PON, for we consider them the
most fitting representation of the ambient pressure modification of cristobalite PON from
which the transition is initiated in the experiment. For coe-PON on the other hand, all ordering
variants were taken into account as the high pressure and temperature of the reaction might
shift the relative stability of the ordering variants. The resulting energy-volume(E-V) curves are
depicted in Figure S7.6 and demonstrate further that cristobalite PON is energetically favored

Figure S7.6 Energy -volume diagram for anion ordering of the energetically lowest models of
cristobalite(ctb)-PON and the different coesite (coe)-PON models. The results were obtained with GGA.
Each point represents one structural optimization at constant volume. Energy and volume are given per
formula unit (f.u.) of PON.
163

7.3 Supporting Information

Table S7.7 Results of the Murnaghan-EOS fit for the chosen ordering models of coe-PON.[a

coe-PON (GGA)
O1O2O3

O1O2N3

O1O2N3

N1N2O3

N1N2O3

N1N2N3

N4N5

O4N5

N4O5

O4N5

N4O5

O4O5

E0

−21.76

−21.76

−21.78

−21.86

−21.87

−21.86

V0

31.70

31.67

31.74

32.55

32.76

32.80

B0

151.5

156.3

149.4

169.4

150.5

168.8

B'

3.3

2.7

3.1

1.9

1.5

1.7

Model

𝑥𝑥̅

157.7

by about 0.2 eV compared to coe-PON and that a phase transition at higher pressure can be
predicted. The fact that two sets of the ordering variants of coe-PON differ by 0.088 eV can
possibly be explained by the fact that within the three energetically lower ordering variants the
(O,N)1 position, which is part of the 180° bond, is occupied by N instead of O.
By fitting the total energies of the resulting E-V diagram with the Murnaghan equation of state
(EOS)[26] it is possible to obtain the bulk modulus B0 as depicted in Table S7.7 for the different
coesite-PON models, and subsequently to create enthalpy-pressure diagrams. Phase changes
are dependent on the free energy G = E + pV–TS, where ΔG constitutes the driving force
between the occurring transition. Due to the small difference in entropy between the crystal
structures of two solid-state materials, this part of ΔG is usually neglected, reducing ΔG to ΔH,
where H = E + pV, permitting for accurate estimations, depending only on the energy, volume
and pressure of the system. By variation of the volume, the pressure can be extracted from the
resulting E-V diagram by a simple numerical differentiation: 𝑝𝑝 = −𝜕𝜕𝜕𝜕/𝜕𝜕𝜕𝜕. The enthalpy
difference ΔH between two phases can, subsequently, be plotted in reference to the phase of
interest, in this case with respect to cristobalite PON.

Figure S7.7 Enthalpy-pressure diagram for the high pressure phase transition of PON from the
energetically most stable cristobalite (ctb ) model to the different coesite (coe ) models as obtained by
fitting the Murnaghan equation of state from the energy-volume diagram. The enthalpy is given per
formula unit of PON relative to the ctb modification of PON. The approximate range of pressure for the
transitions is indicated by the dotted lines.
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The enthalpy-pressure diagram is depicted in Figure S7.7. The points of intersection for the
different coe-PON curves with the chosen cristobalite PON curve indicate the pressure at which
the free energy and enthalpy is identical for both phases and beyond which the phase
transition to coe-PON becomes thermodynamically favored.
From Figure S7.7 a transition pressure for PON of about 7.5 GPa can be extracted for the
transition of the energetically lowest cristobalite model to the energetically lowest coesite
model, while the highest possible pressure is determined to about 10.5 GPa for the transition to
the energetically most unfavorable coesite model. While we cannot guarantee having examined
every possible modification for the ordering variants of coesite and cristobalite, the broad
variety of chosen PO2N2-tetrahedron-models are all in good agreement with the experimental
observation on the formation of coesite-like PON at pressures of 15 GPa. The enthalpy curves
of all models of coe-PON are energetically very close in terms of enthalpy, and do intersect
each other beyond pressures of 12.5 GPa, further corroborating the observed statistical
contribution of the O and N positions in coe-PON.
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Abstract Phosphorus oxonitride (PON) is isoelectronic with
SiO2 and may exhibit a similar broad spectrum of intriguing
properties as silica. However, PON has only been sparsely
investigated under high‐pressure conditions and there has
been no evidence on a PON polymorph with a coordination
number of P greater than 4. Herein, we report a post‐coesite
(pc) PON polymorph exhibiting a stishovite‐related structure
with P in a (5+1) coordination. The pc‐PON was synthesized
using the multianvil technique and characterized by powder
X‐ray diffraction, solid‐state NMR spectroscopy, TEM measurements and in situ synchrotron
X‐ray diffraction in diamond anvil cells. The structure model was verified by single‐crystal X‐ray
diffraction at 1.8 GPa and the isothermal bulk modulus of pc‐PON was determined to
K0=163(2) GPa. Moreover, an orthorhombic PON polymorph (o‐PON) was observed under
high‐pressure conditions and corroborated as the stable modification at pressures above
17 GPa by DFT calculations.

8.1 Introduction with Results and Discussion
The pressure-coordination rule, stating that the coordination number increases with an increase
of pressure,[1] has already been verified for fundamental inorganic nitrides and oxides such as
BN,[2] Si3N4,[3] P3N5,[4] CO2[5–8] and SiO2.[9–15] Respective high-pressure polymorphs show
intriguing properties, such as increased incompressibility, high density or changes in types of
chemical bonding. For instance, rutile-type SiO2 (stishovite), with Si situated in an octahedral
six-fold coordination by O, is one of the hardest oxides known.[9,16,17] Extensive in situ
investigations in diamond anvil cells revealed post-stishovite SiO2 polymorphs with CaCl2-,

α‐PbO2‐ and high-pressure PdF2-type structures, which all have the motif of SiO6 octahedra in
common.[10–15] Phosphorus oxonitride PON is isoelectronic with silica and adopts cristobalite-,
moganite- and quartz-type structures, which are isotypic with the eponymous SiO2 forms.[18–20]
Furthermore, an additional

δ-PON modification with a unique structure related to a
167

8.1 Introduction with Results and Discussion

theoretically predicted SiO2 polymorph has been synthesized at 12 GPa while at 15.5 GPa a
coesite-type (coe) PON form has been prepared, which hitherto represents the top end of the
PON phase diagram.[21,22] PON polymorphs with an increased coordination number of P,
however, seem to be feasible, considering findings from fundamental structural research on
solid-state P–N and P–O compounds. Square pyramidal and trigonal bipyramidal PN5 units
have been reported in the high-pressure phases γ-P3N5 and γ-HP4N7 and six-fold coordinated P
has been predicted for the high-pressure phases δ-P3N5 and spinel-type BeP2N4.[4,23–26] Recently,
five- and six-fold O-coordinated P has been reported for TiPO4-V and a distorted CaCl2-related
form of AlPO4, respectively.[27,28] In contrast, high-pressure polymorphs of PON with an
increased coordination number of P (CN >4), are still unknown. Considering the kinship of PON
and SiO2, a stishovite-type PON polymorph with a six-fold coordination of P may be plausible
and is considered the missing link in fundamental structural research on phosphorus
(oxo)nitrides.
Herein, we report on a stishovite-related post-coesite (pc) form of PON with a (5+1)
coordination of P, which was prepared from cristobalite-type (cri) PON at 20 GPa using a 1000 t
hydraulic press and the multianvil technique based on a modified Walker-type setup.[29,30]
Energy dispersive X-ray (EDX) spectroscopy showed no other elements than P, O and N in the
sample and any presence of N–H or O–H functionality was ruled out by FTIR spectroscopy. The

pc-PON structure was solved and refined from powder X-ray diffraction (PXRD) pattern
(P42/mnm (no. 136), a = 4.6184(2), c = 2.45536(9) Å, Z = 2, RBragg = 0.021) and cell metrics were
confirmed by selected area electron diffraction (SAED) tilting series.[31] pc-PON adopts a
stishovite-related structure with one P site located in an octahedral coordination sphere of O
and N (Figure 8.1a). The refined coordinates of P are close to Wyckoff position 2a (m.mm), but
refinement indicated a significant displacement. Thus, P was refined at Wyckoff position 4f
(m.2m), which results in a split position of P (site occupation factor (s.o.f.) = 0.5) with a

Figure 8.1 The crystal structure of pc-PON (a) shows a split position for P located in octahedral
coordination by O and N (b). An occupation of 0.5 of the P position leads to a (5+1) coordination with
distorted square pyramidal geometry (c). P: black, N/O: gray.
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0.874(1) Å distance between the two electron density maxima (Figure 8.1b). There is, however,
no evidence for any superstructure caused by a systematically ordering of P in pc‐PON, as there
were no additional reflections observed during PXRD, TEM measurements or single-crystal XRD
presented below. Considering the split position, P is in a (5+1) coordination by O and N with
distorted square pyramidal geometry for the first coordination sphere (Figure 8.1c). The P(N,O)5
pyramids share common edges along c and common vertices along ⟨110⟩. The interatomic

distances between P and (N,O) are 1.696(1) Å for equatorial and 1.752(1) Å for axial position,
which is in good agreement with the five-fold coordinated P positions in γ-HP4N7 and

γ−P3N5.[4,23] The P–(N,O) distance of the second axial (N,O) position in pc-PON is 2.626(1) Å
corresponding to minor interactions only and thus, this (N,O) position is assigned to the second
coordination sphere. The

31P

solid-state MAS NMR spectrum of pc-PON shows one broadened

signal at δ = −86.9 ppm (FWHM = 20 ppm), in line with one crystallographic position of P in
the pc-PON structure. Peak broadening may be caused by varying local N/O coordination of P
and has been observed in other PON modifications before.[21,22] Moreover, statistic occupation
of the split position of P can enhance peak broadening in this case.
A simplified description of the pc-PON structure may be revealed by reducing the split position
of P to its center of gravity, resulting in an octahedral coordination of P by N and O atoms. This
simplified structure model would be isotypic with stishovite (rutile-type SiO2) as the P(4f, m.2m)
site (s.o.f. = 0.5) would be transformed into a P(2a, m.mm) site (s.o.f. = 1). Thus, pc-PON may be
understood as the analog of stishovite in the phase diagram of PON and represents the first
phosphorus oxonitride with exclusively five-fold coordination of P. More detailed information
on the synthesis of pc-PON and its characterization by PXRD, TEM, EDX, NMR and FTIR is
provided in the Supporting Information.
In order to investigate pc-PON on its elastic properties, in situ XRD measurements with
synchrotron radiation in diamond anvil cells (DAC) were performed. At an initial pressure of
1.8 GPa a single-crystal data set was collected, which verifies the structure model presented
above.[32] Owing to the measuring geometry of DACs the single-crystal (SC) XRD data set is
incomplete (77 %). A comparison of the electron density maps and respective standard
deviations, however, indicate that PXRD and SC-XRD refinements are tantamount in quality and
accuracy, as presented in the Supporting Information.
Subsequently, 16 PXRD patterns up to a maximum pressure of almost 40 GPa were collected in
which the PXRD pattern of pc-PON is preserved up to a pressure of approximately 20 GPa. At
pressures exceeding 20 GPa, however, a new phase is observed, as reflections in the region
10.0°< 2θ <11.5° change significantly (Figure 8.2). The coexistence of both phases at 19.6 GPa is
a strong indication for a second order phase transition, which was described by a

translationengleiche

symmetry

reduction

(t 2)

to

the

orthorhombic

crystal

system

(P42/mnm (no. 136) → Pnnm (no. 58)). In order to gain further information on the nature of the
tetragonal → orthorhombic phase transition, the recovered sample was re-measured at
ambient conditions, showing tetragonal symmetry again. Thus, the orthorhombic (o) PON
phase is solely stabilized at high pressures and may be the initial product of the multianvil
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Figure 8.2 Exemplary PXRD patterns from synchrotron measurements at high-pressure conditions
(λ = 0.28874 Å)

with

enlarged

regions

of

interest

and

a

schematic

illustration

of

the

tetragonal → orthorhombic phase transition assumed for PON.

synthesis at 20 GPa, while the tetragonal pc-PON phase might form upon pressure quenching.
In turn, pc-PON is unstable at ambient conditions as well, but kinetically inert towards
transformation to cri-PON, as indicated by temperature-dependent PXRD.
This reversible tetragonal → orthorhombic phase transition of PON is of remarkable similarity
to the stishovite (P42/mnm) → CaCl2-type SiO2 (Pnnm) phase transition of silica, which is
characterized by an alternating tilting of the SiO6 octahedra in the a-b plane with increasing
pressure.[10,33] Considering a spontaneous strain analysis of pc- and o-PON, the phase transition
in PON appears to proceed in a similar way, suggesting an alternating tilting of the P
coordination polyhedra and a CaCl2-related structure for o-PON (Figure 8.2).[33] More detailed
information on the experimental setup and the synchrotron measurements as well as on the
spontaneous strain formalism is provided in the Supporting Information.
Lattice parameters of pc- and o-PON were refined from PXRD data with the method of Le Bail
using tetragonal (P42/mnm, p <20 GPa) and orthorhombic (Pnnm, p >20 GPa) metrics,
respectively (Figure 8.3). Subsequently, the isothermal bulk modulus K0 of pc-PON was
determined to 163(2) GPa from equation of state and with that, pc-PON exhibits a twice as high
bulk modulus than cri-PON (K0 ≈ 80 GPa).[34] However, pc-PON seems to be significantly more
compressible than stishovite (K0 ≈ 310 GPa), which may be due to the (5+1) coordination
polyhedra of P being less rigid than the SiO6 octahedra.[33]
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Figure 8.3 Refined lattice parameters of pc- and o-PON as a function of pressure.

Furthermore, the lattice parameter a was found to be notably more compressible than c
(K0(a 3) = 109(2) GPa, K0(c 3) = 927(35) GPa), which may be an effect of the P(N,O)5 pyramids
sharing common vertices along ⟨110⟩, but common edges along c. Thus, a decrease in volume

upon compression in pc-PON is mostly effected by a contraction of the cell along a, which in

turn corresponds to an axial compression of the P(N,O)5+1 polyhedra and a decrease of the axial
P–(O,N)

interatomic

distances.

Consequently,

a

hitherto

unreported

regular

six-fold

coordination of P in phosphorus (oxo)nitrides might be plausible for PON at sufficiently high
pressure and may lead to a significant increase of its incompressibility and bulk modulus. More
detailed information on the elastic properties of pc-PON is provided in the Supporting
Information.
To confirm the experimental findings and to corroborate o‐PON as the high-pressure
polymorph, DFT calculations within the generalized gradient approximation (GGA) were
performed. Accounting for the split position of P a 2 × 2 × 2 supercell was constructed with P
at the center of the N/O octahedra and different charge neutral N/O-ordering models were
constructed

to

approximate

statistical

N/O-disorder.

Disregarding

unreasonable

or

computationally collapsing structures, relaxation of the supercell resulted in an alternating
displacement of P atoms from the center of the P(N/O)6 octahedra, in line with the
experimental findings of the split position of P (Figure 8.4a). This systematic ordering of P
appears as a coupled feature of the introduced N/O-ordering, as the displacement of each P
site is systematically directed towards an axial N position. As a result N and O are found
exclusively in three- and two-fold coordination, respectively, as expressed by the Niggli formula
3 [P[5]O[2]N[3]].[35]
∞

Thus, the axial P–N interaction seems to be more favorable than the axial P–O

interaction. Concerning the experimental data presented above, there are, however, no
indications of a superstructure caused by a systematic ordering of P. Considering the favored
axial P–N interaction this random distribution of P may be correlated with a N/O-disorder in

pc‐PON.
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Figure 8.4 Approximated structure model of pc-PON from structure relaxation with N/O-order used for
DFT calculations (a). P: black, O: gray, N: white. Relative enthalpy plot with transition pressure of 17 GPa
derived from calculated E-V data of pc- and o‐PON (b).

The tetragonal structure model was used for construction of an orthorhombic model and
subsequent energy-volume calculations of both cells. The respective total energies of both
phases corroborate o-PON the stable modification above 17 GPa. The transition pressure was
determined from the relative enthalpy plot (Figure 8.4b) and is in accordance with the
experimental findings, considering the approximated structure model used for the DFT
calculations. More detailed information on the theoretical study of both PON polymorphs is
provided in the Supporting Information.
Recapitulating, the phase diagram of PON is extended by two high-pressure polymorphs.

pc‐PON adopts a stishovite-related structure with a split position of P in a (5+1) coordination
and has been considered the missing link in fundamental structural research on phosphorus
(oxo)nitrides, previously. In addition, o‐PON is found to be the stable polymorph at pressures
>20 GPa, which has been proven by ab initio calculations, as well. In turn, P is just on the brink
of a regular six-fold coordination in PON polymorphs and its experimental evidence will be the
great goal of future high-pressure investigations.
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Experimental Procedures
8.3.1 Preparation of Starting Materials
P3N5 was prepared according to Stock and Hoffmann from P4S10 (Acros Organics, >98%) in a
continuous flow of dry ammonia (5.0, Air Liquide).[1] P4S10 was loaded in a fused silica boat and
saturated by a continuous flow of dry ammonia at 298 K for 4 h before it was heated at 1123 K
for another 4 h. The product was washed with concentrated HCl, de-ionized water, and ethanol
then dried in vacuum to yield an orange powder. Phase purity was confirmed by PXRD and FTIR
spectroscopy. cri-PON was prepared according to a modified literature protocol by heating
stoichiometric amounts of P3N5 and P4O10 in a corundum crucible for 48 h at 1053 K in a sealed
silica ampoule filled with argon.[2] Phase purity was confirmed by PXRD and FTIR spectroscopy.
8.3.2 High-Pressure High-Temperature Synthesis

pc-PON was prepared in a high-pressure high-temperature procedure using a 1000 t hydraulic
press (Voggenreiter, Mainleus, Germany) and the multianvil technique based on a modified
Walker-type setup.[3,4] As a starting material cri-PON was ground, packed in a capsule and
sealed with a cap both consisting of hexagonal boron nitride (Henze, Kempten, Germany). The
capsule was placed in the center of two graphite tubes using two MgO spacers (Cesima
Caramics, Wust-Fischbach, Germany). The assembly was put in the center of an Cr2O3 doped
MgO octahedron (5% Cr2O3, edge length 10 mm, Ceramic Substrates & Components Ltd, Isle of
Wight, United Kingdom) equipped with a sleeve of ZrO2 (Cesima Ceramics, Wust-Fischbach,
Germany) acting as a thermal insulator. To enable electric contact between the surrounding
anvils and the graphite tubes two molybdenum plates were used. The as-prepared octahedron
was compressed between eight truncated cubes of cobalt doped tungsten carbide (6% Co,
truncated edge length 5 mm, Hawedia, Marklkofen, Germany) and the sample was heated by an
electric resistance heating with a maximal power of 3000 W. The assembly was compressed to
20 GPa within 11 h and than heated up to 1500 K within 10 min. The temperature was kept for
another 15 min before the heating was turned off and the sample was slowly decompressed
within 33 h. pc-PON was isolated as an air- and moisture-stable gray crystalline powder.
8.3.3 Powder X-ray Diffraction (PXRD)
Powder X-ray diffraction measurements were performed on a STOE STADI P powder
diffractometer (STOE & Cie GmbH, Darmstadt, Germany; Mo-Kα1-radiation, λ = 0.71073 Å)
equipped with a Ge(111) monochromator and MYTHEN 1K Si-strip detector (Dectrics, BadenDaettwil, Switzerland) in modified Debye-Scherrer geometry. For measurements the sample was
loaded into tube capillaries (Hilgenberg, Malsfeld, Germany) with an outer diameter of 0.2 mm.
Indexing, structure solution and refinement from the PXRD pattern was performed using the
TOPAS-Academic V4.1 software.[5] Indexing was achieved with the SVD-algorithm and
intensities were extracted with the Pawley-method.[6,7] The charge-flipping algorithm was used
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for structure solution and the pc-PON structure model was subsequently refined with the
Rietveld method.[8–11] Peak profiles were modeled using the fundamental parameters approach
and a possible preferred orientation of crystals was accounted for with a spherical harmonics
function of fourth order.[12] The background was described using a shifted Chebyshev
polynomial. Absorption was treated with a capillary absorption correction. Temperaturedependent PXRD data were collected on a STOE STADI P powder diffractometer (STOE & Cie
GmbH, Darmstadt, Germany; Mo-Kα1-radiation, λ = 0.71073 Å) equipped with a Ge(111)
monochromator, a STOE resistance graphite furnace and an IP-PSD detector. The sample was
loaded in a fused silica capillary (Hilgenberg, Malsfeld, Germany) with an outer diameter of
0.5 mm and heated from 298 to 1073 K in steps of 20 K with a rate of 5 K·min−1 under Ar
atmosphere. The temperature was held constant for data collection.
8.3.4 Transmission Electron Microscopy (TEM)
TEM experiments were performed on a Titan 80–300 (FEI, USA) with a field emission gun
operated at 300 kV. EDX spectra were recorded on a TOPS 30 EDX spectrometer (EDAX,
Germany). Bright field images as well as selected area electron diffraction (SAED) patterns were
recorded using an UltraScan 1000 camera (Gatan, USA, resolution: 2k×2k). Corresponding data
were processed and evaluated with the software ES Vision and Digital Micrograph.[13,14] The
PON crystals were ground in absolute ethanol and drop-casted on copper TEM grids coated
with a holey carbon film (S160, Plano GmbH, Germany) and further fixed on a double-tilt
holder.
8.3.5 Computational Details
Density functional theory (DFT) calculations were conducted for both, the pc- and the o-PON
phase. The structural relaxation of pc-PON was performed with the Vienna ab initio simulation
package (VASP).[15–17] Total energies of the unit cells were converged to 10−6 eV/atom with
residual atomic forces below 10−4 eV·Å−1. The exchange correlation was treated within the
generalized gradient approximation (GGA) of Perdew, Burke, and Ernzerhof (PBE) and the
projector-augmented-wave (PAW) method.[18–21] For all calculations a plane-wave cut-off of
535 eV was used. The Brillouin zone was sampled on a Γ-centered k-mesh produced from the
method of Monkhorst and Pack of 6 × 6 × 12.[22] E–V data were obtained from structural
relaxations at a range of constant volumes (86 to 107%) corresponding to compression and
expansion of the unit cells. A variation in lattice parameters a and b was introduced manually in
order to converge tetragonal to orthorhombic PON at constant volume owing to its marginal
difference in total energy. Due to the close similarity of the E–V curves, the step size in volume
compression was 0.25% below 15 GPa and subsequently increased to 1% with increasing
pressure. The enthalpy difference ΔH was derived from H = E + pV in the volume region
between 32 and 54 Å3, with the pressure p obtained from the numerical differentiation of

p = ∂E/∂V.
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8.3.6 Solid-State MAS NMR Spectroscopy
A

31P

solid-state MAS NMR spectrum was collected using a DSX Advance III 500 spectrometer

(Bruker, Karlsruhe, Germany) with a magnetic field of 11.7 T, corresponding to a Larmor
frequency of ν (31P) = 202.5 MHz. The sample was placed in a ZrO2 rotor of 1.3 mm in outer
diameter, which was mounted in a commercial pneumatic MAS probe (Bruker, Karlsruhe,
Germany) and spun at rotation frequency of νrot = 50 kHz. Experimental data were analyzed
with device-specific software.
8.3.7 Fourier Transform Infrared Spectroscopy (FTIR)
The FTIR spectrum was collected on a Spectrum BX II spectrometer with DuraSampler
ATR‐device (Perkin Elmer) at ambient conditions.
8.3.8 Diamond Anvil Cell (DAC)
For in situ high-pressure investigations up to a maximum pressure of almost 40 GPa a BX90
diamond anvil cell (DAC) was used.[23] The DAC was equipped with Boehler-Almax type
diamond anvils with 350 µm diameter culets and a rhenium gasket, which was pre-indented to
a thickness of 35 µm and drilled to an inner diameter of 160 µm. Neon was used as pressuretransmitting medium and ruby spheres served as a pressure standard. The DAC was loaded
with a polycrystalline particle of pc-PON and compressed to an initial pressure of 1.8 GPa after
neon pressure-loading.
8.3.9 Synchrotron Measurements
In situ XRD experiments were performed at the extreme-conditions beamline P02.2 of PETRAIII
(DESY, Hamburg, Germany).[24] The X-ray beam with a wavelength of 0.28874 Å was focused by
a Kirkpatrick-Baez mirror system to a size of 1.8×1.9 µm2 (V×H) and diffraction intensities were
collected on a PerkinElmer XRD 1621 flat-panel detector. At 1.8 GPa a single-crystal data set
was collected by an ω scan (ωmax = ±38°; Δω = 0.5°; texposure = 10 s). Indexing and integration of
the reflection intensities were performed using CrysAlisPro software.[25] A single crystal of an
orthoenstatite

((Mg1.93,Fe0.06)(Si1.93,Al0.06)O6,

Pbca,

a = 8.8117(2),

b = 5.18320(10),

c = 18.2391(3) Å), was used to calibrate instrument model of CrysAlisPro software (sample-todetector distance, the detector’s origin, offsets of the goniometer angles and rotation of the
X-ray beam and the detector around the instrument axis). The structure was solved with
SHELXT and refined in anisotropic approximation against F2 on all data by full-matrix least
squares with SHELXL.[26,27] In order to examine the behavior of pc-PON under high-pressure
conditions a series of 16 wide scans (ωmax = ±20°; Δω = 1°; texposure = 40 s) up to a maximum
pressure of almost 40 GPa were collected. Respective pressure values were determined by the
ruby fluorescence method.[28,29] Powder X-ray diffraction patterns were revealed by masking
single-crystal reflections from diamond and neon followed by subsequent integration using the
Dioptas software.[30] Lattice parameters were determined by Le Bail refinements with Jana2006
using a pseudo-Voigt function and a manually adjusted background for profile fitting.[31]
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8.3.10 Equation of State
For a quantitative evaluation of the elastic properties of pc-PON the p-V data were fitted by the
second order Birch-Murnaghan equation (Equation 1) using the EoSFit7 software.[32–34] Herein, V
is the volume of the unit cell at the pressure p, V0 corresponds to the cell volume at a
theoretical pressure of zero, and K0 is the isothermal bulk modulus.
7

Results and Discussion

5

3
𝑉𝑉 −3
𝑉𝑉 −3
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𝑉𝑉0
𝑉𝑉0

(1)

8.3.11 Crystal Structure of pc-PON from PXRD at 1 atm
Indexing of the PXRD pattern suggested tetragonal symmetry with lattice parameters

a = 4.6184(2) and c = 2.45536(9) Å. Analysis of systematically absent reflections indicated space
group P42/mnm (no. 136) in which charge flipping led to identification of all atom positions,
refined by a subsequent Rietveld refinement (Figure S8.1). A minor amount of γ‐HP4N7 was not
refined.[35] The increased background in the region 5°< 2θ <20° can be assigned to noncrystalline material, formed by amorphization at high-pressure conditions during synthesis. All
atoms are situated on 4f sites with m.2m site symmetry and thus, respective x and y
coordinates were constrained to one common parameter. The refined coordinates of P are
close to Wyckoff position 2a but refinement indicated a significant displacement, which results

Figure S8.1 Observed (black circles) and calculated (red line) PXRD pattern (Mo-Kα1-radiation,

λ = 0.71073 Å) and difference profile (gray) from Rietveld refinement of pc-PON. Peak positions are
marked by vertical blue lines. Tagged reflections (*) can be assigned to γ‐HP4N7 as minor side phase.[35]
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in a split position of P with a 0.874(1) Å distance between the two electron density maxima.
Thus, the site occupation factor of P was set to 0.5. Accounting for the mixed anion position of
N and O the isotropic atomic displacement parameters were constrained to one common
parameter and the respective site occupation factors were set to 0.5 (Table S8.2).

Table S8.1 Crystallographic data on pc-PON based on Rietveld refinement (p = 1 atm)
Formula

PON

Crystal system

tetragonal

Space group (no.)

P42/mnm (136)

Lattice parameters / Å

a = 4.62782(10)
c = 2.46042(4)

Cell volume / Å3

V = 52.694(4)

Formula units per cell

2

Calculated X-ray density / g·cm−3
Linear absorption coefficient /

3.843

cm−1

17.54

Radiation

Mo-Kα1 (λ = 0.71073 Å)

θ-range / °

1.000–38.177

Temperature / K

293

Data points

4958

Number of observed reflections

97

Number of parameters (thereof background)

34 (19)

R indices

RBragg = 0.02108
Rp = 0.03535
Rwp = 0.04621
Rexp = 0.03484

Goodness of fit

1.327

Table S8.2 Refined atomic coordinates, isotropic displacement parameters and site occupation factors
(s.o.f.) in pc-PON based on PXRD refinement (p = 1 atm)[a]

x

y

z

Uiso / Å2

s.o.f.

P1 (4f)

0.0668(2)

0.0668(2)

0

0.0070(3)

0.5

O1 (4f)

0.3345(2)

0.3345(2)

0

0.0045(4)

0.5

N1 (4f)

0.3345(2)

0.3345(2)

0

0.0045(4)

0.5

[a] The site occupation factors for all atoms were set to 0.5 accounting for the split position of P and the
mixed anion position of N and O, respectively.
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Figure S8.2 Experimental PXRD of pc-PON (blue) and a simulated PXRD using the modified DFT structure
model presented below with a crystallographic ordering of P (red). As the simulated PXRD pattern does
not match the experimental one, there is no indication for any long-range ordering of P in pc-PON.

A crystallographic ordering of P at its split position as suggested from DFT calculations
presented below was simulated using the modified DFT structure model (Figure S8.2). The
simulated PXRD pattern shows additional reflections and thus does not match the experimental
one. Moreover, no superstructure reflections were observed during single-crystal XRD and TEM
measurements. Thus, there is no evidence for any superstructure caused by a systematically
ordering of P in pc‐PON. Owing to a marginal X-ray scattering contrast of O and N no
indications for any crystallographic N/O-ordering in pc-PON are obtained from PXRD
measurements. Previous investigations by neutron diffraction have indicated similarly a random
N/O-disorder in cri-PON, which was used as a starting material for pc-PON.[36] Due to small
sample quantities (<15 mg per batch) additional investigations by neutron diffraction are,
however, not feasible for pc-PON.

Figure S8.3 Bar chart of interatomic distances between P and N/O in pc-PON and related
compounds.[35–39]
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Table S8.3 Interatomic distances (Å) and angles (°) of pc-PON based on Rietveld refinement (p = 1 atm)
P1–N1

1.6964(8)

N1–P1–N1

79.36(5)

P1–N1

1.7521(12)

N1–P1–N1

104.93(5)

P1–N1

2.6263(12)

N1–P1–N1
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Table S8.4 Calculated X-ray densities of selected SiO2 and PON phases. The calculated X-ray density of

pc‐PON was determined to 3.843 g∙cm−3 corresponding to an increase of 20.1% relative to coe-PON and
42.2% to cri-PON, thus, pc-PON represents the densest PON phase so far.[36,38] However, the increase in
density upon transition is less than reported for the respective SiO2 phases (48.2 and 85.1%), which may be
attributable to the six-fold coordination of Si in stishovite, resulting in a significant higher density[40–42]
Cristobalite

Coesite

Stishovite

cri-PON

coe-PON

pc-PON

Density /
g·cm−3

2.318

2.896

4.291

2.702

3.200

3.843

Ref.

(40)

(41)

(42)

(36)

(38)

this work

8.3.12 TEM and EDX Measurements

Figure S8.4 Bright-field image of pc-PON crystallite (a). SAED-tilting series (b, top) with corresponding
simulations (b, bottom) with tilting angles (experimental blue, simulated red) and exemplarily indexed
reflections. Simulations based on structural data, obtained from PXRD refinement (structure model in
space group P42/mnm with a = 4.62782(10) Å, c = 2.46042(4) Å). D-values directly measured from SAED
patterns: d020 = 2.30 Å, d001 = 2.42 Å and d110 = 3.25 Å.
Table S8.5 TEM-EDX measurements (300 kV) of pc-PON in atom percent, showing no other elements than
P, O and N in the sample. The measured atomic ratio, within the standard deviations and the precision of
the methods for light elements, is close to P : O : N = 1 : 1 : 1
1

2

3

4

5

6

7

mean
value

ideal
value

P

43.1

41.0

41.6

42.7

35.5

40.2

42.2

40.9(26)

33.0

O

30.8

31.7

31.0

32.2

29.8

31.7

31.2

31.0(9)

33.0

N

26.1

27.3

27.4

25.1

34.7

28.1

27.6

28.0(31)

33.0
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8.3.13

31P

Figure S8.5

Solid-State NMR and FTIR Measurements of pc-PON

31P

solid-state MAS NMR spectrum of pc-PON (B0 = 11.7 T, ν(31P) = 202.5 MHz, νrot = 50 kHz)

showing one broadened signal at δ = −86.9 ppm (ΔνFWHM = 20 ppm), which can be assigned to the one
crystallographic position of P in the pc‐PON structure. Peak broadening can be caused by varying local
N/O coordination of P and has been observed in other PON modifications as well.[38,39] A statistic
occupation of the split position of P may enhance peak broadening in this case. The marked signal at

δ = −17 ppm (*) can be assigned to a minor contamination of γ-HP4N7.[35]

Figure S8.6 FTIR spectra of pc-PON (ATR). In contrast to H–P–N compounds (e.g. HPN2, HP4N7) pc-PON
does not show any significant signals in the region 2300–3300 cm−1, which indicates the absence of N–H
and O–H bonds in the PON sample.[35,43–47]
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8.3.14 Crystal Structure of pc-PON from Single-crystal XRD at 1.8 GPa

Figure S8.7 Crystal structure of pc-PON from single-crystal structure refinement. Ellipsoids are displayed
at 90% probability level. P: black, N,O: blue.
Table S8.6 Crystallographic data on pc-PON based on single-crystal refinement (p = 1.8 GPa)
Formula

PON

Crystal system

tetragonal

Space group (no.)

P42/mnm (136)

Lattice parameters / Å

a = 4.6027(3)
c = 2.4560(3)

Cell volume /

V = 52.030(9)

Å3

Formula units per cell

2

Calculated X-ray density / g·cm−3

3.892

Linear absorption coefficient / cm−1

1.8

Device

PETRA III, DESY
Synchrotron

Radiation

θ-range / °

(λ = 0.28874 Å)
2.542–17.163

Temperature / K

293

Number of observed reflections

244

Independent reflections (> 2σ)

113 (100)

Number of parameters

9

F(000)

60

Residual electron density / e·Å−3

0.602; −0.601

R indices

Rint = 0.0463;
Rσ = 0.0513;
R1 = 0.0513 (> 2σ);
wR2 = 0.1110 (> 2σ);
R1 = 0.0577 (all data);
wR2 = 0.1169 (all data);

Goodness of fit

1.343
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Table S8.7 Refined atomic coordinates, isotropic displacement parameters and site occupation factors
(s.o.f.) in pc-PON based on single-crystal refinement (p = 1.8 GPa)

x

y

z

Ueq / Å2

s.o.f.

P1 (4f)

0.0661(2)

0.0661(2)

0

0.0094(3)

0.5

O1 (4f)

0.3325(3)

0.3325(3)

0

0.0139(4)

0.5

N1 (4f)

0.3325(3)

0.3325(3)

0

0.0139(4)

0.5

Table S8.8 Anisotropic displacement parameters (Å2) of pc-PON based on single-crystal refinement
(p = 1.8 GPa)

U11

U22

U33

U23

U13

U12

P1 (4f)

0.0105(4)

0.0105(4)

0.0072(5)

0

0

−0.0008(3)

O1 (4f)

0.0164(6)

0.0164(6)

0.0089(7)

0

0

−0.0027(6)

N1 (4f)

0.0164(6)

0.0164(6)

0.0089(7)

0

0

−0.0027(6)

Table S8.9 Interatomic distances (Å) and angles (°) of pc-PON based on single-crystal refinement
(p = 1.8 GPa)
P1–N1

1.6976(14)

N1–P1–N1

79.92(8)

P1–N1

1.7341(21)

N1–P1–N1

104.68(8)

P1–N1

2.5946(21)

N1–P1–N1
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8.3.15 Comparison of Crystallographic Data of pc-PON
Table S8.10 Comparison of crystallographic data of pc-PON from powder and single-crystal X-ray
refinements
Formula

PON

Crystal system

tetragonal

Space group (no.)

P42/mnm (136)

Lattice parameters / Å
Cell volume / Å3

a = 4.62782(10)

a = 4.6027(3)

c = 2.46042(4)

c = 2.4560(3)

V = 52.694(4)

V = 52.030(9)

Z

2

Sample

Powder

Single-crystal

Radiation source

Mo-Kα1

Synchrotron

Wavelength / Å

0.71073

0.28874

Obs. indep. reflections

97

113

θ-range / °

1.000–38.177

2.542–17.163

Resolution / Å

0.57

0.49

Temperature / K

293

293

Pressure / GPa

10−4

1.8

Goodness of fit

1.327

1.343

CSD deposition number

433717

434035
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Figure S8.8 Isosurfaces of the electron density for pc-PON based on PXRD (a) and single-crystal XRD
refinement (b), indicating that both refinements are tantamount in quality and accuracy. Isosurface levels
are 20, 13, 9, and 6 electrons·a0−3, respectively (a0 = Bohr radius).

8.3.16 High-Pressure PXRD Patterns of pc- and o-PON from Synchrotron Measurements

Figure S8.9 Pressure-dependent powder X-ray diffraction patterns from synchrotron measurements
(λ = 0.28874 Å) showing two different types of pattern. Corresponding pressures (GPa) are given on the
left side. The pc-PON structure (blue pattern) seems to be preserved up to ca. 20 GPa. At higher pressures,
however, a new phase is observed (green pattern), as the reflections in the region 10.0°<2θ <11.5° change
significantly. At 19.6 GPa the phases coexist, as both types of pattern superpose (red pattern). The regions
of interest are highlighted and enlarged on the right side. The broad signals in the range 6°<2θ <9° up to
5.2 GPa can be assigned to a liquid neon phase in the DAC.
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8.3.17 Temperature-Dependent PXRD of pc-PON

Figure S8.10 Temperature-dependent X-ray diffraction patterns from pc-PON (Mo-Kα1, λ = 0.71073 Å)
collected in steps of 20 K. At ca. 900 K phase transition to cri-PON is observed, proving pc-PON to be
metastable at ambient conditions.

8.3.18 Tetragonal to Orthorhombic Phase Transition in PON, Spontaneous Strain
Formalism
To compare the nature of the phase transition from tetragonal to orthorhombic symmetry in
PON to SiO2, it is described in terms of spontaneous strains as reported in former works for
SiO2.[48] Therefore, the lattice parameters of the pc-PON (P42/mnm, high-symmetry phase) are
extrapolated into the pressure regime of o-PON (Pnnm, low-symmetry phase). Hereby,

symmetry-breaking (sb) and non-symmetry-breaking (nsb) elements of the spontaneous strain
are distinguished.[49,50] The respective non-zero components ε11sb, ε22sb, ε11nsb, ε22nsb, ε33nsb and VS
are calculated according to equations 2−5, where a0, c0 and V0 corresponds to the extrapolated
parameters of the tetragonal phase and a, b, c and V to those of the orthorhombic one.

ε11sb

= −ε22sb

= (a − b)/2a0

ε11nsb

= ε22nsb

= (a + b)/2a0 − 1

ε33nsb

= c/c0 − 1

VS

= V/V0 − 1

(2)
(3)
(4)
(5)

Figure S8.11 illustrates the calculated spontaneous strain components and the volume strain VS.
An evaluation of the observed phase transition in terms of spontaneous strain is justified as the
relation VS = 2ε11nsb + ε33nsb is almost preserved in the whole pressure range.
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The non‐symmetry-breaking elements of the spontaneous strain ε11nsb, ε22nsb, ε33nsb as well as
the volume strain VS remain small in the whole pressure range. The symmetry-breaking
components ε11sb and ε22sb, however, show the largest magnitude by far. Almost identical results
were obtained for rutile-type (P42/mnm) → CaCl2-type (Pnnm) phase transition in SiO2
corroborating the kinship of both compounds. Although, we were not able to extract any
structural information on o-PON, the mechanism of phase transition seems to be similar to the
one observed in SiO2. Thus, one would expect a tilting of the P coordination polyhedra in the

a‐b plane with increasing pressure and a CaCl2-related structure for o-PON.

Figure S8.11 Evolution of the lattice parameters with pressure (top) and calculated symmetry-breaking
(sb) and non-symmetry-breaking (nsb) components of spontaneous strain as a function of pressure with

ε11sb (orange) appearing the largest component (bottom).

Figure S8.12 Schematic illustration of the stishovite → CaCl2-type SiO2 phase transition, which is
characterized by an alternating tilting of the SiO6 octahedra in the a-b plane. A similar mechanism is
assumed for the tetragonal → orthorhombic phase transition in PON, considering reduction of symmetry
and findings from spontaneous strain formalism.
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8.3.19 Equation of States and Elastic Properties of pc-PON
In order to classify pc-PON on its elastic properties, equations of state were fitted using a
second

order

Birch-Murnaghan

equation

with

V0 = 52.64(2) Å3

and

K0 = 163(2) GPa.

Corresponding parameters refined from the calculated p-V data obtained from DFT calculations
were determined to be V0 = 53.8(2) Å3 and K0 = 164(9) GPa. Keeping in mind that GGA based
calculations typically show a systematic overestimation of the cell volume, the calculated data
are in very good agreement with the experimental ones. A corresponding refinement of o-PON
was not possible. Due to softening effects up to 30 GPa there are not enough reliable pressure
points. Therefore, the as refined equations of state of pc-PON are extrapolated to the pressure
regime of o-PON (blue lines, Figure S8.13). By analogy with stishovite and CaCl2-type SiO2 the
orthorhombic phase (o-PON) appears slightly more compressible than the tetragonal one
(pc‐PON).[48] However, as only small deviations from the extrapolated equations of state are
observed, one would expect a minor change of the bulk modulus upon transition.

Figure S8.13 Experimental and calculated pressure points of tetragonal (blue) and o-PON (green) and
extrapolated equations of state of pc-PON (blue lines).

Figure S8.14 Pressure evolution of a 3 and c 3 in pc-PON and refined equations of state (second order
Birch-Murnaghan) with K0(a3) = 109(2) GPa and K0(c3) = 927(35) GPa, respectively.
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8.3.20 DFT Calculations

Figure S8.15 Structure model of pc-PON from structure relaxation with N/O-order used for DFT
calculations (top). The alternating displacement of the P atoms appears as a coupled feature of the
introduced N/O-ordering model resulting in N[3] and O[2], which are bound to three and two P atoms,
respectively (bottom). P: black, O: red, N: blue.

Figure S8.16 E-V curves of pc- (blue) and o-PON (green) from DFT calculations for two formulas of PON
and relative enthalpy per formula unit of PON as a function of pressure with transition pressure of 17 GPa
(inlay).
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Figure S8.17 E-V curves of cri-, coe- and pc-PON from DFT calculations for one formula of PON.[38] The
two curves of coe-PON correspond to two different N/O ordering models.
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Abstract Li12P3N9 was synthesized by solid-state reaction of
Li3N and P3N5 at 790 °C. It is made up of non-condensed
[P3N9]12− dreier-rings of PN4-tetrahedra. The corresponding
high-pressure polymorph, Li4PN3, was synthesized under highpressure/high-temperature conditions from Li12P3N9 or LiPN2
and Li7PN4 at 6 or 7 GPa, respectively, using the multianvil
technique. Li4PN3 is the first lithium catena-nitridophosphate
and contains PN3 zweier-chains of corner sharing PN4tetrahedra. To confirm the structure elucidated from single-crystal X-ray data, Rietveld
refinement,

6Li,

7Li,

and

31P

solid-state NMR spectroscopy, FTIR spectroscopy and EDX

measurements were carried out. To examine the phase transition of Li12P3N9 to Li4PN3 at 6 GPa
and to corroborate the latter as the corresponding high-pressure polymorph, DFT calculations
were conducted. Electronic band gap and electron localization function (ELF) calculations were
carried out to elucidate the electronic properties and bonding behavior of both polymorphs.

9.1 Introduction
PN4-tetrahedra are the characteristic structural motif of nitridophosphates.[1,2] Due to the ability
to form framework structures, from networks of corner- and/or edge-sharing tetrahedra, these
compounds are of high interest concerning their structural variety and their technical
applicability.[2–6] Prominent examples of such materials include optical materials for example,
Ba3P5N10Br:Eu2+,[7 a promising white-light-emitting luminescent material, (oxo)nitridophosphate
zeolites,[8-10] or lithium ion conductors (e.g., in materials like ″LiPON ″).[11–14] High hardness was
observed in γ-P3N5, where besides PN4-tetrahedra, square PN5-pyramids occur as well.[15,16]
Accordingly, exploration of new structures with new topologies or new compositions leads to
interesting new materials.[5]
In lithium nitridophosphates different linking patterns of corner-sharing PN4-tetrahedra occur,
surrounded by a matrix of Li+ ions.[1] Yet, only five ternary lithium nitridophosphates were
described in literature. Li7PN4 has the lowest atomic ratio P/N and contains non-condensed
195

9.2 Results and Discussion

[PN4]7− ions.[17] Preliminary investigations assumed that the PN4-tetrahedra in Li12P3N9 form
non-condensed dreier-rings[18,19] isoelectronic to [Si3O9]6−, but until now no complete structural
analysis has been published.[1,20] In Li18P6N16 the [P6N16]18− tricyclic ring structure is composed of
one vierer-ring with two annulated dreier-rings.[14] A cage like structure occurs in Li10P4N10 with
adamantane like [P4N10]10− ions, isoelectronic to [P4O10].[21] LiPN2 has the lowest Li content and
is made up of a three-dimensional network-structure with corner sharing PN4-tetrahedra that is
isoelectronic to SiO2.[22] All of these lithium nitridophosphates, except Li18P6N16, can be
synthesized from Li3N and P3N5 below 850 °C in Ta or W crucibles. Higher reaction
temperatures lead to decomposition of P3N5, due to its limited thermal stability.[1] To prevent
decomposition, high-pressure/high-temperature synthesis emerged as a powerful tool to
obtain new lithium nitridophosphates with the Li3N self-flux method. Li18P6N16 is the first
lithium nitridophosphate synthesized by high-pressure/high-temperature technique.[14]
Recently, a number of intriguing P/N-networks, with high degrees of condensation, were
synthesized by this high-pressure/high-temperature approach, for example, β-cristobalite-type
PN(NH),[23,24] and β-PN(NH);[25] α-P4N6(NH),[6,26] β-P4N6(NH),[5] and γ-P4N6(NH).[27]
In this contribution we report on synthesis and structural investigation of Li12P3N9 (=″3 Li4PN3″)
and its high-pressure polymorph Li4PN3. We were able to grow single crystals of both
polymorphs, enabling structure determination on the basis of single-crystal X-ray diffraction
data. DFT calculations corroborate the observed high-pressure phase transition.

9.2 Results and Discussion
9.2.1 Synthesis
Li12P3N9 and Li4PN3 were synthesized by different approaches after empirical optimization
[Equations (1) to (5)]. Li12P3N9 was obtained at high-temperatures and normal pressure, while
Li4PN3 is accessible at high-temperature and high-pressure conditions. To avoid hydrolysis, all
compounds were handled under inert conditions.
4 Li3N + P3N5

∆𝑇𝑇

��

Li12P3N9

3 LiPN2 + 3 Li3N

∆𝑇𝑇

��

Li12P3N9

2 LiPN2 + Li7PN4 + Li3N

∆𝑇𝑇

��

Li12P3N9

Li12P3N9

∆𝑇𝑇, ∆𝑝𝑝

�⎯⎯�

3 Li4PN3

LiPN2 + Li7PN4

∆𝑇𝑇, ∆𝑝𝑝

�⎯⎯�

2 Li4PN3
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According to Equations (1), (2), and (3), different amounts of Li12P3N9 were obtained together
with Li3P, Li7PN4, Li10P4N10, or LiPN2 as side phases depending on initial weight ratio and
reaction temperature. For all routes we used a Li3N flux method, in open Ta-crucibles sealed in
silica ampoules under nitrogen atmosphere, with different amounts of Li3N excess. The highpressure polymorph Li4PN3 was synthesized according to two different routes. According to
Equation (4) Li4PN3 was made from Li12P3N9 at 6 GPa and 820 °C using a Walker-type multianvil
assembly.[28-32] Products with smaller amounts of side products were obtained by reaction from
non-equimolar amounts of LiPN2 and Li7PN4 (molar ratio 1:2.25). The significant excess of
Li7PN4 leads to an in situ formation of Li3N (self-flux), as described in previous work.[14]
According to this route, 9 GPa and 1200 °C seemed to be favorable. Due to the better crystal
quality after synthesis according to Equation (1) and (5), single-crystals of these approaches
were used for structure analysis. Detailed information on the synthesis of the two polymorphs is
given in the Experimental section.
9.2.2 Crystal Structure
The crystal structures of both polymorphs were solved and refined from single-crystal X-ray
diffraction data. Li12P3N9 crystallizes in monoclinic space group Cc (no. 9) with four formula
units per unit cell (Table 9.1).
The reflection conditions hkl for h+k=2n and h0l for l = 2n are in accordance with space groups

Cc or C2/c. The E-value statistics suggest a non-centrosymmetric space group. Furthermore, the
orthorhombic space group Cmc21 exhibits significant higher R values, especially for wR2 (Rint is
twice as high). Thus, Li12P3N9 was refined in Cc as a pseudo-orthorhombic twin with a two-fold
axis (100 0−10 00−1). All P and N positions were determined during structure solution and
were refined anisotropically. The Li atom positions were localized during structure refinement
from difference Fourier maps. The P/N substructure of Li12P3N9 is made up of three corner
sharing PN4-tetrahedra forming dreier-rings in chair conformation, analogously to the cyclotrisilicate [Si3O9]6− (Figure 9.1).[33]

Figure 9.1 Left: [P3N9]12− anion in chair conformation with P−N distances. Right: [P 3N9]12− anion with PN4
tetrahedra of the P/N-framework in green. The thermal ellipsoids are depicted at 90% probability level.
(P: black, N: green).
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Table 9.1 Crystallographic data of Li12P3N9 and Li4PN3
Formula

Li12P3N9

Li4PN3

crystal size [mm3]

0.01 x 0.01 x 0.01

0.01 x 0.01 x 0.01

formula mass [g mol−1]

302.28

100.76

crystal system

monoclinic

orthorhombic

space group

Cc (no. 9)

Pccn (no. 56)

twin

100 010 001

BASF

0.203(7)

cell parameters/ Å,°

a = 12.094(5)

a = 9.6597(4)

b = 7.649(3)

b = 11.8392(6)

c = 9.711(4)

c = 4.8674(2)

β = 90.53(2)
cell volume/ Å3

898.3(6)

556.65(4)

formula units/ cell

4

8

calculated density/ g · cm−3

2.235

2.405

F(000)

576

384

diffractometer

Bruker D8 Venture

temperature/ °C

−173

radiation, monochromator

Mo-Kα (λ = 0.71073 Å), Goebel mirror

absorption correction

multi scan

θ range/ °

2.10-30.53

2.72-28.30

number of collected data

5897

6353

number of unique data

2625

698

number of unique data with I ≥
2σ(I)

2298

597

refined parameters

158

61

GooF

1.093

1.116

R indices [F02 ≥ 2σ (F02)]

R1 = 0.0442,
wR2 = 0.0942[a]

R1 = 0.0388,
wR2 = 0.0844[b]

R indices (all data)

R1 = 0.0554,
wR2 = 0.0994[a]

R1 = 0.0497,
wR2 = 0.0982[b]

25

max/min res. electron density/ eÅ−3 0.50/ −0.42

0.79/−0.62

Rint/ Rσ

0.0560/0.0317

0.0595/0.0869
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Figure 9.2 Packing of Li12P3N9: viewed along a (a) and viewed along b (b). (P: black, N: green; Li: gray; PN4
tetrahedra: green or orange depending on the orientation).

These dreier-rings are not further condensed and form two types of layers (Figure 9.2: orange
and green). Within one layer all [P3N9]12− units are orientated equally. In every other layer the

dreier-rings are orientated differently, but also equally within the layer.
The high-pressure polymorph Li4PN3 crystallizes in the centrosymmetric orthorhombic space
group Pccn (no. 56). Analogously to Li12P3N9, all P and N positions were determined during
structure solution and were refined anisotropically. The Li atom positions were localized from
difference Fourier maps. Li4PN3 is made of infinite zweier-chains of corner sharing PN4tetrahedra

3
4∞[PN2 N2⁄2 ] ,

running

along

c

(shortest

lattice

parameter).

The

catena-

nitridophosphate chains have a stretching factor of fs = 0.923 and a chain periodicity of P = 2
(fs=Ichain/(IT×P)=4.855/(2.627×2). For definitions of Ichain and IT see Figure 9.3 a.
Liebau introduced fs for the classification of chain and layer silicates and this formalism can also
be adapted to nitridophosphates. This value is a measure of infinitely extended chains.[18]

Figure 9.3 (a) Zweier-chains in Li4PN3. (b) Li4PN3 viewed along c. (c) Li4PN3 viewed along a. The thermal
ellipsoids are depicted at 90% probability level in (a), (b), and (c). (P: black, N: green; Li: gray; PN4
tetrahedra: green or orange depending on the orientation).
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Maximal stretched chains (fs = 1) occur in for example, Ca2PN3.[34,35] Less stretched chains of
corner sharing PN4-tetrahedra have been reported for Mg2PN3[34] and Zn2PN3 (fs=0.88).[36]
Li4PN3 contains four infinite chains per unit cell with two different orientations (Figure 9.3,
orange and green). The P−N distances for Li 12P3N9 vary from 1.60 to 1.73 Å and for Li4PN3 from
1.61 to 1.73 Å. Analogously to other nitridophosphates the values for P−N bond lengths to
terminal nitrogen atoms of PN4-tetrahedra are shorter than those to bridging ones.[14,37] These
values are in accordance with other nitridophosphates.[14,21]
The [P3N9]12− and [PN3]4− anions are surrounded by Li+ ions. The latter were not refined
anisotropically, due to their low scattering intensity. In Li12P3N9 the Li+ ions are coordinated by
N with coordination numbers 3, 4, and 5 sharing edges or corners of resulting polyhedra. The
shortest Li−Li distance is 2.31 Å, which is comparable to Li−Li distances in other multinary
lithium compounds (e.g., LiCa3Si2N5).[38] In the high-pressure polymorph Li4PN3 there are only
[LiN4] and [LiN5] polyhedra. A free refinement of the occupation factors of the Li atoms showed
partial occupation for three Li sites (Li4 (8e): 50%, Li5 (8e): 30%, Li6 (4c): 40%). Involving the
partially occupation, the shortest Li−Li distance is between Li2 and Li5 with 2.14 Å, which also
corresponds with other Li containing compounds.[38]
9.2.3 Structural Snalysis of Possible Lithium Migration Pathways
Calculating Voronoi–Dirichlet polyhedra with TOPOS yields the possible voids and migration
pathways for Li+.[39–42] Li12P3N9 shows a possible movement of the Li+ ions in three different
directions in space (Supporting Information Figure S9.15). In Li4PN3 Li4, Li5, and Li6 indicate
possible movement between each other in contrast to Li1, which shows no movement. The
possible migration pathways of Li2 and Li3 build chains along a (Figure 9.4).
According to these calculations both polymorphs seem to be promising candidates for lithium
ion conductivity. Measurements of other lithium nitridophosphates show lithium ion
conductivity in the range of 10−5 Ω−1 cm−1 at 127 °C, which we also expect for Li12P3N9 and
Li4PN3.[12,14]

Figure 9.4 Calculated possible Li+ pathways (blue) according to the voids in the structure and unit cell of
Li4PN3 viewed along c. (Li: gray).
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9.2.4 Solid State NMR-Spectroscopy
31P, 6Li,

and 7Li solid-state MAS NMR spectroscopy was performed to corroborate the crystal

structure models of Li12P3N9 and Li4PN3 (Supporting Information, Figures S9.5–S9.10). The
31P

NMR spectrum of Li12P3N9 shows two strong resonances at 22.76 and 15.08 ppm together

with the resonances for Li7PN4 (50.23 ppm) and Li3P (−274.5 ppm). Integration of the two
strong signals of Li12P3N9 results in a ratio of 2:1, which is in accordance with three
crystallographically independent P sites, two of which exhibit the same chemical shift
(22.76 ppm). This corresponds to P1 and P2, which exhibit nearly the same bonding lengths to
N. P3 has one shorter distance to N6 and corresponds to the signal at 15.08 ppm (Figure 9.1).
The 6Li solid-state MAS NMR spectrum shows four strong resonances in the range of 5.2 to
1.9 ppm; they all exhibit shoulders. The 7Li solid-state MAS spectrum shows one broad signal at
4.87 ppm (with Li7PN4 and Li3P as side phase). Due to the small chemical shift differences of the
Li signals of Li12P3N9 and the side phases, no differentiation of the phases and the
crystallographically independent sites can be observed in the Li spectra.
The

31P

solid-state MAS NMR spectrum of Li4PN3 shows one strong resonance at 21.58 ppm,

corresponding to one crystallographically independent P site. The

31P

MAS NMR signals of both

polymorphs are similar with other nitridophosphates (Zn2PN3: 42.8 ppm; Li18P6N16: 22.24 to
5.51 ppm).[14,36] The 6Li and 7Li solid-state MAS NMR spectra show one strong signal each (2.41
and 2.59 ppm, respectively). The values found for both compounds are similar to those of other
ternary nitridophosphates or lithium nitridophosphates/silicates for 7Li (0.3 for LiLa5Si4N10O to
2.8 ppm for LiCa3Si2N5; Li18P6N16: 1.6 ppm; Li7PN4 (with Li3P as side phase): 3.33 ppm).[14,38,43]
9.2.5 Chemical Analysis (EDX, IR, Powder Diffraction)
To determine the elemental composition, EDX measurements were carried out. Besides
phosphorus and nitrogen, only traces of oxygen were found, which can be explained by the
hydrolysis of the compounds during contact with air (Supporting Information, Table S9.10 and
S9.11). The determined atomic ratio P/N is in agreement with the results from the crystal
structure analysis (Li12P3N9: P/N=0.32; Li4PN3: P/ N=0.33).
FTIR spectroscopy of both compounds was performed to prove the absence of hydrogen
(Supporting Information, Figure S9.13 and S9.14). Both spectra show significant vibrations
between 600 and 1500 cm−1 and no marked signals in the region around 3000 cm−1 (N‐H). A
weak signal can be explained by surface hydrolysis of the sample.
To determine phase purity of the samples a powder diffraction pattern was collected
(Supporting Information, Figure S9.3 and S9.4). Rietveld refinement confirms the structure
determined by single-crystal structure analysis.
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9.2.6 Thermal Stability

Figure 9.5 Temperature-dependent powder X-ray diffraction data for Li4PN3 under ambient pressure. The
transformation to Li12P3N9 starts at 650 °C.

In order to corroborate that Li4PN3 is a high-pressure polymorph of Li12P3N9, a temperaturedependent powder X-ray diffraction pattern was recorded between room temperature and
1000 °C. The results (Figure 9.5) show that at ambient pressure, Li4PN3 transforms back into the
ambient pressure polymorph Li12P3N9 at 650 °C. At 880 °C the first indications of further
decomposition can be observed.
9.2.7 Comparison of Density
The density of Li4PN3 (ρ = 2.405 g cm−3) is 7% higher than that of Li12P3N9 (ρ = 2.235 g cm−3),
which is in accordance with the principle of Le Chatelier and suggests that Li4PN3 is a highpressure polymorph of Li12P3N9. A density difference in this range is also observed in P4N6(NH)
with 5 and 16% (α-P4N6(NH): 2.88,[26] β-P4N6(NH): 3.037,[5] γ-P4N6(NH): 3.613 g cm−3).[27] A
smaller difference is observed in PN(NH) with 2% (β-cristobalite-type PN(NH): 2.66,[23]

β-PN(NH): 2.71 g cm−3)[25] and a higher in P3N5 with 32% (α-P3N5: 2.77, γ-P3N5: 3.65 g cm−3).[15]
9.2.8 Density Functional Theory Calculations
9.2.8.1 Volume Pressure Calculations
Due to different observed partial occupancies of three Li sites in Li4PN3 we constructed a charge
neutral model for Li4PN3 with full Li occupancies. Due to different observed partial occupancies
of three Li sites in Li4PN3 we constructed a charge neutral model for Li4PN3 with full Li
occupancies. This was done by removing the Li6-Wyckoff site (40% occupation) and
subsequently converting half of the partially occupied Li4 (50%) and Li5 (30%) sites into new
fully ordered Li sites for our calculations (Figure 9.6).
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Figure 9.6 (a) Unit cell of Li4PN3 with partially occupied Li positions (Li4: 50%, Li5: 30%, Li6: 40%).
(b) Ordering model of Li4PN3 with fully occupied Li atoms. Red: Li positions which were removed; blue: Li
positions which were retained and adjusted to 100% occupancy. (P: black, N: green; Li: gray; PN4
tetrahedra: green).

Experimental synthesis pressures were covered by structural relaxations for a variety of constant
volume compressions and expansions (91% to 105% with 19 steps for both compounds) of the
respective unit cells, maintaining the space group. The resulting energy-volume (EV) curves are
shown in Figure 9.7a. Li12P3N9 is energetically favored by 0.217 eV (20.94 kJ mol−1) at ambient
pressure. By fitting the EV curves according to the Murnaghan equation of state[44] we obtained
the bulk modulus (B = 83.8 for Li12P3N9 and B=87.4 GPa for Li4PN3) and calculated the enthalpy
difference ΔH from the equation H = E+pV, while pressure p is obtained by a numerical
differentiation of p = ∂E/∂V. Figure 9.7b depicts the relative enthalpy with respect to the
presumed low pressure polymorph Li12P3N9.
Without accounting for temperature, the transition pressure from Li12P3N9 to Li4PN3 can be
estimated to 6.55 GPa, evidently corroborating Li4PN3 as high-pressure polymorph of Li12P3N9,
being in line with the observed synthesis pressure of 6 GPa.

Figure 9.7 (a) Energy–volume diagram for Li12P3N9 and Li4PN3. Each point constitutes one structural
optimization at constant volume. Energy and Volume are given per formula unit (f.u.) of Li4PN3.
(b) Enthalpy–pressure diagram for the high-pressure phase transition of Li12P3N9 to Li4PN3, obtained from
a fit of the Murnaghan equation of state to the energy-volume diagram. The enthalpy is given per formula
unit of Li4PN3 relative to Li12P3N9.
203

9.2 Results and Discussion

9.2.8.2 Electronic Band Structure
In Figure 9.8 it can be seen that both Li/P/N polymorphs are electronically insulating materials
with a wide electronic indirect band-gap of 5 eV for Li12P3N9 (Y to Γ ) and an increased direct
band gap of 6.1 eV for the high-pressure polymorph Li4PN3 (Γ to Γ ).
The value found for Li12P3N9 is in approximately the same range as in the case of α-P3N5
(indirect band gap of 5.21 eV).[45] In comparison, the Si3N4 and Ge3N4 spinels have direct band
gaps and the values are decreasing with increasing pressure (α-Si3N4: 5.3, β-Si3N4: 5.18, γ-Si3N4:
3.45 eV; α-Ge3N4: 3.18, β-Ge3N4: 3.10, γ-Ge3N4: 2.22 eV).[46] Horvath-Bordon et al. report that
band gaps in high-pressure phases of some nitrides are reduced while the elastic moduli are
increased compared to the values found for ambient pressure polymorphs.[46] In contrast Li3N
and BN behave inversely, not moving the system towards a metallic system (α-Li3N: 1.25,

α′‐Li3N: 1.3, β-Li3N: 1.5, γ-Li3N: 6 eV; h-BN: 3.81–4.10, c-BN: 4.20–5.18, w-BN: 4.90–5.81 eV).[47,48]
9.2.8.3 Electronic Localization Function
In order to analyze the chemical bonding in both polymorphs we calculated the electron
localization function (ELF), constituting the probability of finding an electron of opposed spin
within the proximity of another, effectively revealing positions of chemical bonds or electron
lone pairs.[49] No indication of covalent bonds between Li and N can be found, corroborating
chemical intuition of a strong ionic character. The P-N bonding situation for an ELF isovalue

η = 0.83 reveals strong covalency within the [P3N9]12− and

43
∞[PN2 N2⁄2 ] units

(Supporting

Information, Figures S9.16 to S9.18). The P-N bonds show strong N-polarization and free
electron pairs of N3− are found at terminal and bridging N atoms, as expected from VSEPR
considerations.
Recently, highly polarized (almost ionic) P−N bonds have been discussed in (PNCl 2)3. Analysis of
the density distribution showed that the rings can be separated into Cl2PN units that indicate
perfect transferability between the different rings, which excludes the presence of aromatic
delocalization in the planar P3N3 ring of (PNCl2)3.[50]

Figure 9.8 Electronic band structure along high-symmetry directions in the first Brillouin zone for
(a) Li12P3N9 and (b) Li4PN3.
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9.3 Conclusion
Herein we report on synthesis and full characterization of two lithium nitridophosphate
polymorphs, namely Li12P3N9 and Li4PN3. The ambient pressure polymorph Li12P3N9 was
prepared in ampoules and the high-pressure polymorph Li4PN3 by solid-state high-pressure
synthesis. We showed that Li4PN3 is a reconstructive high-pressure polymorph of Li12P3N9. This
phase relation was deduced from experimental data as well as temperature-dependent powder
X-ray diffraction and DFT calculations. Li12P3N9 is made of dreier-rings, which are not further
condensed, surrounded by a matrix of Li+ ions. The new lithium catena-nitridophosphate with
infinite chains of corner sharing PN4-tetrahedra has a stretching factor of fs = 0.923 and a chain
periodicity P = 2. Li4PN3 reveals that high-pressure synthesis gives an important boost to
nitridophosphate chemistry by realizing compounds that were not accessible before.
Furthermore, it shows that this approach is a powerful technique to obtain novel lithium
nitridophosphates with unprecedented structures and interesting properties. In addition, this
finding could indicate that even ternary lithium nitridophosphates with layered structures could
be accessible using multianvil techniques.

9.4 Experimental Section
9.4.1 Synthesis of Starting Materials
P3N5[51] was synthesized by reaction of P4S10 (8 g, Sigma–Aldrich, 99%) in a constant flow of
ammonia (Air-Liquide, 99.999%). After saturation for 4 h with NH3, the silica tube was heated to
1123 K with 5 K min−1 and kept at this temperature for an additional 4 h. It was subsequently
cooled down to room temperature with 5 K min−1. To eliminate side products, the orange
product was washed with water, ethanol, and acetone. Powder X-ray diffraction and FTIR
spectroscopy confirmed phase purity of P3N5. All further steps were performed with strict
exclusion of oxygen and moisture in an argon filled glove box (Unilab, MBraun, Garching,
O2<1 ppm, H2O<0.1 ppm). LiPN2[22] and Li7PN4[17] were synthesized by reaction of Li3N
(Rockwood Lithium, 95%) and P3N5 (LiPN2: molar ratio 1.2:1; Li7PN4: 7.2:1) in sealed silica
ampoules under N2 atmosphere. After grinding the starting materials they were transferred into
a Ta-crucible, which was placed in a dried silica tube. The sealed silica ampoule was heated for
90 h in a tube furnace at 1073 or 893 K, respectively. To eliminate side products, LiPN2 was
washed with diluted hydrochloric acid, water, and ethanol. Li7PN4 was not washed. Powder Xray diffraction and FTIR spectroscopy confirmed phase purity of the starting materials.
9.4.2 Synthesis of Li12P3N9
Li12P3N9 can be synthesized according to three different routes in sealed silica ampoules under
Ar atmosphere. For synthesis according to Equation (1) Li3N (Rockwood Lithium, 95%) and P3N5
were mixed with a molar ratio of 4.2:1 (Equation (2): LiPN2 and Li3N with a molar ratio of 1:1.2;
Equation (3): LiPN2, Li7PN4 and Li3N with a molar ratio of 2:1 : 1.1). After grinding the starting
materials in an agate mortar, the mixture was transferred into a tantalum crucible, which was
placed in a dried silica tube. The ampoules were heated for 120 h in a tube furnace at 790 °C
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(Equation (2): 680 °C; Equation (3): 650 °C). All syntheses yielded a colorless powder containing
dark traces (Li3P) and single crystals of Li12P3N9. The product was sensitive to traces of air and
moisture.
9.4.3 High-Pressure Synthesis of Li4PN3
Li4PN3 can be synthesized according to two different routes at high-pressure/high-temperature
conditions with a modified Walker–type multianvil module in combination with a 1000 t press
(Voggenreiter, Mainleus, Germany).[28–32] After mixing the starting materials, they were ground
under argon atmosphere and compactly packed in a h-BN crucible (Henze BNP GmbH,
Kempten, Germany). The h-BN crucible was transferred into the specially prepared pressure
medium (Cr2O3 doped (5%) MgO-octahedra (Ceramic Substrates & Components, Isle of Wight,
UK); edge length 18 mm [Eq. (4)] or 14 mm [Eq. (5)]). Then the octahedron was placed
centrically in eight truncated WC cubes (Hawedia, Marklkofen, Germany, truncation length
11 mm [Eq. (4)] or 8 mm [Eq. (5)]) separated by pyrophyllite gaskets. Detailed information
describing the complete setup can be found in the literature.[29, 30, 32] According to Equation (4)
(Equation (5)) the assembly was compressed to 6 GPa (9 GPa) at room temperature within 2.6 h
(4 h) and then heated to about 820 °C (1200 °C) within 1 h (1 h). Under these conditions, the
sample was treated for 1.6 h (1 h) and cooled down to room temperature within 1.6 h (1 h).
Subsequently, the sample was decompressed in 8 h (12.5 h). Both syntheses yielded a colorless
powder containing single crystals. The product is sensitive to traces of air and moisture.
9.4.4 Single-crystal X-ray Analysis
Single-crystal X-ray diffraction was performed with a D8 Venture diffractometer (Bruker,
Billerica MA, USA) using MoKα radiation from a rotating anode source. The collected data were
averaged

with

PLATON)[40, 53-55]

Xprep[52]

and

the

program

package

WinGX

(SHELXS-97,

SHELXL-97,

was used for structure solution by direct methods and refinement (see

Table 9.1).[56] All P and N atoms were refined anisotropically. The crystal structure was visualized
using DIAMOND.[57]
9.4.5 Powder X-ray Diffraction
To check phase purity of the products, X-ray powder diffraction was carried out with a STOE
StadiP diffractometer (Stoe & Cie, Darmstadt, Germany) in parafocusing Debye–Scherrer
geometry. With a Ge(111) single-crystal monochromator the CuKα1 radiation was selected.
A Mythen 1 K Si-strip detector (Dectris, Baden, Switzerland) was used for detection of the
diffracted radiation. For measurement the samples were enclosed in glass capillaries with
0.5 mm diameter (Hilgenberg, Malsfeld, Germany) under inert gas. Rietveld refinement was
carried out using the program package TOPAS-Academic v4.1.[58] The background was handled
with a shifted Chebychev function and the peak shapes were described using the fundamental
parameters approach.[59, 60]
Temperature-dependent powder X-ray diffraction data were recorded on a STOE StadiP
diffractometer equipped with a graphite furnace with MoKα1 radiation (λ = 0.70930 Å) in
206

9.5 Acknowledgements

Debye‐Scherrer geometry, an image plate position sensitive detector and a Ge(111)
monochromator. Data were collected every 25 °C, starting from room temperature up to
1000 °C, with a heating rate of 5 °C min−1.
9.4.6 Solid-State NMR MAS (Magic Angle Spinning) NMR Methods
6Li, 7Li,

and

31P

solid-state MAS NMR spectra of both polymorphs were recorded on a DSX

Avance spectrometer (Bruker) with a magnetic field of 11.7 T. The sample was transferred into a
ZrO2 rotor, with an outer diameter of 2.5 mm, which was mounted in a commercial MAS probe
(Bruker) under inert conditions. The rotor was spun at rotation frequency of 20 kHz. The
experimental data were analyzed by device-specific software.
9.4.7 EDX Measurements
The atomic ratio P/N of the samples was analyzed by energy-dispersive X-ray spectroscopy. A
carbon-coated sample was examined with a scanning electron microscope (SEM) JSM-6500F
(Joel, Tokyo, Japan, maximum acceleration voltage 30 kV). Qualitative and semiquantitative
elemental analyses were executed by an energy dispersive spectrometer (Model 7418, Oxford
Instruments, Abington, United Kingdom) and analyzed by INCA.[61]
9.4.8 Fourier-transformed Infrared (FTIR) Spectroscopy
Infrared spectroscopy measurements were carried out on a Bruker FTIR-IFS 66v/S spectrometer.
Before measurement in the range of 400–4000 cm−1 the sample was mixed with KBr in a glove
box and cold-pressed into a pellet (Ø = 12 mm). The data were evaluated by OPUS.[62]
9.4.9 Computational Details
The structural relaxation of both of Li12P3N9 and Li4PN3 were carried out with the Vienna ab
initio simulation package (VASP).[63–65] Total energies of the unit cell were converged to
10−7 eV atom−1 with residual atomic forces below 5×10−3 eV Å−1. The exchange correlation was
treated within the generalized gradient approximation (GGA) of Perdew, Burke, and Ernzerhof
(PBE)[66,

67]

and the projector-augmented-wave (PAW) method.[68,69] A plane-wave cut-off of

535 eV was chosen for the calculations with a Brillouin zone sampling on a Γ-centered k-mesh,
produced from the method of Monkhorst and Pack,[70] of 5 × 7 × 6 (Li12P3N9) and 6 × 5 × 11
(Li4PN3) respectively. Additional calculations were performed with the modified Becke‐Johnson
formalism (GGA-mbj)[71,72] to treat the electronic band gaps.
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9.7.1 Additional Crystallographic Data for Li12P3N9
Table S9.1 Fractional atomic coordinates, isotropic thermal displacement parameters, and site
occupancies for Li12P3N9
Atom

Wyckoff symbol

x

y

z

Uiso / Å2

Occupancy

P1

4a

0.12676(11)

0.1655(2)

0.3023(2)

0.0033(3)

1

P2

4a

0.38275(12)

0.6692(2)

0.3047(2)

0.0040(3)

1

P3

4a

0.0060(2)

0.4422(2)

0.1523(2)

0.0038(2)

1

N1

4a

0.2309(4)

0.1604(7)

0.4098(6)

0.0044(10)

1

N2

4a

0.2818(4)

0.6837(7)

0.4147(5)

0.0051(10)

1

N3

4a

0.5082(6)

0.1534(5)

0.1603(5)

0.0055(8)

1

N4

4a

0.1347(4)

0.0265(7)

0.1793(6)

0.0043(10)

1

N5

4a

0.0061(5)

0.1228(5)

0.3914(4)

0.0049(8)

1

N6

4a

0.1157(5)

0.3748(7)

0.2494(5)

0.0044(10)

1

N7

4a

0.0000(5)

0.3578(5)

0.0000(4)

0.0045(8)

1

N8

4a

0.3638(4)

0.5300(7)

0.1821(6)

0.0056(10)

1

N9

4a

0.3978(5)

0.1256(7)

0.7459(5)

0.0060(11)

1

Li1

4a

0.2626(10)

0.416(2)

0.3351(13)

0.008(2)

1

Li2

4a

0.2497(9)

0.083(2)

0.7963(11)

0.008(2)

1

Li3

4a

0.5037(12)

0.4019(12)

0.2575(9)

0.010(2)

1

Li4

4a

0.1202(9)

0.1816(14)

0.5701(11)

0.006(2)

1

Li5

4a

0.0063(12)

0.3923(12)

0.4387(10)

0.007(2)

1

Li6

4a

0.6158(10)

0.131(2)

0.3412(13)

0.010(2)

1

Li7

4a

0.2242(9)

0.4352(13)

0.0861(11)

0.007(2)

1

Li8

4a

0.4048(10)

0.325(2)

0.0617(12)

0.011(2)

1

Li9

4a

0.2459(10)

0.075(2)

0.0354(12)

0.013(2)

1

Li10

4a

0.3957(9)

0.122(2)

0.3309(12)

0.009(2)

1

Li11

4a

0.0181(10)

0.0974(12)

0.0425(10)

0.009(2)

1

Li12

4a

0.3419(9)

0.2376(14)

0.5558(11)

0.011(2)

1

213

9.7 Supporting Information

Table S9.2 Anisotropic displacement parameters occurring in Li12P3N9
Atom

U11 / Å2

U22 / Å2

U33 / Å2

U12 / Å2

U13 / Å2

U23 / Å2

P1

0.0049(8)

0.0021(7)

0.0031(8)

-0.0001(6)

0.0002(5)

-0.0001(5)

P2

0.0064(8)

0.0026(7)

0.0030(8)

-0.0004(6)

-0.0001(5)

-0.0006(6)

P3

0.0065(5)

0.0016(5)

0.0034(5)

-0.0004(7)

-0.0012(6)

0.0004(5)

N1

0.006(2)

0.001(2)

0.006(2)

0.000(2)

0.002 (2)

0.002(2)

N2

0.010(3)

0.004(2)

0.002(2)

-0.000(2)

0.000(2)

-0.002(2)

N3

0.009(2)

0.003(2)

0.005(2)

-0.001(3)

0.001(2)

0.000(2)

N4

0.004(2)

0.002(2)

0.007(2)

0.002(2)

-0.002(2)

-0.001 (2)

N5

0.008(2)

0.005 (2)

0.001(2)

0.001(2)

0.001(2)

0.001(2)

N6

0.007(3)

0.002(2)

0.004(2)

0.001(2)

0.001(2)

0.001(2)

N7

0.008(2)

0.003(2)

0.003(2)

-0.002(2)

-0.004(2)

0.0001(14)

N8

0.004(2)

0.006(3)

0.006(2)

0.000(2)

-0.002(2)

-0.001(2)

N9

0.011(3)

0.004(3)

0.004(3)

0.000(2)

0.001(2)

-0.000(2)

Table S9.3 List of interatomic distances / Å for Li12P3N9
P1—N4
P1—N1

1.603(5)

P2—N8

1.612(6)

P3—N7

1.616(4)
1.617(4)

1.628(6)

P2—N2

1.633(5)

P3—N3vi

P1—N6

1.686(5)

P2—N9iii

1.681(6)

P3—N9vii

1.683(6)

P1—N5

1.734(6)

P2—N5iv

1.742(6)

P3—N6

1.700(6)

N1—Li12

2.032(12)

N1—Li4

2.069(12)

N1—Li1

2.127(13)
2.183(13)

2.162(13)

N1—Li2i

2.180(12)

N1—Li9viii

N1—Li10
N2—Li7v

2.026(12)

N2—Li2iii

2.153(12)

N2—Li1

2.195(13)

N2—Li8v

2.054(13)

N2—Li6vi

2.161(14)

N2—Li9v

2.230(13)

N3—Li8

2.049(13)

N3—Li3

2.123(10)

N3—Li5x

2.180(11)

N3—Li4x

2.054(12)

N3—Li10

2.166(13)

N3—Li6

2.183(14)
2.00(2)

N4—Li4i

1.919(12)

N4—Li9

1.984(13)

N4—Li3ii

N4—Li2i

1.976(12)

N4—Li11

2.003(12)

N5—Li8xi

2.104(12)

N5—Li5

2.113(10)

N5—Li3ii

2.132(10)

N5—Li11viii

2.238(10)

N5—Li4

2.253(12)

N6—Li1

1.982(13)

N6—Li7

2.119(11)
2.003(10)

N6—Li6vi

2.159(13)

N6—Li5

2.278(12)

N7—Li5iii

N7—Li11

2.046(10)

N7—Li6vii

2.094(14)

N7—Li12vii

2.121(13)

N7—Li10vii

2.067(12)

N8—Li8

2.015(13)

N8—Li7

2.052(12)

2.08(2)

N8—Li12iii

2.175(12)

N8—Li11iv

2.374(12)

N9—Li10viii

2.067(13)

N8—Li3
N8—Li1

2.119(13)

N9—Li2

1.888(12)

N9—Li12

2.139(12)

N9—Li5xii

2.281(13)

(i) x, -y, -0.5+z; (ii) -0.5+x, -0.5+y, z; (iii) x, 1-y, -0.5+z; (iv) 0.5+x, 0.5+y, z;
(v) x, 1-y, 0.5+z; (vi) -0.5+x, 0.5+y, z; (vii) -0.5+x, 0.5-y, -0.5+z; (viii) x, -y, 0.5+z;
(ix) 0.5+x, -0.5+y, z; (x) 0.5+x, 0.5-y, -0.5+z; (xi) -0.5+x, 0.5-y, 0.5+z; (xii) 0.5+x, 0.5-y, 0.5+z;
(xiii) x, y, 1+z; (xiv) x, y, -1+z.
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Table S9.4 List of bond angles / ° for Li12P3N9
N–P–N
N4—P1—N1

114.2(3)

N8—P2—N2

115.2(3)

N9vii—P3—N6

102.3(2)

N4—P1—N6

114.0(3)

N8—P2—N9iii

112.4(3)

N7—P3—N3vi

116.3(2)

N1—P1—N6

106.1(3)

N2—P2—N9iii

104.0(3)

N7—P3—N9vii

110.0(3)

107.6(3)

N8—P2—N5iv

109.7(3)

N3vi—P3—N9vii

107.1(3)

N1—P1—N5

109.0(3)

N2—P2—N5iv

109.9(3)

N7—P3—N6

114.5(3)

N6—P1—N5

105.4(3)

N9iii—P2—N5iv

105.0(3)

N3vi—P3—N6

105.3(3)

116.2(2)

P1—N6—P3

121.1(3)

N4—P1—N5

P–N–P
P1—N5—P2ii

(i) x, -y, -0.5+z; (ii) -0.5+x, -0.5+y, z; (iii) x, 1-y, -0.5+z; (iv) 0.5+x, 0.5+y, z;
(v) x, 1-y, 0.5+z; (vi) -0.5+x, 0.5+y, z; (vii) -0.5+x, 0.5-y, -0.5+z; (viii) x, -y, 0.5+z;
(ix) 0.5+x, -0.5+y, z; (x) 0.5+x, 0.5-y, -0.5+z; (xi) -0.5+x, 0.5-y, 0.5+z; (xii) 0.5+x, 0.5-y, 0.5+z;
(xiii) x, y, 1+z; (xiv) x, y, -1+z.

Figure S9.1 Coordination spheres of the Li+ sites. Bond length up to 2.88 Å are shown by a orange line.
Gray: Li, Green: N.
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9.7.2 Additional Crystallographic Data for Li4PN3
Table S9.5 Fractional atomic coordinates, isotropic thermal displacement parameters, and site
occupancies for Li4PN3
Atom

Wyckoff symbol

x

y

z

Uiso / Å2

Occupancy

P1

8e

0.52591(8)

0.17130(6)

0.2950(2)

0.0058(2)

1

N1

8e

0.6270(3)

0.0671(2)

0.2115(5)

0.0076(5)

1

N2

8e

0.5721(3)

0.2926(2)

0.1210(5)

0.0075(5)

1

N3

8e

0.1370(3)

0.3567(2)

0.2652(6)

0.0093(5)

1

Li1

8e

0.2162(6)

0.6574(5)

0.0754(12)

0.0148(12)

1

Li2

8e

0.2425(8)

0.0332(5)

0.0097(14)

0.0226(13)

1

Li3

8e

0.0387(9)

0.5356(7)

0.219(2)

0.041(2)

1

Li4

8e

0.1580(14)

0.1880(12)

0.189(3)

0.023(3)

0.494

Li5

8e

0.159(2)

0.179(2)

0.336(6)

0.023(3)

0.29

Li6

4c

1/4

1/4

0.019(4)

0.019(6)

0.43

Table S9.6 Anisotropic displacement parameters occurring in Li4PN3
Atom

U11 / Å2

U22 / Å2

U33 / Å2

U12 / Å2

U13 / Å2

U23 / Å2

P1

0.0056(4)

0.0062(3)

0.0056(3)

-0.0006(3)

-0.0005(3)

-0.0001(3)

N1

0.0068(11)

0.0072(11)

0.0088(12)

0.0005(9)

0.000(1)

-0.0006(10)

N2

0.0092(11)

0.0085(11)

0.0048(10)

-0.0017(10)

-0.0015(10)

0.0009(10)

N3

0.0061(12)

0.0096(12)

0.0123(13)

-0.0026(9)

-0.0004(10)

-0.0009(10)

Table S9.7 List of interatomic distances / Å for Li4PN3
P1—N3i

1.614(3)

P1—N1

1.625(3)

P1—N2ii

1.703(3)

P1—N2

1.725(3)

N1—Li1iv

1.959(6)

N1—Li2viii

2.039(7)
2.120(7)

N1—Li1iii

2.124(6)

N1—Li3i

2.010(9)

N1—Li2ix

N1—Li3iv

2.292(9)

N2—Li1vi

2.115(6)

N2—Li4i

2.259(14)

N2—Li1xi

2.334(6)

N2—Li3vi

2.203(9)

N2—Li1iv

2.327(6)

N2—Li5i

2.49(2)

N3—Li2ii

2.038(7)

N3—Li4

2.041(14)

N3—Li6ii

2.076(13)

N3—Li5i

2.04(2)

N3—Li6

2.056(12)

N3—Li4i

2.083(14)

N3—Li4ii

2.14(2)

N3—Li5

2.14(2)

N3—Li2i

2.145(7)

N3—Li3

2.332(9)

(i) 0.5-x, 0.5-y, z; (ii) x, 0.5-y, 0.5+z; (iii) 1-x, -0.5+y, 0.5-z; (iv) 0.5+x, -0.5+y, -z;
(v) 0.5-x, y, 0.5+z; (vi) 0.5+x, 1-y, 0.5-z; (vii) 0.5+x, -0.5+y, 1-z; (viii) 1-x, -y, -z;
(ix) 0.5+x, -y, 0.5-z; (x) x, 0.5-y, -0.5+z; (xi) 1-x, 1-y, -z; (xii) -0.5+x, 0.5+y, -z;
(xiii) -0.5+x, 1-y, 0.5-z; (xiv) 1-x, 0.5+y, 0.5-z; (xv) 0.5-x, 1.5-y, z; (xvi) 0.5-x, y, -0.5+z;
(xvii) -0.5+x, -y, 0.5-z; (xviii) -x, 1-y, -z; (xix) -x, 0.5+y, 0.5-z; (xx) -0.5+x, 0.5+y, 1-z.
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Table S9.8 List of bond angles / ° for Li4PN3
N–P–N
N3i—P1—N1

114.05(14)

N3i—P1—N2ii

112.98(14)

N1—P1—N2ii

105.44(14)

N3i—P1—N2

112.24(13)

N1—P1—N2

110.71(13)

N2ii—P1—N2

100.41(9)

P–N–P
P1x—N2—P1

126.8(2)

(i) 0.5-x, 0.5-y, z; (ii) x, 0.5-y, 0.5+z; (iii) 1-x, -0.5+y, 0.5-z; (iv) 0.5+x, -0.5+y, -z;
(v) 0.5-x, y, 0.5+z; (vi) 0.5+x, 1-y, 0.5-z; (vii) 0.5+x, -0.5+y, 1-z; (viii) 1-x, -y, -z;
(ix) 0.5+x, -y, 0.5-z; (x) x, 0.5-y, -0.5+z; (xi) 1-x, 1-y, -z; (xii) -0.5+x, 0.5+y, -z;
(xiii) -0.5+x, 1-y, 0.5-z; (xiv) 1-x, 0.5+y, 0.5-z; (xv) 0.5-x, 1.5-y, z; (xvi) 0.5-x, y, -0.5+z;
(xvii) -0.5+x, -y, 0.5-z; (xviii) -x, 1-y, -z; (xix) -x, 0.5+y, 0.5-z; (xx) -0.5+x, 0.5+y, 1-z.

Figure S9.2. Coordination spheres of the Li+ sites. Distances up to 2.88 Å are shown by orange lines.
Gray: Li, green: N.
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9.7.3 Details of the Rietveld Refinement
Table S9.9 Details of the Rietveld refinement of Li12P3N9 and Li4PN3
formula

Li12P3N9

Li4PN3

formula mass / g ∙ mol-1

534.9

100.8

monoclinic Cc

orthorhombic Pccn

(no. 9)

(no. 56)

a = 12.1088(3)

a = 9.6497(2)

b = 7.6588(2)

b = 11.8299(3)

c = 9.7215(2)

c = 4.8677(1)

crystal system / space group
lattice parameters / Å, °

β = 90.899(2)
cell volume / Å3

901.45(3)

555.67(2)

formula units per cell Z

4

8

X-ray density / g ∙ cm-3

2.22726(9)

2.40867(10)

linear absorption coefficient / cm-1

73.79

radiation

Cu-Kα1 (λ = 1.540596 Å)

monochromator

Ge(111)

diffractometer

Stoe StadiP

detector

linear PSD

2θ-range / °

5.0-92.0

temperature / K

5.0-113.1
298 (2)

data points

5800

7208

number of observed reflections

393

373

number of parameters

86

75

program used

TOPAS Academic

structure refinement

Rietveld method

profile function

fundamental parameters model

background function

shifted Chebyshev

Rwp

16.122

8.631

Rexp

6.569

2.066

Rp

10.524

5.768

RBragg

3.836

1.882

χ2

2.454

4.177
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9.7.4 Detailed Rietveld Plots

Figure S9.3 Li12P3N9: Observed (black crosses) and calculated (red line) powder diffraction pattern as well
as difference profile (green) of the Rietveld refinement. Reflex positions are marked by vertical blue bars.
Peak positions of side phases are marked by vertical orange (Li7PN4 9.83%) and violet (Li3P 4.69%) bars.

The difference of the peace profile of some peak positions is due to a further side phase, which
could not be analyzed in detail.

Figure S9.4 Li4PN3: Observed (black crosses) and calculated (red line) powder diffraction pattern as well as
difference profile (green) of the Rietveld refinement. Reflex positions are marked by vertical blue bars.
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9.7.5

31P, 6Li

Figure S9.5

31P

and 7Li Solid-State MAS NMR Spectroscopy

MAS NMR spectrum of Li12P3N9 in black and the side phases Li7PN4 and Li3P in green.

Rotational sidebands are marked with asterisks.

The

31P

MAS NMR spectrum of Li12P3N9 is shown in black and shows strong resonances at 15.08

and 22.76 ppm at a ratio of 2 to 1, which correspond to three crystallographically independent
P sites (black). The

31P

MAS NMR-spectrum of Li7PN4 and Li3P is shown in green (Li7PN4 with a

little amount of Li3P). The resonances at 48.62 and 54.01 ppm correspond to two
crystallographically independent P sites of Li7PN4 (Wyck. 2a and 6c in P43n). The resonance at -

274.40 ppm corresponds to Li3P, which has one crystallographically independent site. The
values for Li12P3N9 correspond with those of other ternary nitridophosphates.[1]
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Figure S9.6 6Li MAS NMR spectrum of Li12P3N9.

The 6Li MAS NMR spectrum shows strong resonances between 5.22 and 1.85 ppm. Due to the
small chemical shift differences of the signals, the differentiation of the 12 crystallographically
independent sites cannot be observed in the spectrum.
The 7Li MAS NMR spectrum shows one strong resonances at 4.87 ppm. Due to the small
chemical shift differences of the signals, no differentiation of the crystallographically
independent sites can be observed in the spectrum. 7Li MAS NMR spectra of different lithium
nitridophosphates or silicates normally show one resonance in this range.[2–5]

Figure S9.7 7Li MAS NMR spectrum of Li12P3N9.
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Figure S9.8 31P MAS NMR spectrum of Li4PN3. Rotational sidebands are marked with asterisks.

The

31P

MAS NMR spectrum shows one strong resonances at 21.58 ppm, which corresponds to

one crystallographically independent P site. These values correspond with those of other
ternary nitridophosphates.[1]
The 6Li MAS NMR spectrum shows one strong resonances at 2.41 ppm. Due to the small
chemical shift differences of the signals, no differentiation of the crystallographically
independent sites can be observed in the spectrum.

Figure S9.9 6Li MAS NMR spectrum of Li4PN3.
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Figure S9.10 7Li MAS NMR spectrum of Li4PN3.

The 7Li MAS NMR spectrum shows one strong resonances at 2.59 ppm. Due to the small
chemical shift differences of the signals, no differentiation of the crystallographically
independent sites can be observed in the spectrum. 7Li MAS NMR spectra of different lithium
nitridophosphates or silicates normally show one resonance in this range.[2–5]

223

9.7 Supporting Information

9.7.6 Details of Scanning Electron Microscopy

Figure S9.11 Scanning electron micrographs of Li12P3N9.

Figure S9.12 Scanning electron micrograph of Li4PN3.
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9.7.7 FTIR Spectrum

Figure S9.13 FTIR spectrum of Li12P3N9.

Figure S9.14 FTIR spectrum of Li4PN3.

Infrared spectroscopy measurements were performed on a Bruker FTIR-IFS 66v/S spectrometer.
Before measurement in the range of 400–4000 cm−1 the sample was mixed with KBr in a glove
box and cold-pressed into a pellet (Ø = 12 mm).The spectrum shows no significant valence
vibrations in the region of 3000 cm−1, where N–H vibrations are expected. A weak signal in that
region can be explained by surface hydrolysis of the sample. Thus, the incorporation of
stoichiometric amounts of hydrogen seems unlikely. Much more significant are the
characteristic PN framework vibrations between 600 and 1500 cm−1.
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9.7.8 Structural Analysis of Possible Lithium Migration Pathways
Possible voids and migration pathways in Li12P3N9 and Li4PN3 were analyzed with TOPOS.[6–9]

Figure S9.15 Calculated possible Li+ pathways (blue) according to the voids in the structure and unit cell
of Li12P3N9.
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9.7.9 Electron Localization Function
In order to analyze the chemical bonding with both compounds we calculated the electron
localization function (ELF), constituting the probability of finding an electron of opposed spin
within the proximity of another, effectively revealing positions of chemical bonds or electron
lone pairs.[10] ELF is defined between 0 and 1, where 0 constitutes no localization, and a value of
0.5 being equivalent to a homogenous electron distribution as typically found in metals. Values
close to 1 correspond to strong localization as found in covalent bonds.
Figure S9.16 illustrates designated lattice planes of ELF intersecting the Li positions in both
Li12P3N9 and Li4PN3. The electron pair probability in terms of the ELF can be seen to be strongly
localized solely around the Li atoms with no indication of contributions to covalent bonds
between Li and N, corroborating chemical intuition of a strong ionic character. The P–N
bonding situation for an ELF isovalue η = 0.83 reveals strong covalency within the P3N912− and
PN2(2/2)4− units (Figure S9.17 and S9.18). The P–N bonds show strong N-polarization and free
electron pairs of N3− are found at terminal and bridging N atoms as expected from VSEPR
considerations.

Figure S9.16 ELF contour plot with 0.15 increments, intersecting the Li atoms (seen as highly localized
regions in red) within a chosen section of the unit cell of (a) Li12P3N9 and (b) Li4PN3.

Figure S9.17 Isosurface of ELF (η = 0.83) for Li12P3N9 in red. P: black; N: green; Li: gray.
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Figure S9.18 Isosurface of ELF (η = 0.83) for Li4PN3 in blue. P: black; N: green; Li: gray.
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Abstract The highpressure polymorph
Li5P2N5 of Li10P4N10
( = ″2 Li5P2N5″)

was

synthesized by highpressure/high-temperature reaction of LiPN2 and Li7PN4 or β-Li10P4N10 at 9 GPa, using the Li3N
self-flux method in a

Walker-type multianvil assembly.

Li5P2N5

is

the first

lithium

nitridophosphate with a layered structure and is made up of corner sharing PN4 tetrahedra
forming a corrugated honeycomb-type layer of linked sechser-rings in chair conformation. The
arrangement of the P atoms is analogous to that of black phosphorus. The structure was
elucidated from single-crystal X-ray data. To confirm the structure Rietveld refinement, 6Li, 7Li
and

31P

solid-state NMR spectroscopy were conducted. To corroborate Li5P2N5 as the

corresponding high-pressure polymorph of β-Li10P4N10 DFT calculations and temperature
dependent X-ray powder diffraction were carried out. DFT calculations estimated the transition
pressure to 6.5 GPa (without accounting for temperature), which is in line with the synthesis
pressure.

10.1 Introduction
Nitridophosphates are closely related to silicates, but they offer a broader structural diversity,
due to the possibility of triply bridging N atoms.[1–4] The tetrahedral PN4 group, the primary
building unit of nitridophosphates, allows various linking patterns and leads to an intriguing
structural variability and interesting properties.[5] Representatives in this compound class
include nitridic zeolites (NPO, NPT),[6–8] clathrates (P4N4(HN)4(NH3)),[9] glassy compounds
(Li–Ca–P–N),[10,11]

luminescent

materials

(Ba3P5N10X:Eu2+

(X = Cl,

Br,

I)

or

MP2N4:Eu2+

(M = Ca, Sr, Ba)),[12–14] or lithium ion conductors (″LiPON ″).[15]
The discovery of new nitridophosphates was in particular facilitated by the use of high-pressure
techniques.[16] For example the high-pressure polymorph γ-P3N5, where remarkable hardness
was observed, is made up of square PN5 pyramids beside PN4 tetrahedra.[17,18]
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Furthermore different polymorphs of silica analogous PON and isoelectronic PN(HN) were
characterized.[19–25] Recently, we established different approaches to obtain sufficiently large
crystals for structure determination. By addition of the mineralizer NH4Cl, the crystallinity of
nitridophosphates increases and compounds like β- and γ-P4N6(NH)[16,26] have been structurally
elucidated.[25] To gain access to rare earth-metal nitridophosphates high-pressure metathesis
was established.[27] A third approach to grow single crystals by application of high-pressure is
the Li3N flux/self-flux method.[28] By this method we were able to structurally characterize
lithium nitridophosphates with unprecedented topologies. Recently, we described different
linking patterns of corner sharing PN4 tetrahedra which form various P/N anions (Figure 10.1) in
a matrix of Li+ ions. Yet, lithium nitridophosphates with non-condensed PN4 tetrahedra (a),
rings (b), annelated ring-systems (c), cages (d), chains (e), or even three-dimensional network
structures have been found (f).
Li7PN4 has the lowest atomic ratio P/N (Figure 10.1 a).[29] In Li12P3N9 [P3N9]12− units form dreierrings of PN4 tetrahedra (Figure 10.1 b).[30,34,35] Li18P6N16 is composed of one vierer-ring with two
annelated dreier-rings (Figure 10.1 c).[28] In α- and β-Li10P4N10 a cage like structure occurs with
adamantane like [P4N10]10− T2 supertetrahedra, which are isoelectronic to [P4O10] (Figure 10.1 d).
β‐Li10P4N10 transforms reversibly to the α-polymorph at about 80 °C and irreversibly at about
600 °C. Both polymorphs differ in distortion of the polyhedra.[31,32] Li4PN3 is the high-pressure
polymorph of Li12P3N9 (6 GPa and 820 °C) and represents the first chain like structure in lithium
nitridophosphates. It transforms back to Li12P3N9 at 650 °C (Figure 10.1 e).[30] LiPN2 is made up
of a three-dimensional network structure with corner sharing PN4 tetrahedra isoelectronic to
SiO2 (Figure 10.1 f).[33] In this work we report on synthesis and structural investigation of the
high-pressure polymorph Li5P2N5, which represents the first layered structure in lithium
nitridophosphates. With the Li3N self-flux method we were able to grow crystals that were
sufficiently large for single-crystal structure determination. Furthermore DFT calculations were
performed to corroborate the observed high-pressure phase transition.

Figure 10.1 Known linking patterns of PN4 tetrahedra in lithium nitridophosphates. (a) Isolated PN4
tetrahedra in Li7PN4. (b) Dreier-rings in Li12P3N9. (c) An annulated ring-system in Li18P6N16. (d) A cage like
structure in α- and β-Li10P4N10. (e) Zweier-chains in Li4PN3. (f) A three-dimensional network structure in
LiPN2.[5,28-33] (P: black, N: green).
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10.2 Results and Discussion
10.2.1 Synthesis
According to Equation (1) and Equation (2) Li5P2N5 was synthesized by the Li3N self-flux
method[28] under high-pressure/high-temperature conditions. All compounds were handled
under argon atmosphere to avoid hydrolysis.
β-Li10P4N10

→

2 Li5P2N5

3 LiPN2 + Li7PN4

→

2 Li5P2N5

(1)
(2)

According to Equation (1) Li5P2N5 was made from the low temperature polymorph β-Li10P4N10
at 9 GPa and 1000 °C using a Walker-type multianvil assembly.[36–40] Li5P2N5 was obtained
together with LiPN2 and unknown side-phases. Synthesis at 7 or 8 GPa and 800 °C leads to
higher amount of unknown side phases. Reaction of equimolar amounts of LiPN2 and Li7PN4
(excess of Li7PN4) at 9 GPa and 1000 °C leads to in situ formation of Li3N (self-flux), which is
beneficial for the growth of single crystals. Due to the better crystal quality resulting from this
treatment, a single-crystal of this approach was used for structure analysis. Li5P2N5 was
obtained together with Li4PN3 and unknown side phases. As we described in previous work, the
in situ formed Li3N may evaporate later on, or may react with the h-BN crucible.[28] Detailed
information on the synthesis is given in the Experimental section.
10.2.2 Crystal Structure
The crystal structure of Li5P2N5 was solved and refined from single-crystal X-ray diffraction data.
Li5P2N5 crystallizes as colorless platelets in monoclinic space group C2/c (no. 15) with 12
formula units per unit cell (Table 10.1).[41]
It was refined as a two component twin with a translation matrix of [1 1 0.33 / 0 1 0 / 0 0 1]. The
relatively high residual electron density of 1.53 e Å−3 is due to the mobility and disorder of the
Li+ ions. The Fourier map shows clearly that the Li+ ions appear as smeared and are not
localized on discrete sites (Supporting Information, Figure S10.2). An anisotropic refinement of
the Li positions leads to rather large ellipsoids, which also indicates a lack of localization.
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Table 10.1 Crystallographic Data of Li5P2N5.
Li5P2N5
crystal size [mm3]

0.01× 0.03× 0.03

formula mass [g mol−1]

166.69

crystal system, space group

monoclinic, C 2/c (no. 15)

twin

two component twin [1 1 0.33 / 0 1 0 / 0 0 1]

BASF

0.479(4)

a [Å]

14.770(3)

b [Å]

17.850(4)

c [Å]

4.8600(10)

β [°]

93.11(3)

cell volume [Å3]

1279.4(5)

formula units/ cell

12

calculated density [g cm−3]

2.596

F(000)

960

diffractometer

Bruker D8 Venture

temperature [°C]

293(2)

radiation, monochromator

MoKα (λ=0.71073 Å), Goebel mirror

absorption correction

multi scan

θ range [°]

2.28–27.46

number of collected data

7667

number of unique data

2864

number of unique data with I ≥2σ(I)

2320

refined parameters

127

GooF

1.057

R indices [F02≥2σ (F02)]

R1= 0.0547, wR2= 0.1280

R indices (all data)

R1= 0.0705, wR2= 0.1369

max/min res. electron density [e Å−3]

1.53/−0.81

Rint/ Rσ for component 1

0.0252/0.0318

Rσ (both components)

0.0423

w=1/[σ2(Fo2)+(0.0513P)2+10.9661P] where P=(Fo2+2Fc2)/3.
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Figure 10.2 Left: Unit cell of Li5P2N5, view along c. The anisotropic displacement ellipsoids are depicted at
90 % probability. Right top: P atoms of layer 1 (green) viewing along c. Right bottom: P atoms of layer 1
viewing along hkl = (5 0 9). (P: black, N: green, Li: gray).

The P/N substructure is made up of corner sharing PN4 tetrahedra forming a corrugated layer
of linked sechser-rings in chair conformation (Figure 10.2). The arrangement of the P atoms is
analogous to that of black phosphorus.[42] The unit cell is made up of two layers (layer 1 (green)
and 2 (orange)) perpendicular to a. Both layers can be transformed into each other by rotation
around 180°. The framework anion topology was determined by the TOPOS software.
It is represented by the point symbol 63. Thus, the network can be described as an uninodal
three-connected net with the hcb (honeycomb) topology (Shubnikov hexagonal plane), which is
shown in Figure 10.3.[43–45]
A related polymerization from an adamantane-type structure (P4O10)[46] to layers (o′-P2O5)[47]
was observed in phosphorous(V) oxide at 360 °C (2–3 weeks). The layers in o′-P2O5 are made up
of corner sharing PO4 tetrahedra forming a corrugated layer of linked sechser-rings in boat
conformation with hcb topology as well.[47]

Figure 10.3 Unit cell of Li5P2N5 viewing along a. Li is omitted for clarity. The anisotropic displacement
ellipsoids are depicted at 90% probability. From left to right: Layer 1 (green) and 2 (orange);
Layer 1 (green); P atoms of layer 1. (P: black, N: green).
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Hence, the polymerization products Li5P2N5 and o′‐P2O5 only differ by the conformation
(chair/boat) of the sechser-rings.
10.2.3 Structural Analysis of Possible Lithium Migration Pathways
To confirm the possible movement of the Li+ ions, possible voids and migration pathways were
analyzed with TOPOS.[50–52] Calculating the Voronoi–Dirichlet polyhedra leads to possible
migration pathways. The migration pathways of the Li positions build two different layers along

c (Figure 10.4: red and blue). Both layers can be transformed into each other by a shift along b.
According to these calculations Li5P2N5 seems to be a promising candidate for Li+ ion
conductivity, due to the defined layers in which the Li+ ions can migrate.
Figure 10.4 (left, top) shows that there is one Li position (Li10) which indicates no movement.
Li10 is placed in the middle of a sechser-ring and is coordinated by 6 N atoms building an
octahedron (Figure 10.5).

Figure 10.4 Calculated possible Li+ pathways of different layers (red and blue) according to the voids in
the structure and unit cell of Li5P2N5. (Li: gray).
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Figure 10.5 Layer 2 of Li5P2N5 together with the Li position Li10, which forms an octahedron (blue) in the
middle sechser-rings. (P: black, N: green, Li: gray).

10.2.4 Solid-state NMR Spectroscopy
31P,

7Li,

and

6Li

NMR spectroscopy of Li5P2N5 were performed to corroborate the crystal

structure model (Supporting Information, Figure S10.4–S10.6). The

31P

spectrum shows one

strong narrow resonance at 5.22 ppm and four smaller and broader ones at 19.42, 8.98, −7.55,
and −14.36 ppm, which we assign to side phases. Li5P2N5 has three crystallographically
independent P sites, which all exhibit very similar bonding lengths to N (Supporting
Information, Table S10.3) and therefore the same chemical shift at 5.22 ppm. This effect was
already observed in Li12P3N9.[30] The side phase LiPN2 exhibits one strong resonance at
5.68 ppm, which corresponds to one crystallographically independent P site. The

6Li

NMR

spectrum shows two strong resonances at 5.43 and 1.87 ppm. The resonance at 1.87 ppm
exhibits a shoulder. Due to the small shift differences of the signals, no differentiation of the 9
crystallographically independent sites can be achieved. But the three signals (including the
shoulder) can be assigned to the three different coordination numbers of Li that occur in
Li5P2N5. The side phase LiPN2 shows one resonance at 1.64 ppm. The 7Li NMR spectrum shows
two overlapping signals at 4.9 and 1.7 ppm. Due to the small chemical differences of the Li
signals and the side phases (among others LiPN2: 1.66 ppm), no differentiation of the phases
and the crystallographically independent sites can be achieved.
10.2.5 Chemical Analysis (EDX) FTIR-Spectroscopy, Powder Diffraction
EDX measurements were carried out to determine the elemental composition of the product.
Besides P and N only traces of O were found, which can be explained by surface hydrolysis of
the sample during contact with air (Supporting Information, Table S10.6). The determined
atomic ratio P/N is in agreement with the results from the crystal structure analysis (Li5P2N5:
P/N = 0.4). To prove the absence of hydrogen FTIR spectroscopy (cold-pressed KBr pellet) was
performed (Supporting Information, Figure S10.8). The spectrum shows the characteristic PN
framework vibrations between 400 and 1500 cm−1. A weak signal in the region around
3000 cm−1 (N−H) can be explained by slight hydrolysis of the sample during preparation.
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Figure 10.6 Temperature-dependent powder X-ray diffraction data for Li5P2N5 under ambient pressure.

Phase purity of the product was determined by powder diffraction (Supporting Information,
Figure S10.3). Beside the main phase Li5P2N5, LiPN2, and h-BN (crucible) were detected,
together with further unknown side phases. Rietveld refinement confirms the determined
crystal structure (Supporting Information, Table S10.5).
10.2.6 Thermal Stability
Temperature dependent powder X-ray diffraction patterns were recorded between room
temperature and 900 °C to corroborate that Li 5P2N5 is a high-pressure polymorph of β-Li10P4N10.
Figure 10.6 shows that, at ambient pressure, Li5P2N5 transforms back to the ambient pressure
polymorph at 700 °C.
10.2.7 Comparison of the Density
According to Le Chatelier, the density for high-pressure polymorphs is higher than that of the
corresponding low-pressure polymorphs.

This

principle is also

adaptable to

lithium

nitridophosphates. The calculated density of Li5P2N5 (2.596 g cm−3) is about 9.5% higher than
that of β-Li10P4N10 (2.350 g cm−3). In Li12P3N9 the polymerization of dreier-rings to chains leads
to a decrease of density of about 7%. For this reaction a lower synthesis pressure (6 GPa) was
necessary.[30] Both differences in density are similar to other high-pressure transformations of
nitridophosphates, for example, P4N6(NH) with 5 (α to β ) and 16% ( β to γ ).[16,26,53] In
comparison the calculated density of o′-P2O5 (2.928 g cm −3) is about 22% higher than that of

h‐P2O5 (2.276 g cm−3).[46,47]
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10.2.8 Density functional theory calculations
10.2.8.1 Volume pressure calculations
Due to the observed partial occupancy of one Li site (occupancy of 2/3) in β-Li10P4N10 we
constructed a charge neutral model with full Li occupancies (Supporting Information,
Figure S10.10).
By means of structural relaxations for a variety of constant volume compressions and
expansions (92% to 105% with 1% steps (0.5% steps around equilibrium); β-Li10P4N10: 17 steps,
Li5P2N5: 18 steps) of the respective unit cells (maintaining the space group), experimental
synthesis pressures were covered.
Figure 10.7 (top) shows the resulting energy–volume (EV) curves. β-Li10P4N10 is energetically
favored by 0.87 eV (84 kJ mol−1) at ambient pressure. By fitting the EV curves according to the
Murnaghan equation of state,[54] we obtained a bulk modulus of B = 84.0 for β-Li10P4N10 and

B = 96.4 GPa for Li5P2N5. We calculated the enthalpy difference ΔH from the equation H=E+pV,
while pressure p is obtained by a numerical differentiation of p=∂E/∂V.

Figure 10.7 Top: Energy–volume diagram of β-Li10P4N10 and Li5P2N5. Each point constitutes one structural
optimization at constant volume. Energy and volume are given per formula unit (f.u.) of Li5P2N5. Bottom:
Enthalpy–pressure diagram for the high-pressure phase transition of β-Li10P4N10 to Li5P2N5, obtained from
a fit of the Murnaghan equation of state to the energy-volume diagram. The enthalpy is given per formula
unit of Li5P2N5 relative to β-Li10P4N10.
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Figure 10.7 (bottom) shows the relative enthalpy with respect to the presumed low pressure
polymorph β-Li10P4N10. The transition pressure from β-Li10P4N10 to Li5P2N5 can be estimated as
6.5 GPa without accounting for temperature (0 K). Consequently Li5P2N5 is corroborated as
high-pressure polymorph of β-Li10P4N10. The observed synthesis pressure of 8 GPa is slightly
increased with respect to the calculated reaction pressure, but Li5P2N5 was also obtained as a
side phase (small percentages) at reaction pressure of about 7 GPa.
The densities of β-Li10P4N10 and Li5P2N5 were calculated from the volume at the equilibrium
(Figure 10.7 top) with respect to one form ula unit of Li 10P4N10 (= ″2 Li 5P2N5″ ). The calculated
densities

(DFT)

show

Li5P2N5: ρ = 2.58 g cm−3),

a

difference

which

is

in

of
line

about
with

the

10%

(β-Li10P4N10: ρ = 2.32 g cm−3;

densities

calculated

from

X-ray

measurements. These results corroborate Li5P2N5 as the high-pressure polymorph.
10.2.8.2 Electronic Band Structure
Li5P2N5 is an electronically insulating material with a wide electronic direct band-gap of 5.6 eV
(at Γ ) (Supporting Information, Figure S10.11). The band-gap for the low pressure polymorph
β‐Li10P4N10 was estimated to 3.5 eV (Supporting Information, Figure S10.12). This trend was also
found for Li12P3N9 (indirect band-gap of 5 eV from Y to Γ ) and its high-pressure polymorph
Li4PN3 (direct band-gap of 6.1 eV at Γ ).[30]

10.3 Conclusions
Herein we report on synthesis and thorough characterization of the first layered lithium
nitridophosphate, namely Li5P2N5. The high-pressure polymorph Li5P2N5 can be prepared by
solid-state reaction of LiPN2 and Li7PN4 with the Li3N self-flux method, or directly starting from
the low pressure polymorph β-Li10P4N10. By temperature dependent X-ray powder diffraction
we showed that Li5P2N5 is a high-pressure polymorph of β-Li10P4N10, because it transforms back
at about 700 °C. This result was also confirmed by DFT calculations. The adamantane like T2
supertetrahedra in β-Li10P4N10 polymerizes to corrugated layers of corner sharing PN4
tetrahedra, forming sechser-rings in chair conformation under high-pressure/high-temperature
conditions. The framework topology can be described as a honeycomb-type (hcb) net.
Together with the recently published polymerization from dreier-rings in Li12P3N9 to chains in
Li4PN3, this shows that high-pressure/high-temperature synthesis is a powerful technique to
obtain lithium nitridophosphates with unprecedented structures, which range from isolated
ions (rings, ring-systems, cages) to chains, layers, and nets of corner-sharing PN4 tetrahedra.
With our work we are aiming for a better understanding of the synthesis conditions of these
compounds, which will help to optimize materials with regard to their properties. Higher
pressures could also make structures accessible with additional edge-sharing tetrahedra, PN5
square-pyramids, or even PN6 octahedra, which will lead to a plethora of yet unexplored
structures and unexpected properties as well.
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10.4.1 Synthesis of Starting Materials
P3N5[1] was synthesized by reaction of P4S10 (8 g, Sigma–Aldrich, 99%) in a constant flow of
ammonia (Air-Liquide, 99.999%) at 850 °C (4 h). Before heating, the silica tube was saturated for
4 h with NH3. By washing with water, ethanol, and acetone, any side products were eliminated.
Powder X-ray diffraction and FTIR spectroscopy confirmed the phase purity of P3N5. All further
steps were performed with strict exclusion of oxygen and moisture in an argon filled glove box
(Unilab, MBraun, Garching, O2<1 ppm, H2O<0.1 ppm).
LiPN2,[22] Li7PN4,[52] and β-Li10P4N10[32] were synthesized by reaction of Li3N (Rockwood Lithium,
94%) and P3N5 (LiPN2: molar ratio 1.2:1; Li7PN4: 7.2:1; β-Li10P4N10: 2.8:1) in sealed silica ampoules
under Ar atmosphere. The starting materials were ground and transferred into a Ta-crucible,
which was placed in a dried silica tube. The sealed silica ampoule was heated for 90 h or 120 h
in a tube furnace at 800, 600, or 680 °C. To eliminate side products, LiPN2 was washed with
diluted hydrochloric acid, water, and ethanol. Li7PN4 was not washed and was used with Li3P as
side phase. β-Li10P4N10 was washed with dry ethanol to eliminate Li3P as side phase. Powder
X‐ray diffraction and FTIR spectroscopy confirmed phase purity of the starting materials.
10.4.2 High-Pressure Synthesis of Li5P2N5
Li5P2N5 can be synthesized according to two different routes at high-pressure/hightemperature conditions, with a modified Walker-type multianvil module in combination with a
1000 t press (Voggenreiter, Mainleus, Germany).[36–40] The starting materials were ground under
argon atmosphere and compactly packed in an h-BN crucible (Henze BNP GmbH, Kempten,
Germany). The h-BN crucible was transferred into the specially prepared pressure medium
(Cr2O3 doped (5%) MgO-octahedra (Ceramic Substrates & Components, Isle of Wight, UK);
edge length 18 mm (Eq. 4) or 14 mm (Eq. 5)). Then the octahedron was placed centrically in
eight truncated WC cubes (Hawedia, Marklkofen, Germany, truncation length 11 mm (Eq. 1) or
8 mm (Eq. 2)) separated by pyrophyllite gaskets. Detailed information describing the complete
setup is given in literature.[37,38,40] The assembly was compressed to 9 GPa at room temperature
and then heated to about 1000 °C within 60 min (30 min for Eq. 2). Under these conditions, the
sample was treated for 60 min and cooled down to room temperature within 60 min (200 min)
and then decompressed. Both syntheses yielded a powder containing colorless single crystals.
The product is sensitive to traces of air and moisture.
10.4.3 Single-Crystal X-ray Analysis
With a D8 Venture diffractometer, single-crystal X-ray diffraction was performed (Bruker,
Billerica MA, USA) using MoKα radiation from a rotating anode source. During collection of the
data two twin components were identified and indexed with CELL_NOW.[55] After integration
with the Bruker SAINT Software package[56,57] the final cell constants were calculated and the
intensity data were corrected for absorption with TWINABS.[57,58] Both twin components can be
transformed into each other by [1 1 0.33 / 0 1 0 / 0 0 1]. The data of component 1 (HKLF4) were
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averaged

with

Xprep[59]

and

the

program

package

WinGX

(SHELXS-97,

SHELXL-97,

PLATON)[59‐63] was used for structure solution by direct methods, and refinement (see
Table 10.1). For final structure refinement the refined structure of component 1 was handled
taking to account both twin components (HKLF5). All P and N atoms were refined
anisotropically. The Li atom positions were determined during structure refinement from
difference Fourier maps. The crystal structure was visualized using DIAMOND.[64]
10.4.4 Powder X-ray Diffraction
X-ray powder diffraction was carried out with a STOE StadiP diffractometer (Stoe & Cie,
Darmstadt, Germany) in parafocusing Debye–Scherrer geometry, to prove phase purity of the
products. A Ge(111) single-crystal monochromator was used to select CuKα1 radiation. A Mythen
1 K Si-strip detector (Dectris, Baden, Switzerland) was used for detection of the diffracted
radiation. For measurement the samples were enclosed in glass capillaries with 0.5 mm
diameter (Hilgenberg, Malsfeld, Germany) under inert gas. Rietveld refinement was carried out
using the program package TOPAS-Academic v4.1.[65] The background was handled with a
shifted Chebychev function and the peak shapes were described using the fundamental
parameters approach.[66,67]
Temperature dependent powder X-ray diffraction data were recorded on a STOE StadiP
diffractometer equipped with a graphite furnace using MoKα1 radiation (λ = 0.70930 Å) in
Debye–Scherrer geometry, an image plate position sensitive detector, and a Ge(111)
monochromator. Data were collected every 25 °C starting from room temperature, up to
900 °C, with a heating rate of 5 °C min−1.
10.4.5 Solid-State MAS (Magic Angle Spinning) NMR (Nuclear Magnetic Resonance)
Methods
6Li, 7Li,

and

31P

solid-state MAS NMR spectra of both polymorphs were recorded on a DSX

Avance spectrometer (Bruker) with a magnetic field of 11.7 T. The sample was transferred into a
ZrO2 rotor with outer diameter of 2.5 mm (LiPN2) and 1.3 mm (Li5P2N5), which was mounted in a
commercial MAS probe (Bruker) under inert conditions. The rotor was spun at a rotation
frequency of 20 or 50 kHz, respectively. The experimental data were analyzed by device-specific
software.
10.4.6 EDX Measurements
The atomic ratio P/N of the samples was analyzed by energy-dispersive X-ray spectroscopy. A
carbon coated sample (BAL-TEC MED 020, Bal Tec AG) was examined with a FEI Helios G3 UC
scanning electron microscope (SEM, field emission gun, acceleration voltage 30 kV). Qualitative
and semiquantitative elemental analyses were executed by an energy dispersive spectrometer
and analyzed by INCA.[68]
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10.4.7 Fourier Transform Infrared (FTIR) Spectroscopy
Infrared spectroscopy measurements were carried out on a Bruker FTIR-IFS 66v/S spectrometer.
Before measurement in the range of 400–4000 cm−1 the sample was mixed with KBr in a glove
box and cold-pressed into a pellet (Ø = 12 mm). The data were evaluated with OPUS.[69]
10.4.8 Computational Details
The structural relaxation of both of polymorphs were carried out with the Vienna ab initio
simulation package (VASP).[70–72] Total energies of the unit cell were converged to
10−7 eV atom−1 with residual atomic forces below 5×10−3 eV Å−1. The exchange correlation was
treated within the generalized gradient approximation (GGA) of Perdew, Burke, and Ernzerhof
(PBE)[73,74] and the projector-augmented-wave (PAW) method.[75,76] A plane-wave cut-off of
535 eV was chosen for the calculations with a Brillouin zone sampling on a Γ-centered k-mesh
of 6 × 6 × 3 (β-Li10P4N10) and 4 × 4 × 11 (Li5P2N5) respectively, produced from the method of
Monkhorst

and

Pack.[77]

Additional

calculations

were

performed

with

the

modified

Becke‐Johnson formalism (GGA-mbj)[78,79] to treat the electronic band gaps.
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10.7.1 Additional Crystallographic Data for Li5P2N5
Table S10.1 Fractional atomic coordinates, isotropic thermal displacement parameters, and site
occupancies for Li5P2N5
Atom

Wyck. symbol

x

y

z

Uiso / Å2

P1

8f

0.35644(7)

0.22823(6)

0.0530(2)

1

P2

8f

0.17597(7)

0.04753(6)

0.5596(2)

1

P3

8f

0.14635(7)

0.37020(6)

0.4444(2)

1

N1

8f

0.0875(2)

0.55895(19)

0.0212(8)

1

N2

8f

0.2422(2)

0.12046(19)

0.4786(8)

1

N3

4c

1/4

1/4

0

1

N4

8f

0.3798(2)

0.2097(2)

0.3892(8)

1

N5

8f

0.1228(2)

0.3518(2)

0.1089(8)

1

N6

8f

0.2917(2)

0.4714(2)

0.1122(8)

1

N7

8f

0.0726(2)

0.0710(2)

0.5086(8)

1

N8

8f

0.0820(3)

0.2035(2)

0.0332(8)

1

Li1

8f

0.0520(7)

0.4536(5)

0.096(2)

0.026(2)

1

Li2

4e

0

0.6312(9)

1/4

0.033(4)

1

Li3

8f

0.1216(10)

0.1813(8)

0.439(3)

0.058(4)

1

Li4

8f

0.2133(7)

0.1371(6)

0.035(2)

0.031(2)

1

Li5

8f

0.3221(7)

0.0330(6)

0.164(2)

0.025(2)

1

Li6

4e

0

0.2782(8)

1/4

0.022(3)

1

Li7

4e

0

0.0025(9)

1/4

0.021(2)

1

Li8

4e

0

0.1377(14)

1/4

0.066(6)

1

Li9

8f

0.4353(15)

0.4053(12)

0.050(5)

0.090(6)

1

Li10

4d

1/4

1/4

1/2

0.061(5)

1

Occupancy

Table S10.2 Anisotropic displacement parameters occurring in Li5P2N5
Atom

U11 / Å2

U22 / Å2

U33 / Å2

U12 / Å2

U13 / Å2

U23 / Å2

P1

0.0064(5)

0.0063(5)

0.0052(5)

0.0010(4)

0.0017(4)

0.0004(4)

P2

0.0051(5)

0.0046(5)

0.0042(5)

-0.0005(4)

-0.0003(4)

0.0002(4)

P3

0.0047(5)

0.0044(5)

0.0050(5)

0.0000(4)

0.0004(4)

0.0006(4)

N1

0.0075(16)

0.0074(16)

0.0104(19)

-0.0016(13)

0.0002(15)

-0.0011(15)

N2

0.0045(15)

0.0051(16)

0.0095(19)

-0.0004(12)

0.0001(14)

0.0002(15)

N3

0.009(2)

0.021(3)

0.020(3)

0.010(2)

-0.002(2)

0.000(3)

N4

0.0063(16)

0.0068(16)

0.0064(17)

-0.0017(13)

-0.0015(14)

0.0004(14)

N5

0.0096(17)

0.0084(17)

0.0053(17)

0.0029(14)

0.0004(14)

-0.0007(15)

N6

0.0098(17)

0.0067(15)

0.0054(17)

-0.0018(14)

0.0003(14)

0.0004(14)

N7

0.0054(15)

0.0111(17)

0.0114(19)

-0.0005(13)

-0.0017(15)

0.0028(16)

N8

0.0133(18)

0.0069(17)

0.013(2)

-0.0018(14)

0.0047(16)

0.0011(16)
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Table S10.3 List of interatomic distances / Å for Li5P2N5
P1—N8i

1.589(4)

P2—N7

1.589(4)

P3—N1ix

1.591(4)

P1—N3

1.6263(11)

P2—N6iii

1.675(4)

P3—N2iii

1.677(4)

P1—N5i

1.667(4)

P2—N6v

1.678(4)

P3—N5

1.681(4)

P1—N4

1.684(4)

P2—N2

1.687(4)

P3—N4iii

1.695(4)

Li1—N1ix

2.116(11)

Li5—N6v

2.327(11)

Li8—N8xv

2.024(15)

Li2—N1xv

2.174(10)

Li5—N1i

2.329(11)

Li9—Li8i

1.95(2)

Li2—N4xi

2.389(10)

Li5—N5i

2.602(11)

Li9—N8i

2.00(2)

Li2—N5ix

2.466(4)

Li6—N8xv

2.120(9)

Li9—N7xxi

2.09(2)

Li3—N4iii

2.117(15)

Li6—N5xv

2.371(8)

Li9—N7iii

2.19(2)

Li4—N6i

2.066(11)

Li6—N4iii

2.436(4)

Li10—N4iii

2.143(4)

Li4—N5i

2.564(11)

Li7—N7xv

2.020(11)

Li10—N2iii

2.317(3)

Li5—N1v

2.028(11)

Li7—N7xvii

2.094(11)

Li10—N3vii

2.4300(5)

Li5—N6i

2.096(11)

(i)

0.5-x,

0.5-y,

(v)

0.5-x,

(ix)

x,

(xiii)

-x,

(xvii)

x,

-z;

-0.5+y,

1-y,
-y,

0.5+x,

0.5-z;

0.5+z;

1-y,

(ii)

-z;

(x)
(xiv)

-0.5+z;

(vi)
-x,

x,
1-y,

-0.5+x,

(xviii)

-0.5+y,
-y,

-0.5+x,

(iii)

0.5+z;

1-z;

0.5-y,

z;
(xi)

0.5+z;

0.5-y,

0.5-x,
(vii)

0.5-x,
(xv)

-0.5+z;

x,

0.5-y,
y,

0.5+y,
-x,

(xix)

y,

1-z;

1+z;
0.5-z;

0.5-z;

-0.5+x,

(iv)
(viii)

(xii)

y,

-x,
x,

(xvi)

-0.5+y,

x,

-y,

1-y,

-0.5+x,
z;

-1+z;
1-z;
-0.5+z;

0.5+y,

(xx)

-x,

z;

-y,

-z;

(xxi) 0.5+x, 0.5-y, -0.5+z; (xxii) 0.5+x, 0.5+y, z; (xxiii) 1-x, y, 0.5-z.
Table S10.4 List of bond angles / ° for Li5P2N5
N–P–N
N8i—P1—N3

109.69(15)

N7—P2—N6iii

115.0(2)

N1ix—P3—N2iii

114.28(18)

N8i—P1—N5i

114.2(2)

N7—P2—N6v

115.6(2)

N1ix—P3—N5

107.2(2)

N3—P1—N5i

109.32(14)

N6iii—P2—N6v

103.69(14)

N2iii—P3—N5

112.6(2)

N8i—P1—N4

108.4(2)

N7—P2—N2

108.89(18)

N1ix—P3—N4iii

114.57(19)

N3—P1—N4

110.22(14)

N6iii—P2—N2

103.83(19)

N2iii—P3—N4iii

102.91(18)

N5i—P1—N4

104.87(19)

N6v—P2—N2

108.97(19)

N5—P3—N4iii

104.94(18)

126.8(2)

P1—N4—P3iii

126.0(2)

P1i—N5—P3

126.3(2)

P–N–P
P3iii—N2—P2
(i)

0.5-x,

0.5-y,

(v)

0.5-x,

(ix)

x,

(xiii)

-x,

(xvii)

x,

-z;

-0.5+y,

1-y,
1-y,
-y,

0.5+z;
-z;
-0.5+z;

(ii)

0.5+x,

0.5-z;
(x)
(xiv)

(vi)
-x,

x,
1-y,

-0.5+x,

(xviii)

-0.5+y,
-y,
1-z;

0.5-y,

-0.5+x,

0.5-y,

z;

(iii)

0.5+z;
(xi)
0.5+z;

0.5-x,
(vii)

0.5-x,
(xv)

-0.5+z;

y,

0.5+y,
-x,

(xix)

(xxi) 0.5+x, 0.5-y, -0.5+z; (xxii) 0.5+x, 0.5+y, z; (xxiii) 1-x, y, 0.5-z.

248

x,

0.5-y,

y,

1+z;
0.5-z;

0.5-z;

-0.5+x,

1-z;

(iv)
(viii)

(xii)
(xvi)

-0.5+y,

x,
-x,

x,
(xx)

-1+z;

-y,

1-y,

-0.5+x,
z;

y,

1-z;
-0.5+z;

0.5+y,
-x,

-y,

z;
-z;
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Figure S10.1 Coordination spheres of the Li+ sites. Bond length up to 2.88 Å are shown by a gray line.
Gray: Li, Green: N.

Figure S10.2 Different Difference Fourier maps of Li5P2N5.
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10.7.2 Details of the Rietveld Refinement
Table S10.5 Details of the Rietveld refinement of Li5P2N5
formula

Li5P2N5

formula mass / g ∙ mol−1

534.9

crystal system / space group

monoclinic C 2/c (no. 15)

lattice parameters / Å, °

a = 14.752(2)
b = 17.802(2)
c = 4.8479(5)
β = 93.196(8)

cell volume / Å3

1271.1(2)

formula units per cell Z

12

X-ray density / g ∙ cm−3

2.61305(49)

linear absorption coefficient / cm−1

82.02(2)

radiation

Cu-Kα1 (λ = 1.540596 Å)

monochromator

Ge(111)

diffractometer

Stoe StadiP

detector

linear PSD

2θ-range / °

5.0-112.1

temperature / K

298 (2)

data points

7144

number of observed reflections

845

number of parameters

72

program used

TOPAS Academic

structure refinement

Rietveld method

profile function

fundamental parameters model

background function

shifted Chebyshev with 24 terms

Rwp

11.310

Rexp

2.041

Rp

7.614

RBragg

6.008

χ2

5.542
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10.7.3 Detailed Rietveld Plot

Figure S10.3 Li5P2N5: Observed (black crosses) and calculated (red line) powder diffraction pattern as well
as difference profile (green) of the Rietveld refinement. Reflection positions are marked by vertical blue
bars. Peak positions of side phases are marked by vertical orange (LiPN2) and violet (h-BN) bars.

The side phase h-BN can be traced back to the crucible material, which is difficult to remove
from the sample. The difference of the peace profile of some peak positions is due to a further
side phase, which could not be analyzed.
10.7.4
The

31P, 6Li

31P

and 7Li Solid-State MAS NMR Spectroscopy

MAS NMR spectrum of Li5P2N5 is shown in black and shows one strong resonances at

5.22 ppm and further signals at 19.42, −7.55
8.98, and −14.36

ppm. Li5P2N5 has three

crystallographically independent P sites, which all have approximately the same chemical
surrounding and bond length to N atoms. The

31P

MAS NMR-spectrum of LiPN2 is shown in

green. The resonance at 5.68 ppm corresponds to one crystallographically independent P site.
The resonance at 3.13 ppm assigned to little amount of side products in the starting material
LiPN2.

Figure S10.4 31P MAS NMR spectrum of Li5P2N5 in black and the side phase LiPN2 in green.
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Figure S10.5 6Li MAS NMR spectrum of Li5P2N5.

The 6Li MAS NMR spectrum shows strong resonances between 5.43 and 1.87 ppm. Due to the
small chemical shift differences of the signals, the differentiation of the 9 crystallographically
independent sites cannot be observed in the spectrum.
The 7Li MAS NMR spectrum shows two strong resonances at 4.9 and 1.7 ppm. Due to the small
chemical shift differences of the signals, no differentiation of the crystallographically
independent sites can be observed in the spectrum.

Figure S10.6 7Li MAS NMR spectrum of Li5P2N5.
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10.7.5 Details of Scanning Electron Microscopy

Figure S10.7 Scanning electron micrographs of Li5P2N5.

Table S10.6 EDX analysis of Li5P2N5

N

O

P

EDX point 1[atom %]
EDX point 2[atom %]

63.83
67.54

6.50
4.10

29.67
28.36

EDX point 3[atom %]

67.98

4.55

27.47

Average

66.45

5.05

28.50

Calculated atom %

41.7

0

16.7

Due to hydrolysis of the sample during mounting the sample at air, oxygen can be found in the
sample

10.8 FTIR Spectrum

Figure S10.8 FTIR spectrum of Li5P2N5.
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Infrared spectroscopy measurements were performed on a Bruker FTIR-IFS 66v/S spectrometer.
Before measurement in the range of 400–4000 cm−1 the sample was mixed with KBr in a glove
box and cold-pressed into a pellet (Ø = 12 mm).The spectrum shows no significant valence
vibrations in the region of 3000 cm−1, where N–H vibrations are expected. A weak signal in that
region can be explained by surface hydrolysis of the sample. Thus, the incorporation of
stoichiometric amounts of hydrogen seems unlikely. Much more significant are the
characteristic PN framework vibrations between 400 and 1500 cm−1. The extreme background
between 4000 and 1500 cm−1 is due to the brown side phases in the sample, which leads to a
not transparent pellet.
10.8.1 Structural Analysis of Possible Lithium Migration Pathways
Possible voids and migration pathways in Li5P2N5 were analyzed with TOPOS.[1–4]

Figure S10.9 Calculated possible Li+ pathways (blue and red) according to the voids in the structure and
unit cell of Li5P2N5. (Li: gray)
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10.8.2 Density Functional Theory Calculations

Figure S10.10 Left: unit cell of β-Li10P4N10 with partially occupied Li position (Li9 is occupied by 2/3).
Right: ordering model of β-Li10P4N10 with fully occupied Li atoms (2/3 of Li9 positions were fully occupied),
used for calculations. (P: black, N: green, Li: gray)

Figure S10.11 Electronic band structure along high-symmetry directions in the first Brillouin zone for
Li5P2N5.
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Figure S10.12 Density of states (DOS) for β-Li10P4N10 (ordering model like in Figure S10.10). The band-gap
is estimated to 3.5 eV.
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Abstract

Recently,

a

number

of

different

structurally related nitrides characterized by pairs
of

edge-sharing

[Si2N6

]10−

units

Si–N
have

tetrahedra

forming

via

different

emerged

synthesis methods. Concurrently, upon doping
with rare earth elements (e.g. Eu2+ and Ce3+),
numerous applications in the field of luminescent
materials were revealed, ranging from the visible
spectrum to the near IR. This compound class in
turn emphasizes the extraordinary large tuning
range with respect to relative composition by formal cation exchange. In this contribution, we
study the dynamical stabilities of the existing Si-based nitridotetrelates and hypothetical Ge
analogues promising for future synthesis efforts of luminescent materials by means of extensive
phonon calculations. Further calculations of electronic and mechanical properties corroborate
the fundamental suitability of the predicted compounds for the applications of potential
luminescent materials with regard to band gap (Eg) and Debye temperature (ΘD). Calculated
enthalpies of the reaction provide further beneficial insights for future experimental attempts.
Our study hence highlights a potential range of novel stable nitridogermanates with isotypic
structures and suitable electronic properties for optoelectronic applications.

11.1 Introduction
In retrospect, over the last few decades, the focus on solid-state nitride materials has shifted
from fundamental research to numerous studies dealing with potential applications revolving
around high-temperature ceramics, thermoelectrics or optoelectronics.[1–7] With regard to a
globally increasing environmental awareness, particular attention has nowadays been attracted
towards the development of efficient phosphor materials for light-emitting diodes (LEDs),
contributing to the decrease in global energy consumption.8–11
257

11.1 Introduction

Herein, e.g. nitridosilicates and ‐aluminates are extensively studied subclasses owing to their
highly diverse network structures in which LED light down-converting activator ions such as
Eu2+ or Ce3+ may be incorporated. Prominent examples comprise nitride materials such as
CaAlSiN3:Eu2+,

Sr2Si5N8:Eu2+,

M[Mg2Al2N4]:Eu2+

(M = Ca, Sr, Ba),

La3−xCa1.5xSi6N11:Eu2+,

Sr[LiAl3N4]:(Eu2+/Ce3+), Ba2LiSi7AlN12:Eu2+, and Sr4[LiAl11N14]:Eu2+.[12–20] One benefit of nitride
materials is their ability to form diverse and highly rigid anionic framework structures made up
of condensed tetrahedra. With respect to efficiency, many nitridosilicates with higher degrees
of condensation have in turn proven to be suitable host structures for luminescent materials
(i.e. LED phosphors).[5,21,22] This rigidity makes them in turn generally less prone to thermal
quenching mechanisms like strong electron–phonon coupling from the incorporated activator
ion. In addition, combined anionic substructures built from interconnected nitride tetrahedra
with different tetrahedra centers such as Si and M (M = Li, AE), as present in recently discovered
materials such as (Ca/Sr)2Li2[Mg2Si2N6]:Eu2+/Ce3+ or Ca3Mg[Li2Si2N6]:Eu2+, result in higher
structural diversity. Moreover, the latter materials show promising narrow-band luminescence
characteristics in the yellow, red and near-infrared spectral regions proving the venture into
more complex systems rewarding.[23,24] Structurally, the latter can be characterized by edgesharing tetrahedra building units condensed to [Si2N6]10−, commonly termed bow-tie units in
analogy to [Ge2N6]10− found in Sr3[Li4Ge2N6].[25] Interestingly, together with Ca2Li2[Mg2Si2N6], all
of the bow-tie units containing nitrides mentioned above crystallize in the space group C2/m
(no. 12) and structurally relate closely to each other. Formally, derived from Ca3[Li4Si2N6], this
series of compounds exhibit high variability toward partial Li/Mg substitution. Furthermore, the
verified synthesis of Sr5Ge2N6 and Sr3[Li4Ge2N6], both isotypic to Ca3[Li4Si2N6] and Ca5Si2N6,
suggests the existence of numerous analogue multinary Sr-nitridogermanates possibly
accessible by similar partial substitution of Li and Mg.[25,26]
From a purely computational point of view, there are various possible starting points in order to
find and potentially predict novel materials with promising properties. Such procedures
regularly include the use of high-throughput screening methods generally relying on dedicated
genetic algorithms and machine learning.[27–31] Although the latter often prove to be successful
and come highly valued, the concomitant computational effort and resources of such
calculations can still be enormous, especially for materials with an increasing number of atoms
and a higher compositional order. An alternative and computationally less demanding
approach can be realized by a targeted evaluation, based on chemical comprehension and
observation. In our case, this connotes the abovementioned structural relations between the
discussed nitridosilicates and germanates.
In our work, we predict four novel nitridogermanates Ca3Mg[Li2Ge2N6], Sr3Mg[Li2Ge2N6],
Sr2Mg[Li4Ge2N6] and Sr2Li2[Mg2Ge2N6], isotypic to their corresponding nitridosilicate analogues,
by means of first principles calculations from density functional theory (DFT). By calculating the
phonon density of states, we examine and validate their dynamic stability postulated in the
space group C2/m (no. 12). We further provide theoretical CIF files with anisotropic
displacement parameters (ADPs) at room temperature as generated from PHONOPY and the
Molecular Toolbox program.[32–36] Enthalpies of formation and reaction are calculated from the
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elements

and

representative

metathesis

reactions

based

on

the

known

(litho/magneso)nitridosilicates, subsequently providing thermodynamically favorable reaction
equations that can potentially be useful to experimentalists.
All predicted nitridogermanates are isotypic to the recently synthesized compounds
Ca2Mg[Li4Si2N6], Ca3Mg[Li2Si2N6] and Ca2Li2[Mg2Si2N6], which were also calculated in detail for
comparison.[23,37] Moreover, electronic, optical and mechanical properties of the structures
appear promising for optoelectronic use and potential activator doping, proving relevant for
chemists in search of potential wide gap semiconductors.

11.2 Computational Details
Accurate lattice parameters for all compounds were obtained by structural relaxations of the
materials with the Vienna ab initio simulation package (VASP).[38–40] The exchange correlation
was treated in terms of the generalized gradient approximation (GGA) of Perdew, Burke, and
Ernzerhof (PBE)[41,42] revised for solids (PBEsol)[43] and the projector-augmented-wave (PAW)
method.[44,45] The plane-wave cut-off was set to 535 eV and the Brillouin zone was sampled on
an individual Γ-centered k-mesh with divisions adapted to the setup of differing unit cells
produced from the method of Monkhorst and Pack (Ca3[Li4Si2N6] and M
9 × 6 × 9;

M

II

3Mg[Li2Tt2N6]:

9×6×

5;

M

II

2Li2[Mg2Tt2N6]:

9×5×9

with

II

2Mg[Li4Tt2N6]:

M II = Ca, Sr;

Tt = Si, Ge).[46] Total energies of the unit cells were converged to 10−7 eV per atom with residual
atomic forces below 1 × 10−3 eV Å−1. Subsequent phonon calculations were conducted based
on the supercell approach in which supercells of 2 × 2 × 2 and 3 × 2 × 3 were used containing
between 240 and 504 atoms. Calculations of force sets and lattice vibrations along with
temperature-dependent anisotropic displacement parameters (ADPs) were calculated with the
help of PHONOPY.[32,33] Conversion of the thermal displacement matrices to CIF format was
achieved by utilizing the Molecular Toolbox program.[34–36] Band gaps were evaluated by
additional PBEsol calculations of the standard cells in conjunction with the modified Becke–
Johnson exchange potential (mBJ).[47,48] Accurate elastic tensor calculations were ensured by
further increase of the plane-wave cut-off to 630 eV and calculating six finite lattice distortions
of the crystal utilizing displacements of ±0.015 Å, enabling the derivation of elastic constants
and moduli via the stress–strain relationship.[49]

11.3 Results and Discussion
11.3.1 Structural Relationship
A detailed overview of the structural relations between known lithiummagneso- and
magnesiumlithonitridosilicates with bow-tie units has been published previously.[37] Figure 11.1
summarizes their main structural relations and coordination polyhedra based on their
theoretically relaxed structures with ADPs derived from phonon calculations.[23,37] The latter are
in good agreement with data obtained from single-crystal analyses. The bow-tie unit [Si2N6]10−
provides the common denominator of all shown structures, where Ca3[Li4Si2N6] can be
considered to be the aristotype to the remaining structures.[37]
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Figure 11.1 Structural relationship of different [AE IILi]10+[Si2N6]10− (AE II = Ca, Mg) structures containing
bow‐tie units, all in the space group C2/m (no. 12) showcasing the interchangeability of different
polyhedral units. Structures were relaxed with VASP and plotted with thermal ellipsoids (99% probability)
as calculated by PHONOPY from phonon calculations with the supercell approach and extrapolated to
300 K.[32,33] The ADP data were converted to CIF format using the Molecular Toolbox program.[35,36]

All structures exhibit the same space group (C2/m, no. 12) and an overall structural similarity.
The interspace between the [Si2N6]10− units apparently allows for a wide elemental flexibility
and interchangeability. Of the present cations, Ca, Mg and 2 Li each can formally be substituted
by one another, while maintaining charge neutrality. Such formal atomic interchange induces
only minor structural distortions, mostly noticeable in the monoclinic angle of the respective
unit cells shown in Table 11.1. This makes this class of materials promising for systematic
studies of material properties correlations. Due to the structural flexibility between the
[Si2N6]10− unit and the reported existence of the heavier [Ge2N6]10− homologues Sr3[Li4Ge2N6]
and Sr5[Ge2N6], the missing links in the germanate compound series appear promising for
experimentalists. Although all discussed nitridosilicate compounds can be prepared selectively,
a better understanding of how to achieve new structures is of interest for the experimentalist
especially with regard to thermodynamic stability.

Table 11.1 Lattice parameters (Å) for the Si and Ge bow-tie nitrides as obtained by the Perdew-BurkeErnzerhof GGA revised for solids (PBEsol). Experimental data is given where available. c/2 listed for

AE3Mg[Li2Tt2N6] (AE = Ca, Sr) for better comparability due to a doubled unit cell regarding formula units
along the c‐axis

a

b

c

Ca2Mg[Li4Si2N6]

5.871

9.754

5.593

94.66

Exp.[37]

5.906

9.817

5.611

94.90

Ca3Mg[Li2Si2N6]

5.911

9.754

11.698

5.849

99.43

Exp.[23]

5.965

9.806

11.721

5.861

99.67

Ca2Li2[Mg2Si2N6]

5.543

9.803

5.988

97.06

Exp.[37]

5.547

9.844

5.997

97.13

Ca2Mg[Li4Ge2N6]

5.943

9.94

5.679

92.86

Ca3Mg[Li2Ge2N6]

5.966

10.005

11.876

Ca2Li2[Mg2Ge2N6]

5.613

10.162

6.123

95.30

Sr2Mg[Li4Ge2N6]

6.086

10.241

5.891

94.08

Sr3Mg[Li2Ge2N6]

6.197

10.259

12.490

Sr2Li2[Mg2Ge2N6]

5.799

10.187

6.251
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c /2

5.938

6.245

β[°]

97.89

100.07
96.12
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Hence, we provide a detailed DFT study on the properties of the existing phases in question
and their so far unknown heavier homologues.
11.3.2 Lattice Parameters
The overall disagreement for the calculated and experimental lattice parameters of the
nitridosilicate compounds as listed in Table 1 is <1%, in turn corroborating an initial trustworthy
prediction for structural parameters of the remaining compounds. Following the cationic
exchange depicted in Figure 11.1, the lattice parameter c increases as Li is stepwise substituted
by Ca, where the c-axis is doubled (respectively c /2 is used for comparison) in Ca3Mg[Li2Si2N6],
due to formally only exchanging half of the Li polyhedra. Although b remains mostly unaffected
in each compound series, a widens going from Ca2Mg[Li4Si2N6] to Ca3Mg[Li2Si2N6] and
significantly drops for Ca2Li2[Mg2Si2N6], the latter being due to the strong contraction upon
formal substitution of CaN6 for smaller MgN4 polyhedra. β in turn is the largest in
Ca3Mg[Li2Si2N6] likely due to the alternating environment of the [Si2N6]10− units along c, owing
to the substitution of only half of CaN6 by two LiN4 polyhedra. As expected for the substitution
of heavier analogues with larger ionic radii, the calculated isotypic Ca and Sr nitridogermanates
show the same trends with regard to lattice expansion within each compound series, where the
overall expansion is the largest for the Sr compound series. Additional crystallographic
information from the structural relaxations is given in Tables S11.1–S11.8 together with ADP
values calculated from phonon calculations.
11.3.3 Enthalpies of Formation and Reaction
To estimate the thermodynamic stability of the existing and proposed Ge compounds, we
calculated the enthalpies of formation (ΔH f ) next to enthalpies of reaction (ΔH R) for
representative metathesis reactions from which the Si compounds have been synthesized. The
results are listed in Table 11.2. All calculated structures are stable against decomposition into
the elements as seen from their negative ΔH f values. Both M3Mg[Li2Tt2N6] and M2Li2[Mg2Tt2N6]
are about equally stable, while M2Mg[Li4Tt2N6] is energetically elevated by about 0.14–0.2 eV
for Sr and Ca, respectively. Negative reaction enthalpies ΔH R from representative compounds
used in solid-state metathesis, such as alkaline earth fluorides, hydrides and nitrides,
corroborate the attainability of all Si phases according to their similar synthesis routes from the
literature.[23,37] In contrast to Ca2Mg[Li4Si2N6] and Ca2Li2[Mg2Si2N6], Ca3Mg[Li2Si2N6] requires a
change in reaction compounds due to its positive ΔH R value for the same set. Analogues
synthesis routes were adapted for the Ge substituted variants resulting in similar negative
values of ΔH R, thus appearing promising for the postulated germanates.
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Table 11.2 Calculated enthalpies of formation and enthalpies of reaction for M II2Mg[Li4Tt2N6];

M II3Mg[Li2Tt2N6] and M II2Li2[Mg2Tt2N6] (M = Ca, Sr; Tt = Si, Ge)
Formula

ΔH f / eV per atom

ΔH R / eV per f.u.

Ca2Mg[Li4Si2N6]

-2.54

-2.17

Ca3Mg[Li2Si2N6]

-2.76

❶

Ca2Li2[Mg2Si2N6]

-2.75

Ca2Mg[Li4Ge2N6]

-2.19

-1.74

Ca3Mg[Li2Ge2N6]

-2.38

❶

Ca2Li2[Mg2Ge2N6]

-2.41

Sr2Mg[Li4Ge2N6]

-2.16

-1.29

Sr3Mg[Li2Ge2N6]

-2.30

❶

Sr2Li2[Mg2Ge2N6]

-2.31

+0.64

❷

/ -6.26

-8.20
+0.95

❷

/ -5.95

-8.19
+2.11

❷

/ -5.04

-6.86

Ca2Mg[Li4Tt 2N6]

Ca3Mg[Li2Tt 2N6]

𝐂𝐂𝐂𝐂𝐂𝐂𝟐𝟐 + 𝟏𝟏�𝟑𝟑 𝐌𝐌𝐌𝐌 𝟑𝟑 𝐍𝐍𝟐𝟐 + 𝟒𝟒𝟒𝟒𝟒𝟒𝐍𝐍𝟑𝟑 + 𝟒𝟒𝟒𝟒𝟒𝟒 + 𝟐𝟐�𝟑𝟑 𝑻𝑻𝑻𝑻𝟑𝟑 𝐍𝐍𝟒𝟒 → 𝐂𝐂𝐂𝐂𝟐𝟐 𝐌𝐌𝐌𝐌[𝐋𝐋𝐋𝐋𝟒𝟒 𝑻𝑻𝑻𝑻𝟐𝟐 𝐍𝐍𝟔𝟔 ] + 𝟒𝟒𝟒𝟒𝟒𝟒𝟒𝟒 + 𝟒𝟒𝐍𝐍𝟐𝟐
❶ 𝟑𝟑𝐂𝐂𝐂𝐂𝐂𝐂𝟐𝟐 + 𝟏𝟏�𝟑𝟑 𝐌𝐌𝐌𝐌 𝟑𝟑 𝐍𝐍𝟐𝟐 + 𝟔𝟔𝟔𝟔𝟔𝟔𝐍𝐍𝟑𝟑 + 𝟒𝟒𝟒𝟒𝟒𝟒 + 𝟐𝟐�𝟑𝟑 𝑻𝑻𝑻𝑻𝟑𝟑 𝐍𝐍𝟒𝟒 → 𝐂𝐂𝐂𝐂𝟑𝟑 𝐌𝐌𝐌𝐌[𝐋𝐋𝐋𝐋𝟒𝟒 𝑻𝑻𝑻𝑻𝟐𝟐 𝐍𝐍𝟔𝟔 ] + 𝟔𝟔𝟔𝟔𝟔𝟔𝟔𝟔 + 𝟕𝟕𝐍𝐍𝟐𝟐

Ca2Li2[Mg2Tt 2N6]

❷ 𝟑𝟑𝐂𝐂𝐂𝐂𝐂𝐂𝟐𝟐 + 𝐌𝐌𝐌𝐌𝐅𝐅𝟐𝟐 + 𝟒𝟒𝟒𝟒𝟒𝟒𝐍𝐍𝟑𝟑 + 𝟐𝟐�𝟑𝟑 𝐓𝐓𝐓𝐓 𝟑𝟑 𝐍𝐍𝟒𝟒 → 𝐂𝐂𝐂𝐂𝟑𝟑 𝐌𝐌𝐌𝐌[𝐋𝐋𝐋𝐋𝟒𝟒 𝐒𝐒𝐒𝐒𝟐𝟐 𝐍𝐍𝟔𝟔 ] + 𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝟐 + 𝟏𝟏𝟏𝟏�𝟑𝟑 𝐍𝐍𝟐𝟐 + 𝟑𝟑𝐇𝐇𝟐𝟐

𝟐𝟐𝐂𝐂𝐂𝐂𝐂𝐂𝟐𝟐 + 𝟐𝟐�𝟑𝟑 𝐌𝐌𝐌𝐌 𝟑𝟑 𝐍𝐍𝟐𝟐 + 𝟒𝟒𝟒𝟒𝟒𝟒𝐍𝐍𝟑𝟑 + 𝟐𝟐𝟐𝟐𝟐𝟐 + 𝟐𝟐�𝟑𝟑 𝑻𝑻𝑻𝑻𝟑𝟑 𝐍𝐍𝟒𝟒 → 𝐂𝐂𝐂𝐂𝟐𝟐 𝐋𝐋𝐋𝐋𝟐𝟐 [𝐌𝐌𝐌𝐌 𝟐𝟐 𝑻𝑻𝑻𝑻𝟐𝟐 𝐍𝐍𝟔𝟔 ] + 𝟒𝟒𝟒𝟒𝟒𝟒𝟒𝟒 + 𝟏𝟏𝟏𝟏�𝟑𝟑 𝐍𝐍𝟐𝟐

11.3.4 Phonon Calculations
To evaluate the dynamic stability of the postulated structures in the space group C2/m, we
performed calculations of the absolute and partial phonon densities of states for both, the
existing nitridosilicates and proposed nitridogermanates, as presented in Figure 11.2 (a–i).
Figure 11.2 (a–c) corroborates the dynamical stability of the recently obtained nitridolitho- and
nitridomagnesosilicates as no imaginary (negative) phonon modes are present.[32] The mere
formal substitution of Si by Ge, resulting in isotypic nitridolitho- and nitridomagnesogermanates, however, leads to instabilities, as indicated by imaginary phonon frequencies, in
Ca2Li2[Mg2Ge2N6] (e) and Ca2Mg[Li4Ge2N6] (f). We estimate the instabilities to be likely due to
the atomic size difference in Si and Ge, leading to unstable distortions by imaginary Ge, N, and
Mg phonon modes, which indicate at least metastability, more likely non-existence, of both
structures as calculated. In contrast, a more uniform increase by simultaneous substitution of
both Si by Ge and Ca by Sr (Figure 11.2 (g–i)) leads to dynamically stable nitridogermanates
isotypic to the existent nitridosilicates. Hence, synthesis efforts of those structures may prove
viable, especially considering the previous synthesis of both Sr5Ge2N6 and Sr3[Li4Ge2N6].[25,26]
The latter has further sparked interest with regard to its optoelectronic and mechanical
properties.[50] The presented phonon density of states may further be helpful in the assignment
of Raman or IR bands upon the synthesis of the predicted materials.
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Figure 11.2

Total

and

partial

phonon

density

of

states

for

existing

and

predicted

(litho/magneso)nitridotetrelates (a–i), as calculated from supercells within the VASP program and
evaluated by PHONOPY. Imaginary frequencies present in Ca2Li2[Mg2Ge2N6] (e) and Ca2Mg[Li4Ge2N6] (f)
indicate dynamical instabilities.

11.3.5 Electronic and Optical Properties
In order to estimate the potential suitability of the nitridosilicate and -germanate compounds
with regard to applications as luminescent host structures, their electronic and optical band
gaps were evaluated and are listed in Table 11.3. The fundamental electronic Eg values were
evaluated from direct transitions of the calculated band structures (see Figure S11.1) together
with optical values of Eg from a joint density plot of the DOS as shown in Figure 11.3, as
calculated by the mBJ exchange potential. The latter is widely established for yielding accurate
estimations of Eg in general.[48] It has further led to satisfactory results in comparison with
experimental band gap measurements by X-ray spectroscopy for Ca2Li2[Mg2Si2N6], whereas
no detailed calculations of Eg were previously conducted for Ca2Mg[Li4Ge2N6] and
Ca3Mg[Li2Si2N6].[51]
The partial electronic DOS (see Figure S11.2) shows that the majority of electronic transitions is
expected to occur between dominant N states at the valence band edge and unoccupied Ca, Sr
and N states in the conduction band. The absorption spectra calculated using the PBEsol
functional in terms of consistency (see Figure S11.3) show the same trend for optical onsets of
the investigated nitridotetrelates with an underestimation of the band gap, as expected from
standard DFT.
263

11.3 Results and Discussion

Figure 11.3 Calculated joint density of states (JDOS) with the mBJ exchange potential as an approximation
of the optical band gap for the postulated compounds.

Table 11.3 Electronic and optical band gaps (Eg) in eV as calculated from the PBEsol+mBJ band structure
(EgmBJ), joint DOS from PBEsol+mBJ DOS (EgJDOS-mBJ) and absorption from PBEsol potential (EgOpt-PBEsol) for
the Si and Ge bow-tie nitrides
Band gap (eV)

Compound

Eg

mBJ

EgJDOS-mBJ

EgOpt-PBEsol

Ca2Mg[Li4Si2N6]

4.5

4.7

3.5

Ca3Mg[Li2Si2N6]

3.8

4.2

3.1

Ca2Li2[Mg2Si2N6]

4.05

4.4

3.3

Ca2Mg[Li4Ge2N6]

4.1

4.6

3.2

Ca3Mg[Li2Ge2N6]

3.8

4.1

2.8

Ca2Li2[Mg2Ge2N6]

3.6

4.3

3.0

Sr2Mg[Li4Ge2N6]

3.8

4.2

2.9

Sr3Mg[Li2Ge2N6]

3.5

4.0

2.4

Sr2Li2[Mg2Ge2N6]

3.6

4.2

2.8

With fundamental EgmBJ values of 3.5–3.8 eV, the calculated electronic band gaps for all
predicted

nitridogermanates

may

be

of

sufficient

bandwidth

for

activator-induced

luminescence e.g. from Eu2+ or Ce3+ to be potentially similar to existing Ca3Mg[Li2Si2N6]:Eu2+
and Ca2Li2[Mg2Si2N6]:Eu2+.
11.3.6 Mechanical Properties
The elastic moduli and Debye temperatures (ΘD) of all investigated structures are listed in
Table 4. All presented values were deduced from the individually calculated elastic constants Cij
according to common relations.[52–57] In recent years, ΘD has been considered to be an
important proxy for phosphor materials, due to it being in proportion to the rigidity of the
crystal structure, which in turn is often correlated with thermal quenching mechanisms and
quantum yield.[11,58–61] Recently, this has even led to its implementation into machine learning
algorithms to identify new potential phosphor materials.[31]Eg and ΘD values in Tables 3 and 4 of

M2Mg[Li4Tt2N6] (M = Ca, Sr, Tt = Si, Ge) are the highest within each series.
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Table 11.4 Calculated elastic constants Cnm, bulk (B), shear (G) and Young's (Y) moduli in GPa, Debye
temperature (ΘD) in K and Poisson's ratio (𝑣𝑣) for the Si and Ge bow-tie nitrides
Compound

Elastic Moduli

B VRH

GVRH

Y VRH

Ca2Mg[Li4Si2N6]

106.9

86.4

204.2

Ca3Mg[Li2Si2N6]

104.8

68.8

Ca2Li2[Mg2Si2N6]

106.3

Ca2Mg[Li4Ge2N6]

ΘD

𝒗𝒗

0.18

823.1

169.3

0.23

694.2

64.9

161.9

0.24

690.9

100.3

78.8

187.3

0.19

688.56

Ca3Mg[Li2Ge2N6]

96.6

59.7

148.6

0.24

573.7

Ca2Li2[Mg2Ge2N6]

100.3

60.1

152.1

0.25

591.1

Sr2Mg[Li4Ge2N6]

91.6

67.4

162.5

0.20

576.3

Sr3Mg[Li2Ge2N6]

82.7

52.2

129.4

0.24

466.7

Sr2Li2[Mg2Ge2N6]

97.1

59.3

147.8

0.25

525.0

However, surprisingly, no luminescence has been reported for doped Ca2Mg[Li4Si2N6] so far,
possibly indicating that luminescence might be prevented in this structural arrangement.
For the remaining nitridogermanates, ΘD ranges between 460 and 590 K, in line with the
incorporation of heavier cations lowering the overall phononic contributions. The values can
however still be considered to be suitable for phosphor materials considering a number of
different phosphor oxosilicates with low degrees of condensation reaching the reported
quantum yields of 30–85% despite having comparable ΘD values.[11]

11.4 Conclusions
We present a systematic study of the first principles properties and stabilities of AE based
nitrido(litho/magneso)tetrelates (AE = Ca, Sr; Tt = Si, Ge) with compositions AE3Mg[Li2Tt2N6],

AE2Mg[Li4Tt2N6] and AE2Li2[Mg2Tt2N6].
The principal existence of the four novel nitridogermanates Ca3Mg[Li2Ge2N6], Sr3Mg[Li2Ge2N6],
Sr2Mg[Li4Ge2N6] and Sr2Li2[Mg2Ge2N6] was confirmed by systematic calculations of enthalpies of
formation and reaction from a set of suggested starting materials in combination with
extensive phonon calculations regarding their dynamical stability in the predicted space group

C2/m

(no. 12).

The

existing

nitridosilicates

Ca3Mg[Li2Si2N6],

Ca2Mg[Li4Si2N6]

and

Ca2Li2[Mg2Si2N6], isotypic to the predicted nitridogermanates, were calculated for comparability
and verified to be stable and structurally in close agreement (<1%) with experimentally
determined lattice parameters. Phonon calculations further allowed for the generation of CIF
files with ADPs extrapolated to ambient temperatures for the predicted crystal structures using
the Molecular Toolbox program. All existing and predicted structures were further analysed
with regard to their electronic and mechanical properties so as to study their potential
suitability

as

semiconductors

and

phosphor

host

structures.

Although

the

existing

nitridosilicates exhibit the largest band gaps and Debye temperatures, the predicted
nitridogermanates may be still within the scope of possible applications with electronic Eg
values ranging from 3.5 to 3.8 eV and ΘD values between 466 and 576 K.
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We show that a formal Li and Mg substitution of the already existing Sr5Ge2N6 and Sr3[Li4Ge2N6]
might prove promising for the experimental discovery of homeotypic or isotypic new
nitridogermanates with possible applications as wide gap semiconductors or phosphor
materials.
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11.7.1 Electronic Structure Calculations

Figure S11.1 Band structure calculations along high symmetry directions for the studied nitridosilicates
and nitridogermanates as calculated within the VASP program with PBEsol in conjunction with the mBJ
exchange potential (PBEsol+mBJ).
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Figure S11.2 Total and atomic resolved electronic density of states for existing and predicted
(litho/magneso)nitridotetrelates (a–i), as calculated within the VASP program with PBEsol in conjunction
with the mBJ exchange potential (PBEsol+mBJ).

11.7.2 Absorption Spectra

Figure S11.3 Calculated onset of optical absorption for the studied (litho/magneso)nitridotetrelates as
calculated by Vasp with PBEsol.
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11.7.3 Crystallographic Data Obtained by Structure Relaxations and Phonon Calculations

Table S11.1 Atomic coordinates, isotropic displacement parameters [Å2] and site occupancies of
Ca3Mg[Li2Ge2N6], as calculated by DFT calculations
Atom

x

y

z

Ueq

s.o.f

Ca1

8j

0.0549

0.3221

0.2469

0.00803

1

Ca2

4h

0.0000

0.1784

0.5000

0.01853

1

Ge1

4i

0.3518

0

0.4160

0.0052

1

Ge2

4i

0.6987

0

0.0644

0.00453

1

Mg

4i

0.0768

0

0.2183

0.00903

1

Li

8j

0.1747

0.1785

0.0616

0.01213

1

N1

8j

0.2305

0.1508

0.3474

0.00876

1

N2

8j

0.8579

0.8498

0.1201

0.00643

1

N3

4i

0.3199

0

0.5755

0.01013

1

N4

4i

0.3840

0

0.0992

0.00653

1

Table S11.2 Anisotropic displacement parameters of Ca3Mg[Li2Ge2N6], as calculated by DFT calculations,
extrapolated to 300 K by PHONOPY
Atom

U11 /Å2

U22 / Å2

U33 / Å2

U12 / Å2

U13 / Å2

U23 / Å2

Ca1

0.00760

0.00670

0.00980

0.00170

0.00380

0.00230

Ca2

0.02290

0.01470

0.01800

0.00000

0.01500

0.00000

Ge1

0.0057

0.0048

0.0051

0

0.0006

0

Ge2

0.0046

0.0041

0.0049

0

0.0006

0

Mg

0.0099

0.0065

0.0107

0

-0.0033

0

Li

0.0131

0.0114

0.0119

-0.0012

0.0036

-0.0016

N1

0.0089

0.0084

0.009

0.0027

0.0029

0.0031

N2

0.0063

0.0052

0.0078

0.0005

0.0009

0.0006

N3

0.0071

0.0161

0.0072

0

0.0025

0

N4

0.0063

0.0073

0.006

0

0.0011

0
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Table S11.3 Atomic coordinates, isotropic displacement parameters [Å2] and site occupancies of
Sr3Mg[Li2Ge2N6], as calculated by DFT calculations
Atom

x

y

z

Ueq

s.o.f

Sr1

8j

0.0587

0.3264

0.2436

0.0077

1

Sr2

4h

0

0.1807

0.5

0.012

1

Ge1

4i

0.3520

0

0.4146

0.00476

1

Ge2

4i

0.701

0

0.0611

0.0048

1

Mg

4i

0.743

0

0.2168

0.00973

1

Li

8j

0.1753

0.1761

0.0576

0.01466

1

N1

8j

0.2286

0.1443

0.344

0.00873

1

N2

8j

0.8622

0.1466

0.1149

0.00693

1

N3

4i

0.3295

0

0.5673

0.01063

1

N4

4i

0.3934

0

0.093

0.00726

1

Table S11.4 Anisotropic displacement parameters of Sr3Mg[Li2Ge2N6], as calculated by DFT calculations,
extrapolated to 300 K by PHONOPY
Atom

U11 /Å2

U22 / Å2

U33 / Å2

U12 / Å2

U13 / Å2

U23 / Å2

Sr1

0.0077

0.0066

0.0088

0.0019

0.0032

0.0025

Sr2

0.0106

0.0146

0.0108

0

0.0054

0

Ge1

0.0051

0.0046

0.0046

0

0.0004

0

Ge2

0.0054

0.0045

0.0045

0

-0.0001

0

Mg

0.0106

0.007

0.0116

0

-0.0041

0

Li

0.0171

0.0152

0.0117

-0.0004

0.0035

-0.0018

N1

0.0095

0.0078

0.0089

-0.0027

0.0023

-0.0029

N2

0.0072

0.006

0.0076

-0.0009

0.0005

-0.0009

N3

0.0064

0.019

0.0065

0

0.0017

0

N4

0.0081

0.0079

0.0058

0

-0.0004

0

Table S11.5 Atomic coordinates, isotropic displacement parameters [Å2] and site occupancies of
Sr2Li2[Mg2Ge2N6], as calculated by DFT calculations
Atom

x

y

z

Ueq

s.o.f

Sr

4g

-0.5

-0.3157

0

0.00863

1

Ge

4i

0.1277

-0.5

0.1887

0.004333

1

Mg

4h

-0.5

-0.241

0.5

0.0064

1

Li

4i

-0.3035

-0.5

0.4130

0.01623

1

N1

8j

-0.2579

-0.1494

0.3244

0.00883

1

N2

4i

-0.1994

-0.5

0.1098

0.00840

1
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Table S11.6 Anisotropic displacement parameters of Sr2Li2[Mg2Ge2N6], as calculated by DFT calculations,
extrapolated to 300 K by PHONOPY
Atom

U11 /Å2

U22 / Å2

U33 / Å2

U12 / Å2

U13 / Å2

U23 / Å2

Sr

0.0072

0.0105

0.0082

0

0.0023

0

Ge

0.0048

0.0044

0.0038

0

0.0003

0

Mg

0.0064

0.0063

0.0065

0

0.0015

0

Li

0.0206

0.0177

0.0104

0

0.0025

0

N1

0.0089

0.0083

0.0093

0.0025

0.0028

0.0042

N2

0.0055

0.0146

0.0051

0

0.0009

0

Table S11.7 Atomic coordinates, isotropic displacement parameters [Å2] and site occupancies of
Sr2Mg[Li4Ge2N6], as calculated by DFT calculations
Atom

x

y

z

Ueq

s.o.f

Sr

4g

0.5

0.1759

0

0.00956

1

Ge

4i

0.3113

0

0.3696

0.00930

1

Mg

2a

0

0

0

0.03143

1

Li

8j

0.1608

0.1703

0.6226

0.02046

1

N1

4i

0.6271

0

0.3075

0.01183

1

N2

8j

0.1613

0.1462

0.2537

0.01140

1

Table S11.8. Anisotropic displacement parameters of Sr2Mg[Li4Ge2N6], as calculated by DFT calculations,
extrapolated to 300 K by PHONOPY
Atom

U11 /Å2

U22 / Å2

U33 / Å2

U12 / Å2

U13 / Å2

U23 / Å2

Sr

0.0079

0.0065

0.0143

0

0.0049

0

Ge

0.0091

0.0054

0.0134

0

0.004

0

Mg

0.0303

0.0078

0.0562

0

-0.0255

0

Li

0.0155

0.023

0.0229

0.0020

0.0051

-0.0066

N1

0.0125

0.0082

0.0148

0

0.0027

0

N2

0.0093

0.0072

0.0177

0.0012

0.0046

0.0012
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A

novel

lithium

oxonitridosilicate

oxide

phosphor

material

Li4Sr4[Si4O4N6]O:Eu2+

was

successfully obtained from solid-state metathesis by screening different multicomponent
mixtures. DFT calculations using the Korringa–Kohn–Rostoker (KKR) method together with the
coherent potential approximation (CPA), enabled for a case study showing the efficient
treatment of atomic disorder for the wide band gap semiconductors CaAlSiN3 and CaGaSiN3.
Subsequently, the KKR+CPA approach was utilized to treat the materials class of II-IV-N2
nitrides and its solid solutions, which are promising for optoelectronic applications. Further
calculations on enthalpy progression within the high-pressure phase transitions for different
O/N ordering models of PON enabled the corroboration of transition pressures for cristobalite
to coesite-type PON and post-coesite to orthorhombic-type PON, along with the O/N disorder
observed from X-ray diffraction. The phase transitions and electronic properties of novel
ternary lithium nitridophosphates were investigated in the same manner. The thesis concludes
with the ab initio structure prediction of a series of the wide band gap alkaline earth based
nitrido(lithomagneso/magnesolitho)germanates, and their optical and mechanical properties.

12.1 Accessing a Novel Luminescent Lithium Oxonitridosilicate Oxide
Until this work only a few oxonitridosilicates have been known to shown luminescence, with the
only two existing Li-containing oxonitridosilicate phosphor materials Li24Sr12[Si24N47O]F:Eu2+
and Li38.7RE3.3Ca5.7[Li2Si30N59]O2F (RE = La, Ce, Y).[1,2]
Within this thesis the novel phosphor material Li4Sr4[Si4O4N6]O:Eu2+ exhibiting orange
broadband-emission (λem ≈ 625 nm; fwhm ≈ 4164 cm−1 | 160 nm) was found by explorative
synthesis. Its structure can formally be derived from the non-luminescent layered lithium
nitridosilicate nitride Li2Sr4[Si2N5]N[3] by oxygen substitution and incorporation. Suchlike
incorporation of oxygen might further be of benefit to the expand the overall band gap, which
is decreased in Li2Sr4[Si2N5]N compared to Li4Sr4[Si4O4N6]O, and might prevent luminescence in
the former. Interestingly, the recently discovered high-performance oxonitridoaluminate
phosphor material Sr[Li2Al2O2N2]:Eu2+,[4] can be seen in a similar light when compared to the
equally efficient lithium nitridoaluminate Sr[LiAl3N4]:Eu2+,[5] as both exhibit very similar crystal
structures with a lower band gap for Sr[LiAl3N4]:Eu2+. From an analytical point of view
intertwining a variety of methods, namely transmission electron microscopy, Fourier-transform
infrared spectroscopy, single-crystal and powder X-ray diffraction, modelation of stacking
faults, MAPLE and DFT calculations exemplifies how materials properties and structural
complexity can be efficiently tackled and illuminated. Overall the experimental part of this
thesis demonstrates the potential in explorative synthesis for the discovery of novel lithium
oxonitridosilicates. The presented work thus, opens the scope to the targeted search of formally
oxygen substituted (lithium) nitridosilicates in order to obtain potential novel wide band gap
materials suitable for investigations as phosphor materials.
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12.2 Treatment of Mixed Occupancy in Nitrides by KKR+CPA
Predating this thesis, only a few studies employing DFT with the Korringa–Kohn–Rostoker
Green's function (KKR-GF) method and the coherent potential approximation (CPA) were
known to deal with disorder or doping of nitride materials, especially such with wide electronic
band gaps, including a single study employing the method to study the solid solutions of
(In,Ga)N.[6]
Within this thesis, in a first step, the widely studied and characterized phosphor host material
CaAlSiN3,[7–11] together with recently discovered isotypic CaGaSiN3[12] from ammonothermal
synthesis were selected as reference systems. The equivalency between KKR and the wellestablished pseudopotential method was subsequently, shown for hypothetical ordered
structure models of this materials class. In a second step, for both materials KKR-GF calculations
with the CPA (KKR+CPA) showed a diminished electronic band gap by about 0.1 eV for the fully
disordered materials with respect to structural ordering. The effect is not very pronounced for
both materials compared to other experimental findings for disordered ZnSnN2,[13] however, a
similar trend can be observed for the investigated wide band gap semiconductors. The findings
are important for considerations of phosphor materials design, as thermal quenching of the
luminescence often occurs due to the 5d energy levels of incorporated rare earth dopants
being too close to the energy level of the conduction band. Depending on the origin of the
thermal quenching a widening of only 0.1 eV, resulting from structural ordering could already
prove highly beneficial to the overall thermal quenching behavior of phosphor materials. This
study further inspires future KKR+CPA investigations dealing with the calculation of 4f–5d
energy levels of rare earth cations doped into (nitride) phosphor host materials.
Following the obtained results for wurtzite-type related CaAlSiN3 and CaGaSiN3, we extended
our studies to the description of the electronic, magnetic and optical properties of the materials
II-IV-N2 (II = Mg, Mn, IV = Si, Ge) and Li-IV2-N3 (IV = Si, Ge) which had also been synthesized
from the ammonothermal approach. KKR calculations for these compounds yielded optical
band gap estimates in good agreement with the measured gaps from UV/Vis spectroscopy.
Subsequently,
(II

A/B

also

ammonothermally

obtained

solid

solutions

(II A0.5II B0.5)

for

II‐IV‐N2

= Mg, Mn, Zn, IV = Si, Ge), were calculated with KKR+CPA.

From the results the fundamental feasibility to selectively tune the band gap of II‐IV‐N2 solid
solutions was demonstrated, with the electronic band gap of the (II A0.5II B0.5) compositions lying
in-between those of the respective boundary phases. The obtained results thus, prove the
II‐IV‐N2 materials class promising for future investigations of with respect to their eligibility as
potential alternatives to (Al,Ga,In)N solid solutions and establish KKR+CPA as a suitable method
to investigate the trends in band gap behavior for semiconducting nitride solid solutions. This is
especially important since the KKR+CPA methodology enables the accurate treatment of the
electronic structure, for various degrees of disorder or mixed occupancy without the need to
resort to extensive supercell calculations.

278

12.3 Ab Initio High-Pressure Phase Transitions of P/O/N and Li/P/N materials

12.3 Ab Initio High-Pressure Phase Transitions of P/O/N and Li/P/N
materials
Throughout the last 30 years solid-state P/N chemistry has steadily evolved with high pressure
synthesis routes contributing immensely to the structural and compositional diversity of
phosphorus (oxo)nitrides and nitridophosphates.[14]
The results presented in this thesis represent important contributions to the experimentally
observed high-pressure phase transitions of phosphorus oxonitride PON and the two lithium
nitridophosphates Li12P3N9 and β-Li10P4N10 using density functional theory (DFT) calculations.
For the observed phase transition of (O/N) disordered cristobalite-type PON to (O/N)
disordered coesite-type PON the construction and relaxation of various ordered PON
modifications enabled both, the corroboration of plausible (O/N) disorder in coesite-type PON
for synthesis conditions beyond 15 GPa and an estimation of the transition pressure of
cristobalite to coesite-type PON. In a subsequent study, analogues DFT calculations were
conducted on a stishovite-related post-coesite form of PON (pc‐PON) with a 5+1 coordination
of P, where next to (O/N) ordering a further split position of P was accounted for within the
ordering models. The pc‐PON polymorph was thus, successfully confirmed as a further highpressure phase to coesite-type PON. The Niggly formula 3∞[P[5]O[2]N[3]] was further deduced to
be the most favorable and thus, likely local coordination of phosphorus within pc-PON from
DFT relaxations from a variety of stable and ordered O/N and P models. In alignment with an
additional experimentally observed transition of tetragonal pc-PON to an orthorhombic phase
of PON above 20 GPa (P42/mnm (no. 136) → Pnnm (no. 58)), the transition pressure could be
approximated to ca. 17 GPa from the respective DFT models.
For the interesting class of lithium nitridophosphate materials DFT calculations were utilized in
a similar manner to the PON investigations. Enthalpy-pressure calculations were able to
corroborate Li4PN3 and Li5P2N5 as high-pressure polymorphs of Li12P3N9 and β-Li10P4N10,
respectively. In contrast to the PON structures, the lithium nitridophosphates were not prone to
mixed-site occupancy but instead to underoccupied Li sites, due to the mobility of Li within
both Li4PN3 and β-Li10P4N10. In order to arrive at reasonable estimates for the transition
pressures the lithium positions were ordered within charge neutral structures models, for which
the structures were optimized by relaxation. The obtained transition pressures provide further
insights to the synthesis pressures necessary for structural phase transitions in lithium
nitridophosphates. Further analysis of the electronic structures before and after high-pressure
phase transitions also corroborated the expected ionicity between the [P-N]X− framework and
the incorporated Li+ where an increase in the fundamental band gap was further found for both
high-pressure polymorphs.
The utilization of DFT based structural optimizations thus reveal that the utilization of (multiple)
ordered structure models in combination with enthalpy-pressure derivations from calculated
high-pressure transitions, proved suitable to contribute to the illumination and expansion of
the

high-pressure

phase

diagram

of

PON

and

the

phase

transitions

in

lithium

nitridophosphates. Overall, the analyses of the electronic structures and phase transitions of
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P/N compounds, present important contributions to their experimental characterization and
provide insights relevant for materials design considerations that might inspire further
investigations of potential PON polymorphs and lithium nitridophosphates from either
experiment or first principle methods.

12.4 Ab Initio Prediction of a Series of Nitridogermanates
The exploration of novel potential (wide band gap) semiconductors from first principles
represents an important subject within materials sciences with respect to (opto)electronic
applications, such as phosphor materials or photocatalysts.[15–18]
Within this thesis a series of six potential, unknown quinary nitridogermanates was investigated
toward their electronic and mechanical properties along with their thermodynamic stability. The
chosen structure models were inspired from the previous syntheses of different, quinary
nitridosilicates with promising luminescence properties. From six constructed nitridogermanate
models, each isotypic to a respective nitridosilicate structure, four were verified to be
dynamically stable within the space group (C2/m, no. 12). All compounds are further stable
against decomposition into their elements and potentially accessible by synthesis from binary
compounds. All predicted nitrido(lithomagneso/magnesolitho)germanates, Ca3Mg[Li2Ge2N6],
Sr3Mg[Li2Ge2N6], Sr2Mg[Li4Ge2N6] and Sr2Li2[Mg2Ge2N6] are wide band gap semiconductors
(Eg = 3.5–3.8 eV). Together with their relatively rigid (ΘD = 466–576 K) and isotypic structures to
the nitridosilicate series they may be viable for optoelectronic application. The herein presented
study not only presents four hitherto unknown predicted nitridogermanates with interesting
mechanical and electronic properties, but further exemplifies that ab initio structure
investigations can synergize with previous synthetic works from which inspirations may be
drawn to efficiently target and predict novel compounds.

12.5 Concluding Remarks
Throughout the long history in research on solid-state nitrides, a multitude of structurally
diverse materials with promising (opto)electronic properties and applications have been found.
This work starts from an experimental approach from which a novel phosphor material
emerged within the relatively unexplored material class of lithium oxonitridosilicate oxides.
Combining experimental and theoretical approaches, their mutual benefits were subsequently,
outlined throughout systematic density functional theory calculations regarding investigations
of disordered structures and high-pressure phase transitions. This joint approach culminates
within the stand-alone ab initio prediction of a novel compound series that takes inspiration
from previous experimental efforts. As such, it may well be stated, that while first principle
calculations may be a powerful tool on its own, the mutual exchange between experiment and
theory may elevate both areas to unforeseen heights.
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1. Orange-Emitting Li 4 Sr 4 [Si 4 O 4 N 6 ]O:Eu 2+ —a Layered
Lithium Oxonitridosilicate Oxide
Robin Niklaus, Lukas Neudert, Juliane Stahl, Peter J. Schmidt and Wolfgang Schnick

Inorg. Chem. 2018, 57, 14304–14313.

Single crystals of orange-emitting layered lithium oxonitridosilicate oxide Li4Sr4[Si4O4N6]O:Eu2+
were obtained as a minority phase from explorative solid-state multicomponent metathesis,
carried out in Ta ampules at 950 °C. Single-crystal X-diffraction allowed for the solution and
refinement of the crystal structure in space group P42/nmc (no. 137) [Z = 2, a = 7.4833(6),

c = 9.8365(9) Å, and R1(obs) = 0.0477]. The crystal structure consists of a layered 2D network of
SiN3O tetrahedra. The structure formally derives from non-luminescent Li2Sr4[Si2N5]N by means
of O substitution and incorporation. Li4Sr4[Si4O4N6]O:Eu2+ is prone to stacking disorder, which
was corroborated by transmission electron microscopy on the initial single crystals and
microcrystalline powder samples. Bulk sample reproduction was carried out at temperatures of
750 °C in Nb ampules. Based on reflections observed from powder X-ray diffraction and
Rietveld refinements, together with DIFFaX simulations the extent of the stacking faults could
be estimated. Energy-dispersive X-ray spectroscopy together with lattice energy, charge
distribution, and density functional theory (DFT) calculations confirmed the overall elemental
composition and atom assignment. DFT calculations carried out for a model free from stacking
faults, yield a band gap of 4.4 eV, while experimental optical measurements on powder samples
suggest an indirect gap of 3.6 eV. Li4Sr4[Si4O4N6]O:Eu2+ exhibits luminescence in the orange
spectral range (λem ≈ 625 nm; full width at half-maximum ≈ 4164 cm−1), with an internal
quantum efficiency of 24% at room temperature. The study shows how synthesis can interlock
with TEM investigations and DFT calculations to facilitate the understanding of materials
properties relationships. As such, this study extends solid-state research toward the sparsely
investigated materials class of lithium oxonitridosilicate oxides and highlights their principal
suitability as phosphor materials.
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2. First-principles and experimental characterization of the
electronic properties of CaGaSiN 3 and CaAlSiN 3 : the
impact of chemical disorder
Robin Niklaus, Ján Minár, Jonas Häusler and Wolfgang Schnick

Phys. Chem. Chem. Phys. 2017, 19, 9292–9299.

The effects of the chemical disorder with regard to the electronic structure for the mixedoccupancy phosphor host material CaAlSiN3 and recently discovered isotypic CaGaSiN3, have
been investigated on a first principles level from density functional theory. Both materials were
used as a case study to show the success of the KKR Green's function method together with the
coherent potential approximation (CPA) to accurately describe the statistical disorder within
nitride materials. By calculating the band structures and optical properties for three respective
ordering models (each for CaAlSiN3 and CaGaSiN3) within the pseudopotential-based method
VASP, and comparing them to the respective calculated Bloch spectral functions from the
SPRKKR package the general equivalency of both programs, respectively methods was shown.
Subsequent calculations on the fully disordered structures revealed a shrinking of the electronic
band gap by about 0.1 eV for the introduction of complete disorder in both materials. The
study shows that atomic disorder in nitrides with wide band gaps are accurately calculated by
KKR without having to resort to extensive supercell calculations. The obtained results provide
insights to a better understanding of chemical disorder effects, and possible materials design
aspects with regard to influence the electronic band gap. Most importantly, this case study
opens the scope to calculations on related solid-solution (nitride) materials. Especially for rare
earth activated phosphor materials, usually doped with but a few atom percent of rare earth
activator ions, KKR+CPA could prove to be a useful and cost-efficient approach to investigate
the electronic structure.
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3. Ammonothermal Synthesis and Optical Properties of Ternary
Nitride Semiconductors Mg-IV-N2, Mn-IV-N2 and Li-IV2-N3
(IV = Si, Ge)
Jonas Häusler, Robin Niklaus, Ján Minár and Wolfgang Schnick

Chem. Eur. J. 2018, 24, 1686–1693.

In this contribution, a new ammonothermal approach, using custom-built high-pressure
autoclaves

enabled

the

synthesis

of

Grimm-Sommerfeld

analogous

ternary

nitride

semiconductors. The nitride semiconductors MgSiN2, MgGeN2, MnSiN2, MnGeN2, LiSi2N3 and
LiGe2N3 were successfully synthesized from the approach. The similarity to industrially used
group 13 nitrides such as (Al,Ga,In,)N and their solid solutions, makes the synthesized materials
class interesting with regard to their electronic and optical properties.
Together with the experimental characterization of the presented compounds, DFT calculations
were employed using the SPR-KKR program. The calculations provide insights to the dispersion
of the electronic band structure, their electronic transition types along with an estimate to the
optical band gaps from the joint density of states with respect to corroborating the
experimentally conducted UV/Vis measurements. The results demonstrate a wide range of
attainable band gaps for the investigated nitrides and inspire considerations towards potential
band gap engineering of Grimm-Sommerfeld analogue nitride semiconductors.
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4. Solid Solutions of Grimm-Sommerfeld Analogous Nitride
Semiconductors II-IV-N2 with II = Mg, Mn, Zn; IV = Si, Ge –
Ammonothermal Synthesis and DFT Calculations
Mathias Mallmann, Robin Niklaus, Tobias Rackl, Maximilian Benz, Thanh G. Chau,
Dirk Johrendt, Ján Minár and Wolfgang Schnick

Chem. Eur. J. 2019, 10.1002/chem.201903897.

The solid solutions Mg1−xMnxSiN2, Mg1−xZnxSiN2, Mn1−xZnxSiN2, Mg1−xMnxGeN2, Mg1−xZnxGeN2
and Mn1−xZnxGeN2 (x ≈ 0.5) were successfully obtained from ammonothermal synthesis in
supercritical ammonia (Tcrit = 405.5 K, pcrit = 11.3 MPa). All solid solutions crystallize in a
wurtzite-type superstructure (Pna21). The optical band gaps of the compounds were
determined

from

UV/Vis

spectroscopy

ranging

from

2.6–3.5 eV

for

the

different

nitridogermanate solid solutions and 3.6–4.4 eV for the respective nitridosilicate solid solutions.
Furthermore, magnetic measurements were conducted for the Mn-containing compounds,
indicating anti-ferromagnetic behavior.
DFT calculations were employed to calculate the overall trends in electronic and optical and
magnetic properties between the solid solutions and with respect to their respective boundary
phases. The mixed occupancy was accounted for by the Korringa-Kohn-Rostoker Green's
function method used with the coherent potential approximation. Types of electronic
transitions (direct or indirect) were analyzed for the disordered solid solutions and their
boundary phases from respective Bloch spectral functions. In contrast to the boundary phases
no clear preference between direct and indirect electronic transitions was found for the fully
disordered mixed occupancy solid solutions. The optical band gaps were further, estimated
from plotting the joint density of states, showing good agreement with the experimental
UV‐VIS measurements. Calculations with the modified Becke Johnson potential on ordered
structure models were further, used to account for the underestimation of the electronic band
gap (Eg). This work shows the principal tunability of Eg in the II-IV-N2 system, paving the way for
possible future band gap engineering purposes. The Ammonothermal synthesis of the II‐IV‐N2
materials and their solid solutions proves promising for potential growth of crystals and further
experimental in-depth characterizations of materials properties.
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5. A High‐Pressure Polymorph of Phosphorus Oxonitride with
the Coesite Structure
Dominik Baumann, Robin Niklaus and Wolfgang Schnick

Angew. Chem. Int. Ed. 2015, 54, 4388–4391; Angew. Chem. 2015, 127, 4463–4466.

A new high-pressure polymorph to cristobalite-type PON (ctb-PON) was prepared in a Walkertype multianvil device. Synthesis was achieved by heating of ctb-PON to 1300 °C at a pressure
of 15.5 GPa. The resulting polymorph crystallizes in space croup C2/c (a = 6.95903(8),

b = 12.0610(2), c = 6.96821(8) Å, β = 120.0348(7)°, V = 506.33(2) Å3, Z = 16), isotypic to coesitetype SiO2. Phase pure coesite-type PON (coe-PON) could be obtained beyond 15 GPa and was
characterized experimentally by (temperature dependant) powder X-ray diffraction, FTIR and
MAS NMR spectroscopy.
In order to confirm the statistical occupation of O and N (O:N = 50:50) in coesite-type PON
from X‐ray powder diffraction, along with affirming the high pressure phase transition, DFT
calculations were conducted. Using a multitude of different ordering models for both
cristobalite-type PON (for which mixed occupancy is known from neutron diffraction), and
coesite-type PON, the phase transition was approximated to occur between 7.5 and 10.5 GPa.
The enthalpy for the different models was subsequently shown to be about equally favorable
around 15 GPa. This corroborates the attributed statistical occupation observed from X-ray
diffraction. Overall, the results represent a leap forward with regard to the exploration of the
phase diagram of PON at high pressures.

287

13 Summary

6. Stishovite's Relative: A Post-Coesite Form of Phosphorus
Oxonitride
Sebastian Vogel, Dominik Baumann, Robin Niklaus, Elena Bykova, Maxim Bykov, Natalia
Dubrovinskaia, Leonid Dubrovinsky and Wolfgang Schnick

Angew. Chem. Int. Ed. 2018, 57, 6691–6695; Angew. Chem. 2018, 130, 6801–6805.

Starting from cristobalite-type PON, a high-pressure polymorph with P in (5+1) coordination
and a stishovite-related structure was synthesized at 20 GPa and subsequently, heated to
1500 K by using the multianvil technique. Post coesite (pc-PON) was characterized by powder
X‐ray diffraction, solid‐state NMR spectroscopy, TEM measurements and in situ synchrotron
X‐ray diffraction in diamond anvil cells (P42/mnm (no. 136), a = 4.6184(2), c = 2.45536(9) Å,

Z = 2, RBragg = 0.021). Single crystal X-ray diffraction at 1.8 GPa verified the structure model.
Further, from compression in diamond anvil cells beyond 20 GPa, an additional second order
phase transition (P42/mnm (no. 136) → Pnnm (no. 58)) to an orthorhombic PON phase was
observed.
DFT calculations were utilized to calculate a number of supercells of possible pc-PON
arrangements with regard to the O/N mixed occupancy arrangement and the split position of P,
the latter of which was indicated from single-crystal data and from TEM measurements.
Structural relaxations were only stable for alternating O/N arrangements, where the P atom
could be seen to move into a coordination, favoring the axial N over O coordination, as
expressed by the Niggly formula

3 [P[5]O[2]N[3]].
∞

Using this structural model pc‐PON could be

confirmed as a high-pressure polymorph to coesite-type PON (coe‐PON) from energy volume
(EV) calculations. The phase transition to orthorhombic-type PON (o-PON) was obtained by
slight lattice parameter distortions and subsequent EV relaxations at constant volume, leading
to a transition pressure of about 17 GPa. The results further confirm the experimentally
observed high-phase transition of pc-PON to o-PON above pressures of 20 GPa. The overall
study of the high pressure behavior of PON proves promising to the discovery of six-fold
coordinated stishovite-type PON .
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7. Li12P3N9 with Non-Condensed [P3N9]12− Rings and its HighPressure

Polymorph

Li4PN3

with

Infinite

Chains

of

PN4-Tetrahedra
Eva-Maria Bertschler, Robin Niklaus and Wolfgang Schnick

Chem. Eur. J. 2017, 23, 9592-9599.

The Lithium nitridophosphate Li12P3N9 (Cc (no. 9), a = 12.094(5), b = 7.649(3), c = 9.711(4) Å,

β = 90.53(2)°, V = 898.3(6) Å3, Z = 4) was synthesized from a Li3N flux and P3N5 at 790 °C. The
P-N structure consists of dreier rings of PN4 tetrahedra [P3N9]12− in analogy to cyclo trisilicate
[Si3O9]6−. At 6 GPa and 820 °C phase transition was induced for Li12P3N9 into its high-pressure
polymorph,

the

first

catena-nitridophosphate

b = 11.8392(6), c = 4.8674(2) Å, V = 556.65(4)

Å3,

Li4PN3

(Pccn (no. 56),

a = 9.6597(4),

Z= 8). Li4PN3 was separately synthesized from

from LiPN2and Li7PN4 at 9 GPa and 1200 °C using a Li3N self-flux. Li4PN3 is made up of infinite
PN3 zweier chains of corner sharing PN4 tetrahedra 3∞[PN2N2/2]4−. The crystal structures of both
polymorphs were solved and refined from single-crystal X-ray diffraction data. Further, the
structures were confirmed by Rietveld refinement, FTIR spectroscopy and

6Li, 7Li,

and

31P

solid-state MAS NMR.
In order to analyze transition pressure between both polymorphs, their electronic properties
and bonding behavior, additional DFT calculations were performed. Due to the delocalized
(underoccupied) Li positions a charge neutral ordered structure was modeled and relaxed for
Li4PN3. The respective bulk moduli were obtained from fitting the respective energy volume
curves. Subsequent construction of a enthalpy-pressure diagram revealed a transition pressure
of about 6.5 GPa for the transition of Li12P3N9 to Li4PN3, corroborating the latter as the high
pressure polymorph being in line with the synthesis conditions of about 6 GPa. Both materials
are insulators with band gaps of 5 eV (Li12P3N9) and 6.1 eV (Li4PN3).
Overall the structural diversity of lithium nitridophosphates is expanded, giving insight to a
novel approach to high-pressure/high-temperature polymerization of this materials class, along
with insights to their electronic and materials properties.
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8. Reversible Polymerization of Adamantane-type [P4N10]10−
Anions to Honeycomb-type [P2N5]5− Layers under High-Pressure
Eva-Maria Bertschler, Robin Niklaus and Wolfgang Schnick

Chem. Eur. J. 2018, 24, 736–742.

A third polymorph of Li10P4N10 with the formula Li5P2N5 was synthesized by high-temperature
high-pressure reaction of LiPN2 and Li7PN4 and separately directly from β-Li10P4N10 at 9 GPa
and 1000 °C, in a Walker-type multianvil assembly. Using the Li3N self-flux method, suitable
single-crystals of Li5P2N5 were obtained. Li5P2N5 is the first layered lithium nitridophosphate and
crystallizes in C2/c (no. 15), with a = 14.770(3), b = 17.850(4), c = 4.860(1) Å, β = 93.11(3)°,
V = 1279.4(5) Å3, Z = 12). Rietveld refinements, FTIR spectroscopy and 6Li, 7Li and

31P

solid-

state MAS NMR were conducted to confirm the crystal structure, while EDX measurements were
conducted to confirm the elemental composition. Vertex sharing PN4 tetrahedra condensed to
a corrugated layer of sechser-rings form the P/N substructure. The arrangement of the P atoms
is analogous to the arrangement in black phosphorus. High-temperature powder diffraction
indicates Li5P2N5 as a high-pressure polymorph to β-Li10P4N10.
The latter was further confirmed by density functional theory (DFT) calculations employing a
model of β-Li10P4N10 with fully occupied Li positions. The transition pressure could thus be
estimated to 6.5 GPa. Additional electronic structure calculations revealed an increase in the
band gap from 3.5 eV (β‐Li10P4N10) to 6.4 eV (Li5P2N5) upon phase transition.
This

contribution

shows

high-temperature/high-pressure

polymerization

as

a

suitable

technique to access novel lithium nitridophosphates with high structural diversity. DFT proves
to be a helpful asset in the corroboration of high-pressure transitions and in investigating the
trends in the electronic structure behavior.
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9. Ab

initio exploration and prediction of AE-containing

nitrido(litho/magneso)tetrelates (AE = Ca, Sr; Tt = Si, Ge) with
[Si2N6]10− or [Ge2N6]10− units
Robin Niklaus, Ján Minár, Philipp Strobel, Peter J. Schmidt and Wolfgang Schnick

DaltonTrans. 2019, 48, 8671–8677.

Recently a large number of structurally related lithomagneso- and magnesolithosilicates have
emerged as suitable phosphor materials, showing promising luminescence properties upon
doping. Together with Ca5Si2N6 and Ca3Li4Si2N6 the three structures considered for this work
Ca3Mg[Li2Si2N6], Ca2Mg[Li4Si2N6] and Ca2Li2[Mg2Si2N6] are structurally closely related to each
other. Under consideration that the nitridogermanates Sr5Ge2N6 and Sr3Li4Ge2N6 have already
been synthesized, we employ a chemical intuitive computational approach, utilizing density
functional theory (DFT) to systematically investigate the electronic and mechanical properties of
the respective nitridosilicates compared to their isotypic, hypothetical compound series

AE3Mg[Li2Ge2N6], AE2Mg[Li4Ge2N6] and AE2Li2[Mg2Ge2N6] (AE = Ca, Sr).
In order to analyze the dynamical stabilities of the nitridosilicate and nitridogermanate
compound series in space group C2/m extensive phonon calculations were conducted,
revealing stability for all nitridosilicates in accordance to their existence from experimental
synthesis. Throughout the phonon calculations it could further be shown that the four
nitridogermanates Ca3Mg[Li2Ge2N6], Sr3Mg[Li2Ge2N6], Sr2Mg[Li4Ge2N6] and Sr2Li2[Mg2Ge2N6] are
dynamically stable and may be promising to access from synthesis. Disregarding the presence
of potential competing reactions, we further investigated the thermodynamic stability of the
nitridogermanantes, with respect to their synthesis from binary compounds, in analogy to the
existent nitridosilicate series. All compounds should potentially be accessible from synthesis.
The electronic band gaps and Debye temperatures were further calculated for all compounds
showcasing their general suitability for optoelectronic or phosphor materials applications.
In conclusion four novel nitridogermanate materials are predicted by DFT. It is thus, shown
that formal incorporation of Li and Mg into existing Sr5Ge2N6 and Sr3[Li4Ge2N6] might prove
promising towards the experimental discovery of novel nitridogermanates with possible
applications as wide gap semiconductors or phosphor materials.
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