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Introduction 1

1 Introduction

For industry and researclght materials of extraordinary hardness of high interes. Such
materials are challengdd resist mechanical strairHowever, 1 is well knowr that cutting,
grinding, or drilling tasks are solved by diamc¢-studded devices [1,2The ideal physical
properties of diamondsxémed due tthe ancient greek worddamas, meanin“‘proper” or

“unalterable”) ardow weightbeside extraordinary hardned®, corresponding to ttMohs

scale of mineral hardness)igh density, ranging betwn 3.5 to 3.53)/cr [3], electrical

isolation,thermal conductivit (900-2320 W i K™%), wide bandgapresistance to corrosi

and radioactive radiatiorgombined with optical features, such as compled@siparenc

[4,5]. Not only because dfs clearcolorless appearan@and high optical dispersic but also
due to its high durabilitydiamondsare the most popular of all gemsterapplied in jewelry
(Figure 1-1).

Figure 1-1.Rough diamonds [6,7fliamond in brilliant cut8], and colored diamonds][9

The contamination of thextremely rigidstructure with small impuritiesaboutl ppm) results
in colored diamonds (Figure1). Doping leads ta@olor changes to blue oron) [5], yellow

_& K&

result of structure defects [14]. / \
The crystal structure exhibits tetrahedra N

(nitrogen) while othecolored diamondslike green, purple,

pink, orange, black, redyr even brow, are realized as a f

coordinated carbon atoms %) forming an inflexible three- /|
g ¢ )

dimensional structureF{gure 1-2), in contrast to graphite, ‘ \\' v

which is buildup from easily sliding shee The so called .

, Figure 1-2. Crystal structure
diamond-structurespace grouFd3m (no. 227) can be seen digmond 12]. Y (
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as a variation of the cubic fcc-type in which haflthe tetrahedral voids are filled with carbon
[12].

In nature, diamonds are formed in the lithospherantle of the Earth’s crust. More
precisely, diamonds are formed under high-presshigh-temperature conditions in the
cratonic lithosphere in depths estimated betweéhall 190 km up to 300 km of the Earth’s
core [13].

The first successful synthesis of artificial diardenwas performed by General Electric
in 1954, winning the international race againstetiand their Swedish opponent, the ASEA-
team (Allmanna Svenska Elektriska Aktiebolagetar8tg in 1941, General Electric (GE),
Norton, and the Carborundum companies agreed otincory in research on diamond
synthesis. Interrupted by the World War I, expemnts were resumed 10 years later.
However, by forming a high-pressure task forceluding F. P. Bundy, H. M. Strong, and T.
Hall [14], the first commercially access to syntbetiamonds was approached [15,16]. With
the help of a belt apparatus, pressures of 10 GRargeratures of 2000 °C were achieved
[17].

Approximately 130 million carats (26 t) are minedrpyear, to satisfy the global
demand for diamonds. Supporting the industry, 160rmhan-made diamonds are synthesized
annually [18]. In priority, artificial diamonds arased mostly for industrial purposes.
Therefore, high-pressure / high-temperature presssdarting from graphite, are required at
conditions of typically 6 GPa at 1500 °C [19,20]nddher important synthetic strategy for
diamond synthesis is chemical vapor deposition (E\@hemical reaction of active radicals
in a plasma lead to diamonds under low pressurelitons. The reaction is initiated by
ignition via microwaves or lasers [21]. Catalység( Co, Ni, Mn, Cr) simplified the required
synthetic conditions, but the optimization of tlyathetic processes still continues [22].

The successful diamond synthesis pushed developnienhigh-pressure devices
forward. Up to now, three different types of stadress designs are known: The belt press, the
cubic press and the split-sphere presses. The [

apparatus works with an upper and lower anvil, gnes
the load in a cylindrical inner cell. The anvilssal
provide electrical current to the compressed cefl f
heating up the sample.

Cubic or multianvil presses provide isotropid
pressure simultaneously onto all faces of a culagesth

volume [24]. The first multianvil high-pressure i Egiﬂe 1-3.T. Hall with tetrahedral press
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the tetrahedral press, developed by T. Hall, workét four anvils, applying pressure on a
tetrahedrally shaped sample [25] (Figure 1-3). &orincrease of the sample volume, the
design had to be changed as tetrahedral pressestaasily be scaled up to larger volumes.
However, the pressurized volume can be increaseding larger anvils in combination with
increasing force required upon the anvils to achigne same pressure. The alternative way is
a decrease of the surface area of the pressur@edg by using more anvils to converge
upon a different platonic solid, such as an octedredas it is realized in the Walker-type
multianvil apparatus.

Split-spheres are the most efficient pressure d@sviEquipped with a centered
ceramic and cylindrical “synthesis capsule”, thedseices work with an octahedral cavity
which is compressed by eight outer anvils, like gresent Walker-type multianvil high-
pressure device [26]. The sample is placed intailze cof pressure-transmitting material,
compressed by inner tungsten carbide anvils (or /Kard alloy), while the whole setup is
placed in a disc-shaped barrel filled with oil regsurize upon heating.

Due to the great efforts made in developing difierdesigns of press devices, the
benefits achieved in high-pressure / high-tempegathhemistry must not be left unhonored.
Super hard materials, such as nitrides and carbate€/N- and B/C/N-phases doped with
different elements are still in the scientific seagncerning hardness, molecular weight, and
conductivity. Cubic boron nitride, counted as setbardest material after diamond, is widely
known as abrasive [27,28] or can be applied forldig and cutting tools besides
construction purposes, such as rods, step-bedvea@yings, and slider bearings [29]. The
behavior under pressure was theoretically investydased on first-principles method [30].
Starting from amorphous BN (mechanically milled &ganal BN) the phase transformation
into the cubic compound starts at 5.5 GPa and teatppes exceeding 2200 °C or 7.7 GPa
and above 1500 °C, respectively, depending onntreatt with or without HO as catalyst
[31]. When transformed, c-BN shows extraordinargdhass and pressure stability [32,33]. It
can be applied in high-pressure / high-temperathiemistry as reactor for the synthesis of
hard materials [34].

Within the class of super hard materials, McMillanal investigated also borides
which exhibit structures in analogy @rhombohedral boron. Under the applied high-
pressure / high-temperature conditions the compd&gdy .« [35-38] was obtained, using the
Walker-type multianvil technique.

Further investigations offered new synthesis rotwesompounds exceeding the hardness of
c-BN [39]. BGN and BGN are therefore promising materials [40-42]. Nelvelss, working
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groups were able to synthesize BICin a diamond anvil cell (18 GPa, 2480 °C). The
investigation of the physical and structural projsr showed a high hardness ranging
between c-BN and diamond.

Continous research on nitrides led to the compd@tll,”, which is one of the most
intensly studied systems of all. Even thougly-, andy-C3N4 are only theoretically predicted
by Coheret al, the hardness gfC3N, is estimated to be comparable or even exceedatg th
of diamond [43-45]. Therefore, research still conés, although Solozhenlad al recently
stated that efforts in finding harder materialstdéamond might be for naught [46].
Approaches on hard materials still generate neverdiit compounds. High-pressure / high-
temperature synthesis led to the high-pressure

modification }:SisNy4, crystallizing in the cubic spinel-

type structure Kd3m, no. 227) [47,48]. The structure
of the ambient pressure modificatioas and 5-SisN4
consist exclusively of SiNtetrahedra. According to
the pressure coordination rule, the coordination

numbers in high-pressure phases increase under
b

extreme conditionsy-SisN4 exhibits two different |
types of polyhedra, SiNetrahedra besides SHunits

Figure 1-4. Crystal structure of the high-
(Figure 1-4). Although the modification?SisN, pressure modification ofy-SisNs. Green

already plays an important role as ceramic materi[sz:;)]e_-te”ahedra’ vellow:  SiNtetrahedr
the synthesis of the new cubic modification wassa&anal [49].

Investigations showed a considerable hardnesseotubic phase-SisN4, exceeding
that of the polymorpha- andf-SisN4 and even of the hardest oxide (&i€tishovitg¢ known
so far. The theoretical calculations of anotheh¥pgessure polymorph of $8l, became true
when static pressure experiments up to 34 GPa lamck ressures up to 40 GPa led to the

modification ofc-SizN4 [50].

As industry always strives to improve existing
materials, current research in high-pressure chgmis
on nitride-compounds expanded to the field of
phosphorous nitrides. The binary high-pressure
compound pPsNs was synthesized under high- -
pressure / high-temperature conditions of 11 GPa& an
1530 °C [51]. The interesting crystal structure

) ~ Figure 1-5. Crystal structure ofy-
represents a novel structural feature as it compras P;Ns [51].
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three-dimensional network, composed of corner-sigafPN-tetrahedra besides distorted
PNs-square pyramids (Figure 1-5). Theoretical invedians on the structure performed by
Kroll and Schnick predicted a pressure inducedsfaamation at pressures exceeding 43 GPa
of ¥PsNs into the 0-P3Ns modification, which would crystallize in tHeyanitetype structure
(P1, no. 2) [52].

Enlarging the elemental composition in phosphoraugdes, lithium phosphorus
nitrides with the composition of LiPNand L;PN, were synthesized. Due to lithium ion
conductivity found in the compounds, these strieguare highly appreciated for technical
applications [53,54].

Other ternary P-N-compounds were also obtainvgal high-pressure / high-temperature
synthesis. At conditions of 11 GPa and 600 °C,fifs¢ nitridic clathrate [EN4(NH)4(NH3)
could be synthesized by Karaet al, using a multianvil high pressure device [55].
Thermolysis of NHN3 providedin-situ a high N partial pressure and led to nitridophosphates
mixed with BNs. As phosphates are considered as advanced matienighe application as
ionic conductors [56], catalysts in organic syndsef7], or even as NLO-materials [58,59],
research intensified.

In addition to the interesting technical applicaip oxonitridophsphates comprise also
interesting metastable structures only accessial@igh-pressure conditions. The compound
SrPs06Ng could be synthesized by Sedimaetral under high-pressure / high-temperature
conditions of 6 GPa and 920 °C. The highly condéragered structure consists of PN
tetrahedra connected among each otha&rcorner-sharing, exhibiting threefold coordinated
nitrogen atoms [60]. Interestingly, the linkagetloé PON-tetrahedra resulted wierer and
sechserings in analogy to layered silicates, which wagemebserved before.

The parameter pressure was not only useful for

nitrides, phosphorous nitrides, and oxonitrides,dtso to
find access to new high-pressure modifications in
intermetallic phases. At ambient pressure condstion
different rare-earth stannides exist with the cosimm of
REPtSn RE=La- Nd, Sm) [61-66]REPdSn RE= La;
Ce, Pr, Nd) [66], andRENiSn (RE= La - Nd, Sm) [66-
68]. Remarkably, the ZrNiAl structure-type can oy Figure 1-6. TiNiSi crystal structure
found for small rare-earth elements. Heymanral were L7el
able to stabilize the hexagonal ZrNiAl-structur®-{Bl] for large rare-earth ions [72-75],

although the rare-earth compounds crystallize nbbyma the orthorhombic TiNiSi-type
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structure [76] according to their ionic radii (Frgul-6). The parameter pressure enabled the
transformation of the stannide ErAgSn into the AiNitructure, although NP-ErAgSn adopts
the NdPtSb structure-type.

While intermetallic phases are highly appreciated tb their various physical properties and
applications, borates are in the scientific focusng to their NLO qualities. In our working
group, high-pressure chemistry as a tool to exphese scientific fields led to new interesting
compounds with promising properties. The parameteissure allowed the synthesis of
various new crystalline borates with extraordinstryictures and physical properties.

Silicates are known for their multitude of diffetestructures, arranged in isolated and double
tetrahedra, rings, single and double chains, sheetthree dimensional framework. As in
borates B@Q and BQ-units occur, the structural diversity is exceedingigh. The trigonal
BOs- and tetrahedral Bfunits can exist isolated or can be distributedthia structure
arranged in groups, rings, chains, bands, layargntre networks. The BO-units can be
connected among each othé one, two, or three common corners.

Rare-earth oxoborates were in the focus of Huppered Owing to his great efforts
research has led to a plethora of new compoundghesized under high-pressure / high-
temperature conditions. Even the interesting stmattcharacteristic of edge-sharing BO
tetrahedra was found first in the compouisBsO15 (RE= Dy, Ho) [77-79], obtainedia
high-pressure / high-temperature synthesis (8 G&@0 °C).

Due to the scientific success of rare-earth oxdeeraresearch was enlarged into
transition metal and main group metal borates, nigealso in oxofluoroborates.
Extraordinary borate compounds, bearing transitioatal cations were synthesized by
Knyrim during her Ph. D. thesis. The boraedB,0s (M = Zr, Hf) were obtained from
high-pressure / high-temperature synthesis (7.5 GR&O0 °C) resulting in corner-sharing
BO,-tetrahedra interconnected to layers, which werly eeparated by the metal cations
[80,81].

The compositiong-MB,O; (M =Mn, Co, Ni, Cu) was obtained under pressure
conditions of 7.5 GPa and temperatures rangingetvdéen 550 and 1250 °C, respectively.
The crystal structure shows tetrahedrally cooréiddioron, connecteda common corners,
forming three-dimensional networks of B@roups. Interestingly, the structure is isotypmc t
the compoundf-ZnB,O; which was also obtainedia high-pressure / high-temperature
synthesis (10.5 GPa, 1000 °C, multianvil devic&) [8

Further compounds were also obtainedhigh-pressure / high-temperature chemistry,
e.g. MB,0O, (M = Fe, Ni, Cd), op-BaB,O5, or 6-BiB30Os. The high-pressure modificatian
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FeB,0O, was derived from synthetic conditions of 7.5 GRd 4100 °C, in a multianvil high
pressure device. The crystal structure represemly @orner-sharing B@groups,
interconnected tcsechserrings Six of these rings are condensed to borate lajg&3%
Enlarging the composition, the compound HP-)OB was synthesized under high-
pressure / high-temperature conditions of 7.5 GiBRGBO °C. Its crystal structure consists of
distorted tetrahedral B&yroups, which are connected among each otherltirgsin planar
layers [84]. The compound CedB, was obtainedvia high-pressure / high-temperature
synthesis of 7.5 GPa and 1000 °C. The crystal tstreicis built of corner-sharing BO
tetrahedra, linked to layers, formirggchserrings which are interconnected to a three-
dimensional network. High-pressure / high-temperttonditions of 7.5 GPa and 1100 °C
led to thep-modification of BaBO;. The crystal structure revealed isotopy to theamdh
BaBeSi,O; (barylite) [85], as it is composed of corner-sharing B€trahedra,
interconnected to a network.

Beside these interesting new structure, one ofrtbst important borates BiBs was
already known from the literature und highly appated due to its NLO-properties. High-
pressure / high-temperature synthesis of 5.5 GEa820 °C led to the new modification
BiB3Os. The crystal structure shows exclusively cornersiy BQ-tetrahedra, forming
layers, interconnecteda zickzack-chains of B@groups [86].

A new field of borate-chemistry was approached wh&n Haberer started
investigating quaternary oxofluoroborates. Recenttile synthesis of YJBOs).Fo,
Gd,B4011(F,H),, and PsB3O10F was successfully performed under high-pressunelitons
of 7.5 GPa at 1100 °C (¥B0Os3),F) [87], 7.5 GPa at 1100 °C @8,0,1F; [88], and 3 GPa at
800 °C (PsB3O10F) [89], using a Walker-type high-pressure devidéde structure of
Ybs(BOs)2F9 can be described in relation to the gadoliniumritleborates GfBOs).F; and
Gdx(BOs)F; as an alternating layer with the composition “YiB@nd “YbFs”, spreading
into thebc-plane. Chapter 4.3 gives a detailed view overéselts in borates obtained in the

last few years in our working group.
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Figure 1-7.Spectra of LED [90], besides an assemblage of LEL). [

As high-pressure chemistry offers the possibildaysynthesize metastable compounds, new
fields can be explored. Concerning the questiondaily and future life, these compounds
have the potential to advance energy saving teogred such as fuel cells, compact
fluorescent lamps (CFLs) and light emitting diode&Ds), hybrid technology, or electric
motors. In the scope of research are therefore ismgnmaterials for technical applications.

As research continued in the last few years, imgmmnts on luminescence led to new
structures in the field of nitridosilicates, dekvby the HF-furnace technique or under high-
pressure / high-temperature conditions. The workiggpoup of Schnick focuses on
nitridosilicates as these materials are stil in Hogentific scope. Nitridosilicates in the
stoichiometric ratio of $BisNg or SrSpO,N, show outstanding luminescence properties when
doped with E&" [92-96]. As research continued, in the last yas® compounds were
obtained,e.g. SrAISiN7:EU* [97] and SgAls.,Six1MNas,Oz4x : ELFT [98]. As nitridosilicates
show extraordinary luminescence properties, thdiagimn as LED materials is obvious.
Besides different nitridosilicates, other compouads therefore also used. Nitrides are also
important,e.g. gallium nitride enables promising application®,[80], as well as ternary
compounds like InGaN or quaternary nitrides lik&AInN, phosphorous-compounds such as
AlGalnP, or arsenic-compounds as GalnNAs.

Gallium nitride, as basis for high-efficient fc-LEBip-chip light emitting diodes), provides a

combination of reduced operation voltage with lawgtion temperature [101]. Moreover,
GalnNAs-based high-power laser diodes can be usethé pumping of Raman amplifiers as
they show emissions in the range of 1220 to 1240wawelength, and exhibit very low

internal losses of only 0.5 ¢hj102].

Finally, one can say, high-pressure chemistry cosapra diversity of different
chemical fields. Pressure can be successfully egtir the synthesis of super-hard materials

such as diamonds and analogue materials, likedesyi carbides, or borides. Borates,
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containing main group ions, transition metal cagioor rare-earth elements are accessible just
as well as intermetallic compounds.

In this thesis, high-pressure / high-temperatuneestigations on different systems
were performed. First of all, synthesis of cryst&lgallium oxonitrides lay in the focus,
besides exploring the ideal high-pressure / highgterature conditions for a successful
synthesis of ideal gallium oxonitrides. The stapilfield of gallium oxonitrides was
investigated and experiments were performed undeation of pressure, temperature, and
molar ratio of the starting mixture and heatingrsegts, to learn more about formation and
decomposition of the spinel-type material.

In addtition to that, rare-earth gallates were stigated. The question for new rare-earth
gallates derived under high-pressure / high-temperaconditions was another main point in
this work. The field of the rare-earth compoundl$ etlarges, based on interesting properties
and applications.

Investigations on rare-earth compounds enlargetheofield of rare-earth oxoborates.
However, these compounds exhibit interesting stinest and properties, so research under
high-pressure / high-temperature conditions stdhtmues. Based on the versatile new
borates, synthesized in our working group, the ngaal of high-pressure / high-temperature
chemistry is to stabilize new metastable compouads<pand the existing limits of a normal

pressure chemistry to find new interesting advamoatérials.
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2 Experimental Methods

2.1 High-Pressure Multianvil Synthesis

The experiments in this work were performed undeh4pressure / high-temperature
conditions, in 1000t presses applying the multiatechnique. The presses are shown in
Figure 2-1.

Syntheses were performed in modified Walker-typeluhes (all devices from Voggenreiter,
Mainleus, Germany). The pressure conditions in #atip are nearly hydrostatic, as the
pressure is constantly induced to the sample fribsides. A detailed description of the press
construction, pressure, and temperature calibratsowell as sample preparation are given in
the following chapters [2.1.1 - 2.1.8].

Figure 2-1. Frontal view of the old
(left) [109] and new (right) 1000 t
presses.

2.1.1 The Multianvil Technique

The combination of extreme conditions, reasonabgtscfor the experiments and reasonable
large sample volumes at the same time, is realizéfalker-type multianvil synthesis. The
experiments under high-pressure / high-temperatoneitions were performed in a modified
Walker-type multianvil apparatus. This techniquesvegeveloped in 1990 by Walket al
[103,104], improved and modified by Frasttal [105,106]. An upscale to 1000 t was done
with the help of the company Voggenreiter (Mainle@srmany), which allows working with

an almost hydrostatic pressure up to 25 GPa.
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2.1.2 The 1000 t Presses

Both 1000 t high-pressure devices are identicatanstruction, except a few insignificant
details. The high-pressure facilities consist ofddaylic down stoking presses, with a
predefined maximum load of 1000 t, which comesaupQd0 bar oil pressure.

The presses can be divided into three main paitst, Bhe main pressure cylinder (CCR-
10002, Enerpac, Columbus, WI, USA, for the old nipdkee new model works with

equipment of Voggenreiter, Mainleus, Germany), sdbg the regulation cylinder with a
worm gear screw jack driven by a servomotor, ard, laf the main engine with the oil

reservoir (Figure 2-2).

Regulation Cylinder —»

I Worm Gear
Screw Jack

II servomotor ——— | (0

111 Main Engine
L] e|e L]
L] L L]

Qil Reservoir —»

Figure 2-2.Schematic view of the 1000 t press with the hydcautit. I: Worm gear screw jackl: Servomotor
for pressure regulatiomll: Main hydraulic unit and oil reservoir [109].

Figure 2-2 shows the old press with a systematscrijgion of the different parts. The main
valve for the main pressure cylinder and the loakes for the regulation cylinder are placed
under the top covering above the top plate. Figi#® presents the valves and oil pipes,
besides the diagram of the oil circuit used inghess. The diagram separates the three main
pressure parts by a red line.

Before an experiment is started, the Walker-typedul® is centered underneath the main

pressure cylinder. Between the cylinder and theutea remaining small gap of about 1 cm
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has to be closed when the pressure program isedtafthe ram is driven fast within
10 seconds onto the top plate of the module.

i 10000 m
Lo @ 7 Worm Gear Screw Jack
Main Pressure ¥ = la T and Regulation Cylinder
Cylinder I T i %
=
Main Valve _? Lock Valves ————» ﬂ]m } Servomotor
==

1|
==

Sleénng Valves

— ol

L

—H—]
o=
o
Py
B
@
2
g

Figure 2-3. Left: Hydraulic valves and oil pipes on the top platehaf 1000 t presRight: Qil circuit diagram
of the press, divided into the main parts [109].

Induction switches (see Figure 2-4) control thedang of the press cylinder onto the top
plate. A hard put down is avoided, by controllimglatopping the driving ram just before the
distance piece touches the top of the module. Afterpress is closed, the main segment of
the program is started. The servomotor regulates @mtrols the oll
pressure in the main cylinder by moving the worrarg&rew jack into the
outer regulation cylinder (Figure 2-2, Part ). Tadjustment of the oil
pressure is more precisely carried out by the seotor than with the help
of the main engine. After reaching an oil pressofel4 bar, which

corresponds to a load of 19.5t, the predetermpredsure protocol was

started. In this segment, all gaps in the assembhg closed, (more details
are available in chapter 2.1.1). i'zoigure Z-g\}\:i?:r?gs

A technical limit for an increasement of the pressis a maximum [109].
compression rate of 1 bar per minute, which coordp to a load of 86 t per hour, while the
pressure release (decompression period) takeddhttelee time (86 t/ 3 h).

The controlling of the main engine, servomotor, #mel valves was formerly executed by a
PLC unit (Rogrammable _hgic Controller (SPS_eicherpogrammierbare_t8uerung))
(Simatic S7-300, Siemens AG, Germany) equipped witlerial RS232C interface. Essential
information about the experimental profile was ampbshed by a second control unit
(Windows PC), for transferring the pressure ramgpghe PLC device, reading the actual
system pressure and inspecting all actions withRb€ unit, while the new version of the

press program is only controlled by the PC, with@@econdary control unit. To control the
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actual run, the programs RBSSCONTROL I” and “PRESSCONTROL II” [107,108] were
developed and programmed with Visual C++ (Microsfaft communication, monitoring, and
calibration of the 1000t press and the adjustedltiing unit. The program controls the
experiments, reports about malfunctions, or recongasurements and is used for pressure
and temperature calibration experiments. In Fig2#® the graphical working surface is
shown.

For a successful program run, experimental parasieddd setups must be entered,
information about the assembly sizxy( 18/11, 14/8), type of the furnace material (gragph

or lanthanum chromite), and in detail the exactihgand pressure ramps.

Pocametoioingabe - HHH34T po 5 1060 Tonnen Hochdckpresse ——— |
. -~ B — Dalei Presse Heinung |
i N
& ey AR, € choeFible - .
CUB | | Lesho Druck: 9.2 bar 13.1 Tonnen
3 | CLaoo3 | O Kenm 210
Segment Druck Zeit Heizleistung =
1 o . r
2 B B u
O o e — 4
6 R 2
1 | B N r
] i § B
2 I §F N
10 - . - Segment Zeit : 751 min
1 I N N
. ;: ,': (': Temperatur: 22 °C sk LI
14 . . — 32
e .
16 I ¥ N
1 | N N
13 | N B P
T /!
Programmeyp
& Volautomatisch
s Programm
_Fotn || Sonkben| _sthme | 0% Heizleistung Segment 2-5 Zeit : 30 min

Figure 2-5.Graphical surface of the programrRIEssconTroU" [107].
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i Hochdruckpresse = e : =laix|

Programm  Presse  Heizung Ende

E
B

i Programmstart:
i Mittwoch, 23, September 2009 17:32:59

‘ Programmende:
‘ Donnerstag, 24. September 2009 06:57:59

[Restzeit: 00:00:00

i Beginn der Heizphase:
i Mittwoch, 23 September 2003 20:32:53

|Druck: 0,0 Bar ‘Heizleistung: 0.0 %
Druck  Zeit Heizleistung

209 180 [Presskraft: 0,0 Tonnen ‘Temperatur: 1768 °C
209 15 2 |

203 10 %
209 60 2
g 540

Figure 2-6.Graphical surface of the programrRiEssconTroUI* [108].

The program distinguishes between a temperaturgati@a heatingvia a thermocouplee(g.
Pt-Pg/Rhi3 or WsRey-W2sRe;s) or the predetermined power / temperature caldmaturves.
The curves are determined for the correspondingnalsly in dependence of the applied
pressure. The synthesis temperature is limitechbyapplied furnace material (graphite up to
1400 °C; LaCrQup to 2700 °C).

Besides the experimental setup, the pressure antethperature ramps have to be defined,
including intended times for each step, given imutes. The pressure ramp consists of three
main parts, the compression, up to the designatedspre, given as oil pressure in
correspondence for the intended load, the holdegment, in which the heating proceeds,
followed by the decompression period down to anmtbjpeassure. The heating is also divided
into several heating segments: increase of thedemyre, the static dwell, a tempering phase,
and quenching or a slow cooling phase down to rtmperature.

After entering the experimental details, the progravas saved and the pressure and
temperature ramps are displayed on the screenr@236).

Starting the press is accomplishad the task line of the program, by sending the patars

to the PC. During the experiment, the actual agispure and temperature is displayed on the
screen (Figure 2-5). The implementation of secuutyctions in case of a sudden pressure
loss in the assembly (blow-out) stops the progrine experiment is automatically cancelled

and the decompression segment is initiated, foltblayethe press opening.
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2.1.3 The Walker-type Module

To realise high pressures and high temperaturesombination with a relatively high
experimental volume at the same time, probablybist setup is the high-pressure system
developed by Walkeet al [103] in 1990. The here applied press setup setbeon the
multianvil-apparatus, connecting the advantagea akarly hydrostatic pressure, combined
with large sample volumes at reasonable costs.ryacement of the Walker-type technique

was done by Froset al [105] in 1998 at the ;I—‘_I

Bayerisches Geoinstitut (Bayreuth, Germany)
B

followed by a scale-up to a maximum load of 1000 t

which was fabricated by the company Voggenreite

(Mainleus, Germany).

Figure 2-7 demonstrates the schematic setup of the

module. Six tool steel wedges (C1-6; outer anvirigure 2-7. Schematic setup of t
including eight tungsten carbide cubes (D; inryé/ialker'type module [109].
anvils), besides the centered octahedral pressedéum (highlighted in red) are positioned in
the containment ring, which is made of hardened wtteel (B; module). The latter is
surrounded by a safety ring (A; module). The logdihthe module is accomplished through
pressure-distribution plates on top and bottomhef inodule (E). For security reasons, the
stability range of the containment ring (HSM, 1.234&. =52, 17.8 cm (inner diameter),
33.8 cm (outer diameter), total height 19.4 cm) a&hel surrounding safety ring (HOver,
1.4541, 33.8cm (inner diameter), 37.8 cm (outeanditer) total height 19.4 cm) are
dimensioned with a factor of 2.5, which means thatmodule holds a load of 2500 t without
any failure [109].

The applied material for the wedges is tool stétbNI, 1.3343) hardened to.R 62 and
exhibits a square face with the dimensions of g1x®&.0 cm (for 32.0 mm tungsten carbide
cubes), with an angle of 35°26’ to the axis ofitin@dule. The lowest corner of the square face
has a distance of 2.0 cm from the basis. FiguregR«8s a view of one of the 98.0 mm high
wedges with the square face in front and wiringncleds on both sides. The three assembled
wedges fit perfectly into the 17.8 cm diameter ragtical cavity of the containment ring,
while a small gap of approximately 1 mm remainbeatween. Figure 2-9 shows a photograph
of the massive containment ring surrounded by #ifetyg ring, which incorporates three

wedges with wiring ports.
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Figure 2-8.Single tool steel wedge with Figure 2-9.Containment ring with three

wiring channels for calibration [109]. wedges [109].
The containment ring is covered by two pressureidigion plates at its top and bottom
(37.8 cm in diameter, 3.9 cm thickness). Theseeplare made from an aluminium alloy
(Alimex, AMP 8000, Willich, Germany) except thesad part in the middle of the plate. This
part contacts directly the wedges, and is theredabestituted by tool steel (Hover, 1.4548.4)
to avoid deformations of the plate. Both, top aonttdm distribution plates comprise cooling
spirals for a water cooling system, during the imgasegment. Figure 2-10 (left) shows the

spiral cooling lines applied into the pressurerihstion plates, and sealed by the tool steel
plates (Figure 2-10 (right)).

Figure 2-10.Left: Cooling spiral inside  Right: Pressure distribution plates (left: bottom plaight: top
the pressure distribution plate [109]. plate)qiL

In addition to that, several tunnels and shaftsaalded to the pressure-distribution plates as

well as to the six wedges, which are necessarypfiessure and temperature calibration or
monitoring of experiments.
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2.1.1 The Preparation of the High-pressure Experiment

The Walker-type multianvil module (section 2.1.3prks with six wedges compressing a
cubic arrangement of eight inner anvils. The inaawils consist of equilateral tungsten
carbide cubes, with an edge length of 32 mm antt&ted corners shaped to triangular faces.
An octahedral cavity is generated by arrangingetight cubes to a big cube and facing the
truncated corners to the center of an octahedralyaihe pressure cell is located in this
octahedral space. The existing different assemhbheslefined by their octahedral edge length
(OEL) and truncation edge length (TEL) of the cep@nding tungsten carbide cubes. For
instance, an 18/11-assembly describes an octahadtloan edge length of 18 mm, whereas
the eight tungsten carbide cubes exhibit truncateshgular faces with an edge length of
11 mm. In this work mainly 18/11- and 14/8-asses¥lvere used. Furthermore for higher
pressures than 13 GPa a 10/5-assembly can be sisemhatter of routine.

The achievable maximum pressure and maximum of lsavgume are both determined and
limited by the size of the octahedron. These valimsye typically from ~35 miat a
maximum pressure of 10 GPa (18/11), ~9hama maximum pressure of 13 GPa (14/8), and
~4 mnT at a maximum pressure of 16 GPa (10/5-assembly).

As pressure transmitting medium MgO-octahedra, giméfated, sintered, and doped with
5 % magnesium chromite (Ceramic Subtrates & Compsnktd.; Newport, Isle of Wight)
are applied.

Table 2-1 shows the utilized different MgO-octalzednd tungsten carbide cubes, displaying
the different sizes with octahedral edge lengthl®mm (left), 14 mm (middle) and the
10 mm-assembly (right). The edge lengths of thadated tungsten carbide cubes are also

shown in Table 2-1. The limits of sample volumedach experiment are also given.
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Table 2-1. The three differentassemblies, showing thsizes of tungstercarbide cubes (mm) with tt
corresponding octahedral pressure me, listing the maximum achievable pressurB3q].

Assembly Sizes
18/11 14/8 10/5

18 mm OEL 14 mm OEL 10nm OEL

11 mm TEL 8 mm TEL 5mm TEL

max. Synthesis pressure

10 GPa, 100 kbe 13 GPa, 130 kbar 16 GPa, 160 kb

Sample volume

ca. 35 mm ca. 9 mm ca. 4 mm
ca. 30 - 50 mg ca. 20-30 mg ca. 1015 mc

S °1 13%‘

abcdefghchb a

Figure 2-11.Survey of the assembly parts; a: MgO rings, b-plates, c: MgQplates, d: zirconia sleey e:
long graphite tube, f: shographite tube, g:-BN crucible, h: h-BN plate [109].

The different parts foassemblysetup are shown in Figure 2-1A hole is drilled into the

octahedra along i3 axisfrom face to faceto put in the sample.
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The sample is positioned into a hexagonal borondeitcrucible (Henze BNP GmbH,
HeBoSinf S10, Kempten, Germany) (g) while filled and closéth a hex. BN plate (h) and
centered in the octahedron. An advantage of theildeumaterial is the chemical inertness
under high-pressure / high-temperature conditidssvertheless, some materials will still
react with the crucible material depending on thengical system and especially the applied
synthesis conditions. Beside BN, the applicatiordifferent capsule materials like copper,
molybdenum, platinum, or gold are also possibletelHér samples in the In-O-N-system,
copper crucibles, fitting into the BN-crucible wetsed for the syntheses, beside Mo-
crucibles in some Ga-O-N syntheses.

Sample heating is realized by cylindrical graphiides (RW 403, SGL Carbon, Bonn,
Germany) (e) surrounding the h-BN capsule usedeastance furnaces. Graphite has a
natural limit for its application under high-pressu high-temperature conditions. It can be
used as heating material without check its functigm to pressures of 10 GPa and
temperatures of 1500 °C. Increasing the pressudetlaa temperature the material starts to
convert to diamond and its performance of a restgdurnace collapses. As an alternative,
LaCrO; (Cherry-O, Amagasaki-City, Japan) or tantalum f@igma Aldrich, Munich,
Germany) can be used to heat up the sample. Wadketmaterials, temperatures up to
2727 °C can be generated. The thermal gradiengalom sample length is reduced by two
telescoped furnaces, with a stepped wall thickfgs8]. The crucible is centered inside the
furnaces using MgO-plates (Magnorite MN399CX, S&wbain Industrial Ceramics,
Worcester, MA, USA) (c) at the bottom and the téphe furnaces. Thermal isolation of the
octahedra is realized by a zirconia sleeve (d) d@er Substrates & Components Ltd.,
Newport, Isle of Wight) surrounding the inner asbt&ge. The electric contact to the furnace
is assured by two molybdenum plates (Mo007905, @dlodv, Bad Nauheim, Germany) (b)
at the top and the bottom, fitting into the MgOgsn(a). For experiments performed under
less extreme conditions, longer zirconia sleeveshmE applied instead of MgO-rings. Then
the Mo-plates are directly positioned into the gedrigure 212 and Figure -3 show the
dimensions of the described pieces of the 18/181 BY8-assembly, used in this thesis.
Further information can be found in Ref. [109,11P]1
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I 18M/11TEL Graphite Assembly for Precast Octahedra (T,,.. = 1500°C) I
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Figure 2-12.Dimensions (mm) of the pieces used for the 18/Ekmbly (precastable MgO-octahedron,
pyrophillite gaskets) [109].

14M/8TEL Graphite Assembly for Precast Octahedra (T,., = 1500°C)
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Figure 2-13.Dimensions (mm) of the pieces used for the 14/8rabty (precastable MgO-octahedron,
pyrophyllite gaskets) [109].
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The applied parts of the assembly, like h-BN, griaptand MgO pieces were manufactured
using a lathe (Opti D480, Collrep GmbH, Maintal,r@any). After insertion of the pieces
into the octahedron, the eight tungsten carbideesulire arranged around it as seen
schematically in Figure 2-14 (left). To guaranteesgure increasement, the octahedral cavity
has to be sealed. The triangular faces of the atedccubes fit onto the faces of the
octahedron, kept on distang&a pyrophyllite gaskets. In Figure 2-14, four tungstarbide
cubes are shown bearing the half octahedral cavithe center of it. On the left side, the

schematic setup is shown, beside the completed ¢higure 2-14, right).

Figure 2-14.Insertion of the octahedron into the eight tungstanide cubes (inner anvils) [66,109].

Figure 2-15 demonstrates the setup for the pyrdipdhgaskets on the tungsten carbide cubes.
Four cubes are applied with gaskets, one supplidd tiwee short and no long gaskets, the
next with two short and one long gasket, a thiré anth a short and two long gaskets and
finally one cube with no short and three long géskas shown in Figure 2-15.

The gaskets are mounted and fixed parallel to dge ef the cubes with small dots of instant
adhesive (UHU GmbH & Co. KG, Buhl, Germany; Ropi@i01l 150, and 200, Conrad,
Hirschau, Germany). An important advice is, to tiee adhesive as scarcely as possible for
fixing the gaskets, as it can react as lubricarglavated temperatures. Behind the gaskets,
cardboards (Bristol cardboard, 369 g% are fixed by instant adhesive to inhibit the gask
from sliding when pressure is applied.

Furthermore, one half of the cubes are covered gagkets and cardboards, the other
half has to be laminated with PTFE-tape (SKAP Bichler & Grinwald GmbH, L6chgau,
Germany; Vitaflon, Bad Kreuznach, Germany; AmmenrflDiessen a. Ammersee, Germany).
The function of the PTFE-foil lies in fixing the gjeet on its designated position, inhibiting

the extruding of the crushed gaskets.
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Figure 2-15.Arrangement of the pyrophyllite gaskets on fourgsten carbide cubes [66].

Quality, technical specifications, and suitabildthe tungsten carbide cubes used as inner
anvils are highly variable depending on the proucof different manufactures [113]. At the
moment, the best material in quality, concernirapiiity and lifetime, are cubes of Toshiba
grade “F” (Langenfels, Germany), Kennametal “THM;UTHM-F" (Mistelgau, Germany),
and Ceratizit “TSM-10" and “TSM-20" (Reutte, Aust)i

For this work, the following sorts of cubes werelegd: “THM-U”, “THM-F’and Ceratizit
“TSM-10" and “TSM-20". The stabilization of the assbled cubes is realized by fixed
epoxy-pads of fiber-glass reinforced (Type 2372Menzel & Seyfried, Grdbenzell,
Germany), thickness of 0.8 mm (Figure 2-15, left).

Moreover, the top and bottom plate of the assemtilibe are prepared with incisions,
wherein thin copper stripes (1.5 cm x 3.0 cm, theds 0.2 mm) are positioned. The flow of
the electrical current is ensured by the contatteecopper pads, leading from the pressure-
distribution plates to the wedges and furthier copper pads to the tungsten carbide cubes.
The molybdenum plates in the octahedron contactctliees directly. Finally, the cube is
completed and ready for the experiment, and cams$erted into the nest of wedges, as

shown in Figure 2-16.

Figure 2-16.Schematic illustration of the assemblage of thelainvthe Walker-type module [109].
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Figure 2-17.lllustration of the assemblage of the anvils in\itialker-type module [109].

In Figure 2-17 the schematic loading of the Wallkkgye module is shown. Before loading the
module with the wedges and the cube, two layeBE¥-foil (BO-PET IA, D-K Kunststoff-
Folien GmbH, Dessau, Germany) (thickness 0.75 mie)nserted, to isolate the containment
ring from the wedges. Another aspect is the filloighe gap (0.125 mm) between the wedges
and the containment ring. Therefore, one large Bladet covers the complete inner part and
isolates also the top, by sticking ca. 1.5 cm duhe containment ring. The outer surface of
the foil is covered with PTFE-spray, to cling itttte module. The inner small sheets of the
foil cover the outer part of the wedges, also agdhdyry small amounts of PTFE-spray. The
foils fulfil the function of an isolator for the wlges and the module, besides acting as
lubricant, to allow movements of the wedges.

The experiment can be started, when the modulosed by the top distribution plate, and
positioned under the hydraulic ram. For succedséalting, connection to the water cooling

system must be guaranteed.

2.1.2 Recovering of the Sample

After the decompression protocol, the Walker-typedoie is removed from the hydraulic

ram to the preparation plate. When the top pressurg

distribution plate is lifted, the module can be
unpacked. The upper three wedges are removed,
the cube which comprises the eight inner cubiclanvi
and contains the octahedron, are carefully raisgai
the nest.

Figure 2-18 gives a view of the opened cube after a

Figure 2-18 Cube of inner anvils open

successful experiment, revealing the octahedafter a high-pressure / higamperatur
- . experiment [66].
containing the sample. The function of the cardbpar

PTFE-tape and gaskets is clearly demonstrated, vimencubes are carefully removed to
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reveal the centered octahedron. The recovered exdtai is broken apart with the help of a
center punch and a hammer. Finally, the surroungmaghite furnaces and the boron nitride
crucible are removed to obtain the sample. Nevksse if the sample material showed
reactions with the boron nitride crucible, a sunoing part of different color and hardness
around the “real” sample can be found. Figure Zhéw typical crucibles containing the

samples.

Figure 2-19.Typical BN crucibles containing the imbedded sangdter the experiment.eft: borate sample,
Right: intermetallic phase [66].

2.1.3 Experimental Dangers and Problems

Due to the robustness of the two Walker-type majuleth containment rings scaled up to a
2.5-fold stability (up to a maximal load of 2500 tiere exists no reason for experimental
dangers with regard to ruptures. Neverthelessnduhie heating period of an experiment, ear
protectors are required owing to the risk of a law(spontaneous loss of pressure in the
assembly,eg. after a gasket failure, in combination with an P

explosion noise due to the reassembling of the e®dg |
Figure 2-20 shows an octahedron after a blowouseéond danger

is caused by the eight tungsten carbide anvil cubggecially when

the experiment needs extended high-pressure /teigpherature

conditions, the cubes can build up inner tensidhgse tensions are Figure ~ 2-20.  Octa-
hedron after blow-out

the reason for cracks or even explosive destrustiomder normal [109].

pressure conditions (Figure 2-21). Therefore, inéxessary to keep used cubes under a

shield, to protect the environment from explositeeds and wear goggles while working

with them.
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Figure 2-21.Cracked and destroyed tungsten carbide cubes.

2.1.4 Pressure Calibration

The program “ReEsscoONTROLII" [107] provides an application for automatic egsure
calibration. As pressure calibration is basic fapeatability and reproducibility of
experiments and results.

Due to the multitude of factors which are colluding 4||__—
a multianvil setup, calibration of the exact pressinside a
sample is required and essential. Pressure indptede
transformations of well-known systems are the bésisit.
These results are established from investigationdiamond @

anvil cells (DAC), when actual pressure changesdatected

by the shift of the fluorescence lines of ruby, efhis added Figure 2-23.Circuit for calibration

with bismuth.
to the sample as reference.
For press calibration, changes in the electricstasce are investigated due to phase
transitions caused by the applied pressure. Typidal and ZnTe are used for pressure
calibration, based on the well-established phaagsitions up
to pressures of 13 GPa. A constant current flowugh the
octahedron, and therefore through the bismuth piece
ensured. The shift in the electric resistance ahuse the

phase transformation is very small. Therefore dietecis

enabled,via electrical amplification. Figure 2-23 shows the
schematic circuit for the pressure calibration besmuth, figure 2-22. Schematic octahedr
. . . . for bismuth calibration [109].
carried outvia measuring the resistance change due to uic
phase transformation.
The phase transition of Bi belongs to the bestistlidt all and starts at 2.55 GPa (I-11), when

phase | transforms into phase II. At 3.15 GPatiesition IlI-1ll occurs and finally at 7.7 GPa
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a last structural change starting from phase liphase V is caused [114-125]. Figure 2-24
shows a typical diagram of the relative resistaatd@i for a 14/8 assembly (precastable
assemblage) in correlation with applied oil pressiiihe three phase transformations of Bi are
identificable as sharp changes in resistance, alyshase transitions of I-Il, lI-1ll, and 1lI-V.
The first structural change starts from rhombohlel (isostructural ton-As) to monoclinic
Bi-11, transforming into Bi-1ll, composed of a tagonal host structure and an interpenetrating
guest component, incommensurate with the host [IB6teasing the pressure, leads to the
cubic body-centered Bi-V phase at 7.7 GPa.

ZnTe shows a semiconductor to metal transitionat@t by applying high-pressure (6 GPa —
anomaly —, LPP-HPP1 at 9.6 GPa, and HPP1-HPP2.4t@Pa) [126-129] followed by
phase transformations.

The preparation of a Bi calibration experiment takeveral different steps. First a
hole was drilled along th& axis of the octahedral pressure medium (diame#emmn), then
stuffed with a cylindrical piece of Bi metal (lelhgta. 3.8 mm). The remaining space on top
and bottom of the Bi piece was filled with coppérctrodes to complete with either side of
the octahedron. Both copper electrodes were prdwwigh Cu wires, wrapped by another
fine, curled Cu wire, to assure electrical commation between the bismuth and the
resistance measuring circuit outside the press. Sdeematic octahedron prepared for a

calibration experiment is shown in Figure 2-22.
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Figure 2-24.Relative resistance diagram of bismuth in depenglenthe ram oil pressure (14/8 assembly).

For pressure calibration with ZnTe (99.998 %, Affesar), fine powders were filled in the
centered borehole of an octahedron (thickness mm9dameter 1.6 mm). As the resistance of
ZnTe (semiconductor) is larger compared to thestaste of bismuth, the build-up is
simplified. It requires only the filling of the bethole in the octahedron with the ZnTe
powder. Figure 2-25 shows the resistance chang&e™é, (phase transformations at 6, 9.6,
and 12 GPa) in correlation with the applied hydaail pressure.

The anomaly at an applied pressure of approxim&@eBPa results from a change in the
bandgap of the zinc blende structured ZnTe, folbbwsy a phase transformation to a
semiconducting cinnabar-type phase at approxim&é&lycPa [128,129]. The last resistance
change at ~12 GPa is caused by the transitionnetallic orthorhombic phas€cm no.
63), which is related to a distorted rock saltctee [130].
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Figure 2-25.Typical relative resistance diagram of ZnTe defrandn the ram oil pressure (14/8 assembly).

Other systems which can be used for pressure aabhs are the metals cerium (phase
transition at 0.77 GPa [131-133]), besides thallijohase transition at 3.65 GPa [134]) and
barium (phase transition at 5.5 GPa [135-137]). &nG&seful for the calibration of pressures
up to 15.5 GPa, required for experiments performmethe smallest assembly setup (10/5)
[138-142].
In Figure 2-26 the pressure calibration curves tfer 18/11, 14/8, and the 10/5-

assembly are shown. In dependence on the appless pwad, the resulting pressures for the
three different assemblies are shown. Furthermtre, discrepancies between the two

calibration materials (Bi and ZnTe) are also given.
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Pressure [GPa]

0 50 100 150 200 250 300 350 400 450 500

Load [t]

mBi1 18/11 Precast ® Bi2 18/11 Precast « Bi1 14/8 Precast = Bi2 14/8 Precast 4 Bi3 14/8 Precast * Bi4 14/8 Precast = ZnTe1 14/8 Precast
uZnTe1 10/5 Precast mBi1 10/5Precast = Bi2 10/5Precast = ZnTe2 10/5 Precast » ZnTe2 14/8 Precast » ZnTe3 14/8 Precast

Figure 2-26.Pressure calibration curves for the 18/11, 14/d,tha 10/5-assembly [109].

2.1.5 Temperature Calibration

Reproducible experiments require an exact knowledfethe applied pressure and
temperature. For temperature calibration, thermplesuare used. Figure 2-27 (left) shows
the thermocouple with copper coil and Mo-ring whidn be inserted perpendicular to the
heater or along the axis as shown in Figure 2-&htjt The thermocouple is directly
connected to an Eurotherm 2404 temperature coatr@limburg a. d. Lahn, Germany).

The material used as thermocouple was BRPt; for temperatures up to 1500 °C besides
W3Re7-WasRers for temperature calibration above 1500 °C (SPPQ;08P13RH-010,
W3W25-010, Newport Omega, Deckenpfronn, Germany).

Figure 2-27. Left: Thermocouple with copper caoils,
alumina sleeves, and molybdenum rinBight: N\ 7
MgO-octahedron  prepared for  temperature )

calibration with inserted thermocouple [109]. “

The preparation of a temperature calibration expeni differs from the usual assembly
setup. The insertion of the thermocouple into thgQvbctahedron requires the replacement

of the MgO and Mo-plate at one side of the octatvedry corresponding rings, to put in the
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wiring of the thermocouple. The use of a thermot®up combination with a sample is also
possible, when measured along the heater axisthigubffers a source of uncertainty, due to
the thermal gradient existing primarily along theemple axis. As the temperature is not
measured directly in the sample, the actual tentyperaxceeds the

measured result. Another uncertainty and deviatimmcerning the |
precision of measurements result from the presetfect on the ,—»‘é/ :
thermocouple electromotive force (emf) [143], whican not be e s il
interpreted up to now. Therefore, the recorded wFatpres are Figl;e 2.25. Prepared
always affected by several effects. Diagrams of theorded octahedron for the
temperatures in correlation to the applied heatnogver were temperature calibration.
established for every assembly at different pressgrg. 18/11-assembly, at 3 - 9 GPa). As a
result of the different influences affecting thenfeerature during an experiment, the actual
synthesis temperature varies in a roughly estiméetperature range (x 50 °C), without
fitting a thermocouple in every applied assembly.

There exists another method for measuring the teatyre inside the sample (Figure 2-28).
Preparation requires an assembly in the normapséitut instead of a BN nitride crucible a
solid BN cylinder is used. After assemblage, a heldrilled from edge to edge through the
octahedron (see Figure 2-29) (diameter 0.8 - 0.9 rfun Pt-Pg/Rh 3 thermocouple, 1.0-
1.1 mm for WRey~W2sRes5 thermocouple) and the thermocouple wires are cedhter the
octahedron, contacted ideally in the middle ofBiNesolid body (Figure 2-29).

The outer arrangements are in accordance to the

normal assembly (detailed information in chapter
2.1.1). This bears the big advantage of comparable
results to experimental use, in combination with a
simplified assemblage.
Figure 2-30 gives a view of a typical temperature
calibration curve (for an 18/11-assembly), showtimg
Figure 2-29. Schematic view of tt
heating pressure in dependence of the temperatae assembly for temperature calibration.
given heating power. The heating capacity is giweb, in correlation to a maximum of

3000 W.
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Figure 2-30. Temperature calibration curves measured at diffgpezssures (3.0, 6.0 and 9.0 GPa) for 18/11-
assembly.
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3 Analytical Methods

3.1 X-Ray Diffraction

X-Ray powder diffraction enhanced phase analysterdhination of crystal parameters, and
reaction- and product-control. Structure deternmdmatvas accomplished by single crystal X-

ray diffraction.

3.1.1 Basic Principles of X-Ray Diffraction

Diffraction phenomena can be observed, when théezppadiation ranges in the same order
of magnitude as the interplanar spacing of thécki0.03-0.05 nm) [144-146]. The suitable
radiation is X-rays, preferable & (1 = 154.18 pm) and M€,; (A = 71.073 pm) for powder
measurements. For single crystal X-ray diffractidloK,; (4 =71.073 pm) radiation is
applied. Dispersion of the X-rays is caused bypéeodically arranged atoms or ions in the
three dimensional diffraction grating. To achiewanstructive interference, the retardation
between two waves must be an integer multiple & wavelength. Due to the three
dimensional periodicities in a crystal the dispdrseaves show angle intensity maxima
resulting in sharp reflections. A description ofstiphenomenon can be found in the three
Laue-equations Eq. 3-1, which all have to be figifilto observe a reflection.

acosp, +acosvy, = A

b cosy, + acosv,=mp A

CCOS| + acosve =g A (3-1)

a, b, c: lattice period (x-, y-, z-direction)
Has Lo, Me: @ngle of incidence

Va Vi, V¢ diffraction angle
n,, Ny, ng: diffraction order

The atoms or ions can be assigned as parts afdgitanes. As a result of periodicity, there
exists a family of parallel planes to every latqdane. The Bragg equation Eq. 3-2 describes
the diffraction of X-rays as a partial reflectican@le of incidence = diffraction angle) of the
waves at the lattice planes of a crystal, whiclobg$ to the same family.
2 dhkl sin O = NA
(3-2)
dhy: interplanar spacing
Onk: angle of incidence (= diffraction angle)

n: diffraction order
. wavelengt|
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A correlation of the interplanar spacidg, of the lattice planes belongs to the same family
with the diffraction angl®y (Figure 3-1).

Figure 3-1.Reflection of X-rays of two lattice planes, fronetsame family.dq = interplanar spacing).

For X-rays, the total intensitieggl of the scattered beam, is proportional to the jo&the

structure amplitude, considering several corredsoms during data reduction Eq. 3-3.

Iy O LIP I:l]:hkl|2
(3-3)

(L = Lorentz factorP = polarization factork-, = structure amplitude)

The interaction of X-rays with the electron shédltlee corresponding atoms and ions result in
reflections of specific intensity, as it dependstio® number of electrons and therefore on the
chemical element. The scattered total intensltig€£qg. 3-4 are in proportion with the square

of the structure amplitude, taking into accountesal/correction terms during data reduction.

271 (hx: +ky; +z;
Frao= . £, i) (3-4)
j

The structure amplitudénq depends on the atom position as well as on itsesoay factorf;.
Therefore, a summation over all atoyms a cell is allowed according to Eq. 3-5.

1 —271i (hx+ky+lz
pxyz = _Z |:hkl [ (eior) (3-5)
\ hkl

X;, ¥, Z: atomic positions

From Eq. 3-3 it can be seen th&k is directly proportional to the total intensitigg. If the
structure factors are known in the modulus and g@htge atomic positions are definitely
determinable. According to Eq. 3-4 the electronsitgrfunctionp,y, and therefore the crystal

structure can finally be calculated by a Fouriargformation ofy.
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As a result of Eg. 3-3, only the moduli Bfy can be obtained from the diffraction intensity
data, though the corresponding phase informatiolegs (crystallographic phase problem).
The problem of identifying the atomic positionsarihg only from Fn|, can be solved by
means of thdirect methodsor thePatterson methogil47,148]. Optimization of the model
on full-matrix least squares d¥f lead to the data refinement. Additional atomsamsigned
to residual peaks by difference Fourier synthesith van associated refinement of the

electronic density until no significant residuabgegemains.

3.1.2 Powder Diffractometric Methods

For identification of the synthesized samples X-pmyvder diffraction was used. Required
crystal parameters could be obtained by deternaindtom powder measurements.

For powder diffractometry at®e Stadi P diffractometer (®€ & Cie, Darmstadt, Germany)
was applied. The ®E Stadi P diffractometer is constructed in focussypegmetry using a
Ge(111)-monochromatized &y (4 = 154.18 pm) and M€, (4 = 71.073 pm) radiation.

Most samples were measured in transmission geomelile placing the powdered sample
between two thin acetate films. Moisture or airsseve samples were prepared under argon
atmosphere in a glove box (MBraun, MB150-Gl and lWabi, G <1 ppm, HO <1 ppm,
Garching) and measured in Debye-Scherrer geometrg iglass capillary (Hilgenberg,
Malsfeld, Germany,). The intensities were collecksda PSD (psition ®nsitive _gtector)

with an opening angle ofv2=5 °.

3.1.2.1 High-Temperature Powder Diffractometry

High-temperature programmaealsitu powder diffractograms were measured ormaeSStadi

P diffractometer (80E & Cie, Darmstadt, Germany) with Ge(111)-monochrtreal Md<,;

(A =71.073 pm) radiation. The temperature was indueégh a computer controlledT8e
furnace. The measurements were performed in Debler&r geometry (silica glass
capillary, Hilgenberg, Malsfeld, Germany40.1-0.5 mm). An electrical heated graphite
tube held the sample vertical with respect to ttedtsring plane. Holes in the graphite tube
permitted unobstructed pathway for the primary beasnwell as for the scattered radiation.
The temperature was controlled by a thermocoupie kapt constant within 0.2 degrees. The
samples were heated up to 1100 °C starting at rtenperature in steps of 50 °C. The

heating rate was set to 50 °C / min, while measargnstarted directly after reaching the
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designated temperature. After heating up, the samvpk cooled to 500 °C in steps of 50 °C,
and further on in steps of 100 °C down to room terafure. Due to the construction of the

heating device, the data collection is limited @29aange of approximately 3 - 21°.

3.1.2.2 Single Crystal Diffraction Data

Small single crystals were isolated by mechanigcalgrhentation using a polarization
microscope MZ12 (Leica, Bensheim, Germany). Theegfa bulk of crystals covered with a
thin film of paraffin oil was placed on a glassréar. Small crystals were selected and fixed
on top of thin glass fibers by means of beeswax Jimlity of the crystals was checked on a
Buerger precession camera (Precession camera 2Alfer HDiffraktionstechnik GmbH,
Rimsting, Germany) in Laue mode, using white Moiaidn (X-ray generator Kristalloflex
760, Siemens, Germany). The camera was equippédd amitimaging plate system [149]
consisting of image plates coated with photosessitiaterial (BaBrF: Ei). The system was
applied for recording the dispersed X-ray diffrantipattern and a laser scanner (BAS-2500
Bio Imaging Analyser, Fuji Photo Film Corporatiaiapan) for readout.

Single crystal intensity data were collected atmodemperature on aT8e IPDS-I
diffractometer equipped with an area detectaiogs& Cie GmbH, Darmstadt, Germany) or
on a Kappa CCD diffractometer RBKER AXS / Nonius, Karlsruhe, Germany) equipped with
a rotating anode, for small crystals. In both di¢tometers graphite monochromatizedkyio
radiation 4 = 71.07 pm) was applied. Generally, the raw datuction was performed with
specific instrumental depending software. A mutus absorption correction Scalepack [150]
was applied to the intensity data.

3.1.3 Computer Programs for X-Ray Diffraction Experiments

For scanning and viewing the Laue diagrams, thgraras B\SREAD [151] and TNA [152]
were used, respectively. Powder diffractograms wemdrded and handled with thedg&
program package WirpOw [153,154]. The included program&80R [155-157], fro [158],
DicvoL [159], and Heo [160] allowed indexing of recorded powder diffragtams and
simulation of powder patterns on the basis of gnglystal data. For phase analyses the
integrated search routine “search match” [161jemaig to the JCPDS-database [162], was
used. Furthermore, confirmation of the sample caitiom was performed on the basis of
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powder diffraction patterns usings@s [163] and K&pPGul [164] for Rietveld refinements, to
determine the by-products and the product to edhtict in the sample.

The programs X-BD [165], X-SHAPE [166], and HBITUS [167] were used for data reduction
as well as absorption correction on single crydeth. The data sets were analyzed by the
program X-REP [168] which can also be applied for determinatadrfitting space groups,
besides semi-empirical absorption correction. @itystructures were solved Wyirect- or
Pattersommethods using the program HgLxs-97 [169] or $R2004 (®mi-Invariants
Representation) [170]. Structure refinement, basedro(full-matrix least-square method),
was carried out using the programiebxL-97 [171,172]. Both programs,H8Lxs-97 and
SHELXL-97, are combined in the user interface 82 [173] and WIinGX [174,175].
Structure evaluation and verification including thelected space groups, was deiethe
program RATON including the AADSYMM routine [176].

Crystal structure visualization was performed vt program AMOND [177].

3.2 Spectroscopic Methods

3.2.1 Energy Dispersive Analysis of X-Rays

Investigations concerning the morphology and elgalecomposition of crystals and bulk
compounds were examined with an electron scanniiggostope (JSM-6500F with field
emission source, Jeol, USA; with a maximum resoiutdf 1.5 nm). The EDX-technique
(Energy_Dspersive Analysis of Xays) allows a qualitative and semi-quantitatinalgsis of
the composition based on the characteristic X-rajsgion of the elements (EDX detector:
7418 Oxford Instruments, Abingdon, Oxfordshire, GXBQX, UK). Electrons are
accelerated by high voltage and focussed on thelsaWhile hitting the electronic shell, K-,
L-, or M-shell electrons are expelled, if the eryeof the electronic beam is higher than the
ilonization energy of the element. An electronicenah the shell is instantly filled and
occupied by an electron from a higher shell whileing the difference in energy by emitting
characteristic X-ray radiation, which is unique ésmery element. Beside determination of the
elements, the morphology and topology of the sampl@vestigated. Elastic and inelastic
scattering of the electrons in the sample yielfilsrmation of the sample surface.
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The composition of the sample can only be deterchinea semi-quantitative way, as sample
orientation is random. Improvement could be achddweimbedding the sample in resin or an
orientation to plain surfaces.

The samples were provided as fine powders, bullena@tor single crystals, placed on a
brazen sample holder and fixed with self-adhesard@n plates (Plano, Wetzlar, Germany).
Prior to the measurement, the samples were spuitiatk carbon (Sputter device: BAL-TEC
MED 020, BAL-TEC AG, Balzers, Netherlands) to avaitiarge effects and to ensure
conductivity. Collection and evaluation of the datas performed with thentA [178]

program package.

3.2.1 Transmission Electron Microscope

Transmission electron microscopes (TEM) allow vieyvdf samples, realized by focussing
and transmitting a beam of electrons through uhra specimens to learn more about the
structural properties. The energy of the electrdteam requires high energetic electrons of
100-400 keV.

A beam of electrons is transmitted through crystalsamples interacting with the specimen
as it passes through. Based on the duality of relest(wave-particle), scattering on the
atomic diffraction lattice occurs, due to the wavgjth. Diffraction of the electrons results in
specific angles, determined by the crystal strgctfrthe sample. Some electrons may pass
through the specimen unobstructed. Recording théssm a screen results in selected area
diffraction pattern (SADP) on which each spot stafat a specific diffraction condition due
to the crystal structure. Recording different @ifftion conditions require tilting and moving
of the sample.

By selected-area electron diffraction (SAED), ferthinformation on the crystallographic
structure of the sample is provided. A specificaané a polycrystalline sample is chosen and
investigated by a focussed electron beam, from hwvhidfraction patterns are measured.
Although similar to X-ray diffraction investigatisnthe advantage lies in the high resolution
of small areas. SAD patterns represent a projeciiothe reciprocal lattice, with resulting
reflections shown as sharp diffraction spots, whallow the measurement of lattice
parameters and identification of crystal structures determination of lattice matching,
interfaces, twinning, and certain crystalline deddad79].
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3.2.2 Electron Energy Loss Spectroscopy

Elemental composition, chemical bonding, electrorémd surface properties, besides
element-specific couple distance distribution fiortd can be determined with electron
energy loss spectroscopy (EELS). In contrast to EEEXLS achieves best results at relatively
low elements (carbon to zinc), due to sharp exoitatdges and well-defined and detectable
energy losses (< 3 keV) [180]. Another advantagehes possibility of determining the
oxidation state of the elements. The samples wepesed to an electron beam of known
energy to induce interaction with the specimen tdueelastic scattering of the electrons. The
energy loss of the electrons is measurable by antreh spectrometer due to inelastic
interactions like phonon excitations, inter andadrthand transitions, plasmon excitations and
ionization of the inner shell besidéerenkov radiation [181]. The elemental compositi®n
determined by interactions of electrons with theemnshell of the sample. Besides the
elemental composition, EEL-spectroscopy allows dlse quantification of the atomic
content. Information about the dispersion relatddrthe material can be given by measuring
the scattering angle due to inelastic scatterir@]1There are different types of EELS-
facilities, most common is the transmission EEL&hWinetic energies typically in the range
of 100 up to 300 keV, to enable the electrons &shArough the material. In addition to that,
other methods like RHEELS, (reflection high-energigctron energy-loss spectroscopy)
typically in the range of 10 to 30 keV, or valenE€LS (for plasmons and interband
transitions) besides inner-shell ionization-EELS.

3.2.3 Vibrational Spectroscopy

Vibrational spectroscopy is a versatile techniqoe the characterization of molecular
arrangements and compounds. Measured spectra aedlyuanalyzed with the help of
databases, to assign typical vibrations to peakboAgh the method works easily for organic
compounds, difficulties arise when vibrations olicstate compounds are to be assigned to
measured peaks. Nevertheless, vibrational speopascinvestigations are useful for
distinguishing between BOand BQ-groups.

Infrared spectra were recorded on a Spektrum BXTIR-spectrometer (Perkin Elmer, USA),
equipped with a Dura sampler diamond-ATR, scaninirtge range from 650 to 4500 &rror

on a Bruker IFS66/v FTIR spectrometer (Bruker AtiklfsmbH, Ettlingen, Germany). The
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latter handled the sample in an evacuated cellnsicgrthe range of 400-4000 EnfDLATGS
detector). The samples were dried and thoroughkedwith dry KBr (5 mg sample, 500 mg
KBr) in a glove box (MBraun, MB150-GI and UniLab, & 1 ppm, Garching, Germany)
before measurement. Preparation requires pressgulesg by using a hand press with a press
capacity of 10 kN. Measurement on air required dmg powdered dry samples, without
adding KBr.

Raman spectra were measured on single crystalgiagal Raman-microscope (Horiba Jobin
yvon HR800, x50LWD), using green laser light (Msli@riot ion laser) with a wavelength of
514 nm. The preparation required testing on a Barepgecession camera and fixing the
single crystals on glass fibers as described iptens.1.2.2.

3.3 Theoretical Calculations

3.3.1 Lattice Energy Calculation according to the Maple @ncept

Calculations according to the A¥LE concept(Madelung_Rrt of Lattice Ehergy) [183-185]
are an appropriate method to prove the plausilblityrystal structures. The computations are
based on the electrostatic interactions in ionistals, depending on the distances, their
charge, as well as the coordination number. PaviisbLE-values are determined for every
single ion in the structure, summarized in a tdfPLE-value of the whole compound.
MAPLE-values are additive in high accuracy, which me#as the sum of the total AbLE-
values are comparable to the calculatexbPM-value of the respective structure.

3.3.2 The Bond-Length Bond-Strength Concept

For solid state compounds bond distances play gqori@nt role. The correlation of Bond-
Length and Bond-Strength permits the interpretatiod evaluation of bond distances. Based
on Pauling’s defined bond-grade [186], which wasigpapplied for metallic or intermetallic
compounds, Brown [187] extended the concept, a$ aglBrese and O’Keeff§l88] to
generalize it to a multitude of different compounds

Contrary, it is possible to calculate backwardsuhkence sums from bond distances derived

from crystal structure determinations. This meti®od helpful tool to check crystal structure
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determinations on their plausibility. Bond valencegsof bonds between atomsandj are
calculated according to Eq. 3-6.

(Ri; —d;;)
i = exp[%}
(3-6)

vij = bond valence
R; = bond valence parameter
dj = bond distance
b = constant (37 pm)

The constanb was determined by Brown and Altermatt [187] aredest for a value of 37 pm.
R; is characteristically for each element combinatemd was determined from known
compounds [187,189]. The total valence s§raummarizes the bond valenegf all bonds

starting from atom according to Eq. 3-7.

V=2, (3-7)
j

3.3.3 Calculations of the Charge Distribution according b the Chardi Concept

The HARDI Concept (Charge Distribution in Solids) [190,1%1h combination of Pauling’s
bond grade [186] and the effective coordination bem(ECoN). In contrast to the AALE
concept which is based on an ionic approad¢inRDI considers beside the ionic contribution
anion-anion- and cation-cation interactions as.well

The ECoN contributioAE(ij — K) is based on the averaged distad@p — k) between the
cationsK; (crystallographic sit¢) and the aniongy in the structure. The summation of all
contributions provides a partial effective coordioa numberA(ECoN) for every aniomfy
counted as ligand of a catidfy. Parts of the charge distributidw(ij — K)cation result from
considering the number of the anigks surrounding{;. The charges of the catiokg andAy
were calculated according to the Eq. 3-8 and Egj.r@spectively.

Qeation= - D> Aq(ij — K)cation (3-8)
T

Qanion = 'z Aq('] - k)anion (3-9)

k

Aq(ij — K)caiion = charge distribution of cation;Kvith respect to anion,AAg(K — ij)anion = Charge distribution of
anion A with respect to cation Ki = i cation,j = crystallographic layek = k™ anion
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4 Experimental Section

4.1 Rare-Earth Gallates

4.1.1 Introduction

In nature, rare-earth gallates can be found inedhfit stoichiometric compositions, like
REGaQ, REGa0:,, REGa0Oy, or REGa(;. Beside gallium, deposits of aluminium,
gallium, iron, manganese, or even silica are ateessible.

Taking a closer look at the ternary systddiE-Ga-O, several compounds are known.
Compounds in the stoichiometric compositRB;GaQ; (RE= Nd, Sm - Er) [192-194] were
synthesized by several working groups. letual obtained the compoundsa solid state
reactions at temperatures of 1400-1800 °C staftmg the corresponding rare-earth oxides
REO3 (RE= Nd, Sm - Er) [192] and G@s powder in high purity (>99.9%). Antic-Fidancev
et al [193] and Nicholagt al [194] also succeeded in synthesizing the compeREGaG;.
Structural refinement showed that the lattice patans and cell volumes of the non-
centrosymmetric orthorhombic structures (space @i©@me;, no. 36) decrease along the
series RE=Nd, Sm - Er) due to the lanthanide contractidhe first structural results on
gallates with the compositiolRE;GaO:1, were achieved by Menzer [195,196] and
Weidenborner [197]. Structural refinement revealemlibic system and the space grtafd
(no. 230). The crystal structure can be descrilsava repetitive chain-arrangements, formed
by the anions. The coordination results in tetraadedctahedra, and dodecahedra, all
connectedvia edge-sharing among eacht other. The dodecahethslase occupied by rare-
earth cations, while the cations (M = Al, Si, Fea)Gre coordinated tetrahedrally and
octahedrally.

Linareset al was the first group working on garnet structurgth the composition
REGa&0:2 (RE=Y, Nd, Sm, Eu, Gd, Dy, Ho, Yb, Lu) [198-205]. \Mhreporting about the
crystal growth of GgGaO;,, the corresponding aluminium-compoundsA¥s0O,, was
obtained by using the Czochralski technique fostalygrowth [198,203]. Doped with rare-

earth elements or chromium [202], these garnetsdpplication in lasers facilities.
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Interestingly, a direct synthetic access to thasmpoundsvia solid state reactions starting
from the corresponding oxides seemed impossiblerEtal reported about the synthesis of
the compoundfREGa0:, (RE=Y, Yb, Lu) in fluxes of PbO or PbO-Ppincluding the
single crystal structure determination of the treempounds [199].

Another experimental approach was made by Carmiteéral by preparing ceramic
compounds in the ternary system,GgGa03 by sinter-processes at temperatures of 1100-
1500 °C, which led to crystalline garnets [204]w@daet al [201] investigated also garnets
with the compositionRE;Ga0;, (RE=Nd, Sm, Gd, Tb). Not only gallium garnets are
shown, but also compounds with the composiiRiEaMsO;, with other cations (M = Al, Si,
Fe, Ga) and rare-earth iolRE=Y, Sm, Gd, Dy, Yb, Lu) are found in some natumaherals,
like in CaAl,Siz012 (grossularitg which structure was determined in 1958 by Abrashamd
Geller [206]. Furthermore other Al-compounds such Al,SisFe;0:2 (almanditg was
examined by Euler and Bruce [199], or Ga(@$phngeitg found by Strunz [207].

Research on rare-earth garnets continued, enlargtogmagnetic properties [208].
NdsGa01, doped with different rare-earth elemen®REE Yb, Tm, Er, Ho, Dy) was
investigated in dependency of the temperature {(ngn between -195 up to +27 °C),
showing paramagnetism with Curie-Weiss-behaviot.rBuevidence for long-range ordering
has been found, which should prove ferrimagnetiempmagnetism, or antiferromagnetism
of the compounds [209]. Different working groups &cused on magnetoelastic properties,
though examination of the specific behavior at lemperatures showed that the electronic
structure of theREion is determined by the surrounding crystal fieMhich results in the
corresponding spectroscopic and magnetic propgdies magneto optical phenomena of the
compounds. This stands in the focus, as the magiastac phenomena effectsg. the
anomalies in the lattice parameters and providege mmdormation about the interaction of
rare-earth cations and their environment. Therefmr@gnetostriction and thermal expansion
of rare-earth gallium and aluminium garnB&;Ga0;,; andREAIsO;, (RE= Gd - Yb) were
investigated [210,211]. Referring to a garnet stmec with rare-earth cations on different
crystallographic sites, the differential longitudinmagnetostriction can be expressed in terms
of field-induced changes of quadrupole moments.

Another different compositioRE;M,0Og within the group of rare-earth gallates is knowhe
monoclinic compoundfREAI,Oy (RE=Y, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb) and
RE.Ga0O (RE= La, Pr, Nd, Sm- Gd) crystallize in the spaceugrB2;/c (no. 14) and were
examined by Yamaneet al [212] and other working groups [192,194,213]. The
determinations of the structures were performett Wietveld methods. Distinguished by the
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metal cation, the preparation of the different &ynoxides required different synthesis
conditions. As Al-compounds required extended teaipees of 1600 up to 1800 °C, the
gallium analogue compounds were obtained at loweenperatures around 1400 up to
1600 °C. The compounds display reversible phasesitrans due to heating (>1000 °C)
accompanied with a thermal hysteresis and a volooméraction of 0.5 - 0.7 %. Within the
row of the rare-earth elements, the temperaturgsined for the phase transformations
increase.

The last compositiorREGaG;, within the group of rare-earth gallates describetk,
exhibits an equal content of rare-earth- and nwtbns in the structure [214]. The
chemistry of perovskite like gallateEMO3; (M = Cr, Mn, Fe, Al, Ga) was in the focus of the
experimental work of Gelleet al [215]. Furthermore, Mareziet al [216] succeeded in
synthesizing crystallineREGaG; compounds RE=La, Pr, Nd, Sm - Lu) under high-
pressure / high-temperature conditions in the prasef a NaOH fluxyia decomposition of
the related garnetRE;Ga0;, (RE=Sm - Th) obtained under atmospheric pressur&][21
Only partial decomposition occured, when garnet paumds likeRE;GaO,, within the row
of (RE= Dy - Lu) were applied. The reaction led to saesptontainingREGaG;, beside the
starting material.

A various number of different rare-earth compoundigh aluminium REAIO3
(RE=Y, Eu, Gd, Yb, Lu) [218], gallium,REGaG;, (RE=La, Pr, Nd, Sm - Lu)
[194,216,217,219-228], and irolRB-eQ; (RE=Lu, Yb, Y, Dy, Sm) [229,230] were
synthesized applying different experimental routBse compounds were characterized by
structural refinement based on Rietveld methodpamder diffraction data or single crystal
data. Due to interesting properties of these nmadtgrsuch as ferrimagnetism in yttrium iron
garnets [199,231,232] research intensified. Sp@was magnetization can occur, when
identical magnetic ions occupy different crystatlgghic sites in the structure. This
phenomenon can be observed in perowskite-like maédemwhen gallium is substituted for
iron.

Table 4-1 summarizes the different compositiongiwithe rare-earth gallates.
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Table 4-1.0verview of the different rare-earth compositions.

Composition Space group Author
Cma, . o .

REGaG 36 Liu [192], Antic-Fidancev [193], Nicholas [194]
no.

Menzer [195,196], Weidenborner [197], Linares [19&uler

REG&a0;, I::jdz'?)o [199], Brandle [200], Sawada [201], Patzke [202FoChralski
[203], Carruthers [204], Kim [205], Abrahams [20BElov [208]
REGa0q P2,/c, Liu [192], Nicholas [194], Yamane [212], Gesing &1
no. 14
Nicholas, [194], Schneider [214], Geller [215], Maio [216,217],
Pnma Geller [219], Guitel [220], Brandle [221], Sallavda [222],
REGQ no. 62 Schafer [223], Geller [224], Angel [225], Vasylechk226227],

Hering [228]

All these compounds are accessible under ambia#spre conditions. Only few attempts
(Marezioet al [216,217]) were made, to synthesize new rardiegatlates under elevated
pressures.

First results on rare-earth gallates derived fromghipressure / high-temperature

synthesis were obtained within a previous workgtircrystals of HoGapwere synthesized
under high-pressure / high-temperature conditidng.® GPa and a temperature of 1250 °C,
starting from a mixture of monoclinjg:Ga,03; and cubic C-HgDO3 in the molar ratio of 1 : 1
[228]. Even though, the compound was already cheriaed from powder by Mareziet al,
the crystal structure was confirmed by single alydata, for the first time. Remarkably, most
of the rare-earth gallium garnets are known from literature, but only a few were obtained
as single crystals, so faRE= La, Pr, Nd, Gd, Ho) [219,225-228].
A comparison of both lattice parameters showed thatsingle crystal data for HOGaO
(@a=553.0(2),b = 753.6(2),c = 525.4(2) pm (standard settifgnmag) [228] correspond well
to the original values of Mareziet al (a=525.1(2),b = 553.1(2),c = 753.6(2) pm (setting:
Pbnm) [216].
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4.1.2 DyGaOs

Previous experimental work, performed within thplaina thesis, led to a crystalline sample
of HoGaQ, synthesized under high-pressure / high-temperatonditions of 7.5 GPa and
1250 °C [228]. Although, HoGaOwas already known from the literature, only poveder
samples were obtained so far. From this sampleyghescrystal structure determination was
possible for the first time. The single crystalalabnfirmed the orthorhombic structure and
the space-groupnma(no. 62).

Within this work, the previously started investigat on rare-earth gallates was continued.
Additional experiments were accomplished, starfiagn other rare-earth oxideRE = La,
Ce, Th, Dy, Ho, Er, Tm, Yb, Lu) mixed wiifrG&a0Os, under variation of the molar ratio of
the educts, as well as of the applied pressuresesmperatures. Although, experiments led to
rare-earth gallates, new compositions were notiddaso far.

The existing stoichiometric compositioREGa(; or REsGa0;, are also accessible under
different high-pressure / high-temperature condg&ioExperiments starting from the binary
oxides of CREO3 andp-Ga0s resulted in the compourRE;GasO,2 (RE= Dy, Ho, Tm, Yb,
Lu), mostly obtained as by-product with other gala Additionally, the composition
REGaQ; (RE= La, Ce, Th, Dy, Ho, Er, Tm, Yb, Lu) was obtain&thfortunately, not all of
them could be measuredh single crystal structure determination, as thelgia crystallinity
was not sufficient for all of them.

Continuous investigations on rare earth gallatesleunhigh-pressure / high-temperature
conditions led finally to the crystalline dysprasiwrthogallate DyGa$)[233], on which we

managed to determine the single crystal structurénk first time.

4.1.2.1 Starting Materials for the Synthesis of DyGaQ

For the preparation of rare-earth gallates, théodiohg commercially available substances
were used as listed in Table 4-2. Additionally, tweresponding ICSD numbers are listed.
The starting materials for the syntheses wereialirad humidity resistant. The analysis and
characterization of the crystalline educts and pctel were executed with powder

diffractometry comparing the measured educts td@&D-database.
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Table 4-2: List of applied substances.

Substance State Source of Supply Purity [%] ICSD-PDF

C-Dy,O; Powder Alfa Aesar, Emmerich, Germany99.995 [00-088-2164]
C-TmO; Powder Alfa Aesar, Emmerich, Germany99.995 [00-082-2416]
p-GaO;  Powder Fluka, Seelze, Germany 99.99 [00-087-1901]

4.1.2.2 Synthesis of DyGaQ

The synthesis of the orthorhombic compound Dygat@rted from cubic C-DPs; (Alfa
Aesar, Emmerich, Germany, 99.995 %) and monoclriea,0; (Fluka, Seelze, Germany,
99.99 %) in a stoichiometric ratio of C-Bs: f-GaOs;=1:1, as seen in Eq. 4-1. Both
compounds were closely ground and filled into a.hsoron nitride crucible, which was
inserted into the experimental setup of an 18/kkmbly [103,104,111].

7.5 GPa 41
Dy,0, +Gao, eoee = 2 DyGgo “-1

The reaction of the oxides leading to the formatbthe rare-earth gallate DyGaOccurred

at a pressure of 7.5 GPa and a temperature of X250 herefore, the assembly was
compressed within 3 h up to the intended pressolteyed by a heating period, in which the
sample was heated within 15 min up to 1250 °C. {Engperature was hold there for 15 min
and afterwards decreased to 650 °C within 20 mimally, the heating was stopped to cool
the sample down to room temperature. When thergeatas switched off, the decompression
protocol was started. The decompression segmemhbadent pressure took 9 h.

After the experiment, the cube was removed from ithedule and the sample
preparation followed (see chapter 2.1.2). For frthnalytical characterization, the boron
nitride crucible, containing the sample, was medatddly separated, and the sample was
obtained as a greyly gleaming, crystalline prodiitee sample was insensitive against air or

moisture.
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4.1.2.1 Analytical Investigations and Crystal Structure Andysis of DyGaG;

The product was analyzed with a X-ray powder diffoaneter and therefore prepared and
analyzed on a Stoe Stadi P powder diffractometeippgd with monochromatized &

(A =154.051 pm) radiation. Figure 4-1 gives a viefvtlee powder diffraction pattern,
exhibiting DyGaQ, beside a small amount of Ba;0,, [202].

A single crystal was isolated and selected by machhfragmentation from the bulk
sample. The crystal was tested on a Buerger priecesamera in Laue mode, equipped with
an image plate system (Fujifilm BAS-1800). The abig¢ crystal allowed a successful single
crystal structure determination.

The single crystal data were collected at room taipre from a small regular crystal
on a Stoe IPDS-|I diffractometer with Mg, radiation £ =71.073 pm). A numerical
absorption correction (kBITus [166,167]) was applied to the intensity dafade systematic
reflection conditions led to the space gro@ps2; (no. 33) andPnma(no. 62). The structure
solution and the parameter refinement with anigitrdisplacement parameters for all atoms
(full-matrix least squares againgf) were successfully achieved in the space gieoma,
using the BELX-97 software suite [169,171,172]. All relevant imf@tion and details
concerning the data collection of orthorhombic D@zare listed in Table 4-3. The positional
parameters (Table 4-4), anisotropic displacementarpaters (Table 4-5), interatomic
distances (Table 4-6), and interatomic angles @abl7) of DyGa@ are listed in the

following.
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Figure 4-1. Powder diffraction pattern of the reaction proddgGagG; starting from C-DyO; andf-G&0s. The
simulation of the powder diffraction pattern is piosied underneath. As by-product, cubicsBg0O;, occurred,
marked in the pattern (*) [202].

The simulated pattern derived from single crystdhds consistent with the measured powder
diffractogram. Indexing of the powder diffractiomtpern resulted in an orthorhombic cell,
displaying lattice parameters @& 554.11(4)b = 756.0(2) and = 527.75 pm (Table 4-3).
High-pressure / high-temperature synthesis lechéodrthorhombic dysprosium orthogallate
DyGaG;, synthesized in a Walker-type multianvil apparaatisconditions of 7.5 GPa and
1250 °C. The single crystal data were collectechfeoDyGaQ single crystal. The compound
crystallizes in the space groupnma (no. 62) (Z =4), displaying lattice parameters of
a=>552.5(2)b =754.4(2), and = 527.7(2) pm. The single crystal data refinenteatlted in
values ofR1 = 0.027 andvR2 = 0.0309 (all data).
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Table 4-3.Crystal data and structure refinement of orthorhicrilyGaG,.

Empirical formula
Molar mass, g mdi
Crystal system
Space group

Single crystal diffractometer
Radiation

Single crystal data
a, pm
b, pm
C, pm

V, nnt

Powder diffractometer
Radiation

Powder data

a, pm

b, pm

c, pm

V, nnt

Formula units per cell
Calculated density, g ¢t
Crystal size, mrh
Temperature, K

Detector distance, mm
Exposure time, min
Absorption coefficient, mrh
F(000), e

0 range, deg

Range irhkl

Reflections total / independent
Rint

Reflections withl > 24(1)

R,

Data / ref. parameters
Absorption correction

FinalR1L /wWR2 [l > 24(1)]
FinalR1 /wR2 (all data)
Goodness-of-fit offF 2

Largest diff. peak and hole, e°A

DyGa®@
280.22

orthorhombic
Pnma(no. 62)

Stoe IPDS
MoKy (A =71.073 pm)
(graphite monochromator)

552.5(2)
754.4(2)
527.7(2)
0.22002(8)

Stoe Stadi P
CuK (A = 154.051 pm)

554.11(4)
756.0(2)
527.75(9)
0.22107(4)

Z=4
8.460
0.08 x 0.04 x 0.04
293(2)
50.0
18.0
45.5
484
4.71-30.39
+7: +10; +7
2123 /350
0.0464
302
0.0255
350/ 29
multi-scan @#8i1Tus [167])
0.027 / 0.0654
0.0309 / 0.0662
1.023
221/-1.7
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Table 4-4. Atomic coordinates and isotropic equivalent disptaent parameterde, (A?) of DyGaQ (space
group:Pnm3 (standard deviations in parenthesék), is defined as one third of the trace of the ortragized
U; tensor.

Wyckoff
Atom position y z U
Dy 4c 0.56388(8) 1/4 0.01609(7) 0.0084(2)
Ga M 0 1/2 0 0.0072(3)
o1 & 0.033(2) 3/4 0.102(2) 0.010(2)
02 & 0.1965(8) 0.5526(7) 0.6958(8) 0.0093(9)

Table 4-5.Anisotropic displacement parametehﬁ(/:\z) of DyGaQ (space groupnmg (standard deviations in
parentheses).

Atom Uiy U, Uss Uos Uis U,

Dy 0.0078(3)  0.0087(3)  0.0087(3)  0.000 0003(2)  0.00
Ga 0.0080(6)  0.0068(5)  0.0069(5) 0.9999(3)  0.08p3( 0.0002(4)
o1 0.015(3) 0.002(3) 0.013(3) O 0.002(3) O

02 0.010(2) 0.009(2) 0.009(2)  0910(2) 0.0032) 00@)

Table 4-6. Interatomic distances (pm) of DyGapace groug’nmg based on single crystal data (standard
deviations in parentheses).

Dy-0O1 225.4(7) Ga-01 197.0(2) 2%

Dy-02 227.8(5) 2x  Ga—-02 197.8(4) 2x

Dy-0O1 230.5(7) Ga-02 201.0(4) 2x

Dy-02 250.7(5) 2% @ =198.6

Dy-02 264.6(5) 2%

@ =242.8
Table 4-7.Interatomic angles of orthorhombic DyGaO
0O1-Dy-0O1 88.2(2) 0Ol1-Ga-01 180.0(3)
0O1-Dy-02 67.5(2) 2x 01-Ga-02 88.2(2) 2x
0O1-Dy-02 69.7(2) 2x 01-Ga-02 88.6(2) 2x
0O1-Dy-02 69.8(2) 2x 01-Ga-02 91.4(2) 2x
0O1-Dy-02 104.6(2) 2x 01-Ga-02 91.8(2) 2x
0O1-Dy-02 135.6(2)
02-Ga-02 89.93(8) 2x
02-Dy-01 136.1(2) 2x 02-Ga-02 90.07(8) 2x
02-Ga-02 180.0(3) 2x

02-Dy-02 66.25(6) 2x 02-Dy-02 81.7(2)
02-Dy-02 72.0(2) 02-Dy-02 118.02(9) 2x
02-Dy-02 72.10(12) 02-Dy-02 119.3(2)
02-Dy-02 72.9(2) 02-Dy-02 128.52(8) 2x
02-Dy-02 77.7(2) 2x 02-Dy-02 156.1(2) 2x
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4.1.2.2 Results and Discussion on DyGa$)

In the ternary systerRE-Ga-O, four compositions are knowRE;Ga01, (RE=Y, Sm, Gd,
Dy, Ho, Yb, Lu) [198-202]REsGaGs (RE= Nd, Sm - Er) [192-194RE.G&0y (RE= La, Pr,
Nd, Sm - Gd) [192,194,212,213], alREGa®; (RE=La, Pr, Nd, Sm - Lu) [217,219,224-
228]. The latter compounds were synthesized undenospheric pressure owia
decomposition of the related garn&B;GaO1> (RE=Sm - Lu) under high-pressure / high-
temperature conditions in the presence of a Na@k [17]. In this context, DyGafOwvas
synthesized for the first time by Marezo al. and characterized with the lattice parameters
a=528.2(2),b =553.4(2), and = 755.6(2) pm (setting?bnn) received from powder data
[216].

The structure of DyGawas described as isostructural with the rare-earthoferrites,
possessing an orthorhombic perovskite-like strec{@dFeQ-type [234]). The single crystal
data for DyGa@ (a = 552.5(2),b = 754.4(2), anat = 527.7(2) pm [(standard settingnm3g
(Table 4-3) correspond well to the original values of Mareetoal [216]. Further single
crystal data exist only for the rare-earth orthtagdes REGaG; (RE= La, Pr, Nd, Gd, Ho)
[219,225-228]. The structure was investigated agstdbed by Gelleet al. [229,235], Will
[236], and Mareziet al [237]. Figure 4-2 shows the structure of the dgsjum orthogallate

with a view along [010].
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Figure 4-2. View approximately along the [010] axis of the amhombic DyGa@ illustrating the Ga@
octahedra. The Dy-atoms are positioned in the tiaguthannels.

Like in cubic perovskite-structures, the oxygen ear@-earth ions form a face-centered cubic
structure, in which the Gaions occupy % of the octahedrally coordinated positions. In
difference to the cubic perovskite structure, tte§octahedra are distorted along thaxis
and tilted among each other, resulting in an anf@46.7 ° (diverging from 180 °).

The Ga-O bond lengths in DyGa®@ange from 197.0(2) to 201.0(4) pm (av. =198.6 pm
(Table 4-6). The distances correspond to valueaddor octahedrally coordinated gallium
atoms ina-GaO; (192-208 pm [238]) an®B-Ga0s; (193.5(2) - 207.4(1) pm [239]). The
dysprosium cations show a 4+4-coordination, disp@aypy-O bond lengths of 225.4(7) to
230.5(7) pm (the first four) and 250.7(5) to 268)g§m (the second four). The experimental
average value of (242.8 pm) is in good accordancthé average bond length of 236 pm,
found in DyGaGs [192]. The comparison with the anologue holmiuntiag@ shows that the
values obtained for DyGaQOagree well with those derived from single crystiata for
HoGaQ (224.6(4) to 229.2(5) pm (the first four) and 2{8) to 264.8(4) pm (the second
four)). Also the average bond lengths of 242.0 ptaGaQ) is almost equal to the average
value for DyGaQ@ of 242.8 pm.

Figure 4-3 shows a comparison of the differenidatparameters, b, andc of all known
rare-earth gallates in the standard setting (spemep: Pnma no. 62) including the values of

DyGaG;. The three axes show a different behavior: whikelt and c parameters smoothly
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decrease in going from La to Lu, the paramatekhibits an unexpected behavior in showing
a maximum at about Gd. This phenomenon was alrebdgrved by Mareziet al. for the
rare-earth gallates [216] and also by EibschutzHercorresponding orthoferrites [230]. This
effect is commonly interpreted as consequenceesite of the rare-earth cations: as the size
of the RE®*-cations decreases, the aver&f€"-O distance of the first nearest oxygen atoms
decreases as well (first effect), whereas the geeRE"-O of the second nearest oxygen
atoms increases (second effect). Only the pararaéseaffected by this double effect, leading
to an increase by going from La to Gd, becausehis tegion, the second effect is the
predominant one, whereas it decreases within tivestarting at Gd to Lu, because here the
first effect is predominant. This rather unsatisfyiexplanation has to be checked in the

future, when the missing single crystal data inrtlre-earth gallates series will be available.
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Figure 4-3.Lattice parameters, b, andc of the different rare-earth gallatBEGaQ; (RE= La, Pr, Nd, Sm - Lu;
standard settingnm3g. The square stands for the literature values afddioetal. [216] and the star (*) for the
single crystal data.

Similar observations were described by Berkowetkal, who investigated single crystals of
the solid solution LaNd,GaG; [240]. It was found that the volume of the unill decreases
linearly with an increasing Nd concentration acaugdo Vegard's law. This agrees with the
general behavior of all ternary rare-earth gallagt®wing decreasing volumes due to the

lanthanide contraction (Figure 4-4).
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Figure 4-4. Volume of the different rare-earth gallatBEGaO; (RE= La, Pr, Nd, Sm-Lu; standard setting
Pnm3.

With increasing Nd concentrationin La;NdGaG;, the lattice parameteesandc decrease
(setting of space groupbnn), whereasb increases. Ak = 0.32, the parameters and b
become equal and the crystal adopts a pseudodeahgtructure. Due to the preferred

tendency for twinning, these solid solutions weraracterized by powder X-ray diffraction.

4.1.2.3 Theoretical Calculations for DyGaG;

The calculation of the charge distribution of thenas in DyGaQ via bond-valence sums
with the Bond-Length / Bond-Strength concepV) [186-188] and with the @ARDI concept
(XQ) (Charge Distribution in Solids) [186,190,191h&aned the formal valence states in the
rare-earth gallate (Table 4-8). For the calculatimin the bond-valence parameters of
Rj = 203.6 for Dy-O bonds and;R 173.0 for Ga-O bonds were applied [188]. Theuesl
for dysprosium and gallium stand in good accordamite the expected values of +3, so do

the results for the oxygen atoms.



Rare-earth Gallates 57

Table 4-8.Charge distribution in DyGawith the calculated Bond-Length / Bond-Strengbmeept £V) and
the GHARDI concept XQ).

Dy Dy Ga 0(1) 0(2)
2V +3.0 +3.1 +3.0 2.1 -2.0
zQ +3.0 +3.0 +3.0 -2.11 -1.94

The additive potential of the Madelung part of thetice energy values (MPLE) [183-185]
allows to calculate hypothetical values for the poomd DyGa@® starting from the end
members dysprosium oxide C-f¥; [258] and gallium oxid#-Ga0; [241]. The calculation
of the MapLE values for DyGa@ allowed the comparison with the calculatedarviE

contributions of the educts.

7.5 GPa 42
Dy,0, +Gao, epee = 2 DyGg0 *4-2)

According to Eq. 4-2 the calculations for DyGa@sulted in a value of 32714 kJ/mol
compared to 32697 kJ/mol [C-BYs (15184.4 kd/mol) $-GaOs (17513 kd/mol)] (deviation
0.05 %) derived from the binary oxides. Theref¢we ¢rystal structure solution can be seen as

electrostatical consistent.

4.1.2.4 Conclusion

According to the observations that pressure candactrystallisation, as often seen in the
field of borates, investigations on rare-earth gjad were continued. Although rare-earth
gallates are well investigated, only few resulid te crystalline samples, so far. Within this
and previous experimental work, crystalline commtsuim the systenREGaQ; (RE= Dy,
Ho) were obtained.

Recently, the first crystalline HoGa@as obtained derived from high-pressure / high-
temperature conditions of 7.5 GPa and 1250 °C, @ftmn the typical orthogallate structure
was confirmed. Continous work under extreme cood#ion the field or rare-earth gallates,
resulted now in the first crystalline sample of Ca@.

Applying high-pressure / high-temperature condsiof 7.5 GPa and 1250 °C to a mixture of
the binary educts C-D@s; andp-Ga0g, resulted in a highly crystalline sample. The otsd
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structural results correspond well with those, \ds=tifrom powdered samples (Mareegipal
[216]), as well as with the single crystal datafwGaQ [228].

Further investigations on rare-earth gallates tednteresting results concerning the phase
transformations of the applied starting materi@lgdre-earth oxides).
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4.2 Rare-Earth Oxides

4.2.1 Introduction

About 80 years ago, Goldschmielt al [242] commenced to examine the chemistry of rare-
earth elements, investigating the chemical behawstability, and phase transformations.
They classified these oxides in three groupRROs, B-RE,O3, and CRE,O3; with respect to
the different crystal structures.

Figure 4-5 gives an overview of the rare-earth sesades classified in the three different

structure types A, B, and C.

La Ce Prf Nd PmM Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

A-REO;
B-REO;

Figure 4-5.0verview of the three different rare-earth sesqidi@structure classifications: type A, B, and C.

Other working groups, like landelli, Shafet al, or Foexet al tried to find out, which
parameters (ionic radius of tHRE>*-ion, temperature, pressure) cause the formatiothef
specific structure-type in the row of the lanthanidns [243-245].
They recognized that the phase transformationsdmivhe structure types are reversible and
can be initiated at high temperatures. However,réugiired heating temperature increased
within the row of the lanthanide ions.

In detail, type A sesquioxides (high-temperatunen) include the rare-earth oxides from
La to Pm, characterized by large ionic radii and trerefore often called the “early”
elements in the rare-earth alignment. The structraracterization, based on single crystal
data, led to a trigonal symmetry crystallizing e tspace group3ml (no. 164) [246]. Often,
this structure-type is named the “lanthanum oxigeet. In Figure 4-6, the crystal structure of
A-Nd,O3 is shown with a view along alondQ0] [247].
The structure exhibits seven-fold coordinafe®*-cations. Remarkable are the different
bond-lengths in the coordination sphere, resultm@ 4+3-coordination for the rare-earth
ions, separating into four shaRE-O-bonds (av. 234.29 pm) and three extended ones (a
269.49 pm).
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Figure 4-6. Left: Crystal structure of A-NgD; with a view along along1D0]; Right: Coordination sphere of
the 4+3-coordination of Nd1 in A-N@®s.

The monoclinic type B sesquioxides crystallizeha space grou@2/m (no. 12). Rare-earth
elements starting at samarium to terbium belonipad group. Th&RE>*-ions are surrounded
by six and seven oxygen anions, forming six-foldrdmmated polyhedra (distorted octahedra)
and capped trigonal-prismatic coordination polylaedespectively. Due to the coordination
numbers, the structure can be described as amatiate form between the trigonal A-phase
(only REO7-units) and the cubic C-phase (of{Os-units) [248]. Figure 4-7 gives a detailed
view of the structure of monoclinic RE,Os. The capped trigonal prisms (light green) are
connected to each otheia shared faces, while the distorted octahedra (gia&n) are linked

via edge-sharing among each other, forming lineamggralong [00].

Figure 4-7. Crystal structure of monoclinic REO; with a view along [00]. The light green polyhedra
correspond to the capped trigonal prismatically #ve dark green polyhedra to the octahedrally doatdd
RE**-ions, respectively.
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The so-called C-type sesquioxides (low-temperatare) crystallize in a cubic form, and
can be found for the rare-earth elements from neaway to lutetium. The structure can be
described in analogy to the bixbyite-structure ¢(Mmtype, defective fluorite structure),
crystallizing in the space grouf3 (no. 206). The structure exhibits only distorted
octahedrally coordinatedRE**-cations, connectedria edge- and corner-sharing [249].
Structural investigations into the cubic fluorittusture of the lanthanide oxideREO,
showed that vacancies in the lattice lead to tmepasition of C-typdREO3 [250]. Industrial
applicationse.g. in automobile exhaust catalysts, intensified aede on these material [251-
253]. Additionally, several studies were perfornadhigh-pressure modifications BEO,
(RE= Ce, Pr). The parameter pressure can inducefdramastions, as observed for the cubic
fluorite structure of Ceg) which transforms into the orthorhomhiePbChb-type (Cotunitg.
Although several different high-pressure modificai are known for Ce, the element Pr is
only scarcely investigated. Recently, syntheticditons of 5.5 GPa and 1000 °C led to a
new high-pressure modification, HP-Br@hich could be determined by single crystal data
[254].

Other stoichiometric compounds like intermedidtages were obtained, investigating the
systemREOx (RE=Ce, Pr, Tbh). The experiments started from tmeelts, and showed
structural relations and similarities to other fabse classes like fluorite-type dioxides.
These structures presented relations to the clygtaphic positions of the metal in the
structures. Furthermore, a theoretical work of Byet al showed thaREOs-homologues
with the general compositioREO,,,.; are related to the A-type sesquioxides concerttieg
O-substructure [255].

Figure 4-8 displays the crystal structure type eREQO;, indicating edge-sharing of the
polyhedra [256]. For a better view, only half ofetREcations are visualized by the

corresponding polyhedra.
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Figure 4-8.Crystal structure of type ®E,O;, with a view along 100]. For a better view, only half of tHRE-
cations are shown.

Moreovere, systematic investigations of the trams&dion temperature for rare-earth oxides
were performed by landelli [243]. The study confinthe dependence of the transformation
temperature from the atomic radii of the rare-eaoih One of the first working groups
preparing the C-type rare-earth oxides@aand N@Os; via gently heating processes were
Lohberget al The synthetic route applied the respective mtampounds [257]. The phase
transformation started already at low temperattveshe C-typeREoxides RE= La, Pr),
but the product consisted always of a mixture gietyA and C due to an incomplete
transformation reaction.

Maslen et al investigated by means of synchrotron studies nttagnetic properties and
structure factors of the C-type sesquioxidRE € Y, Dy, Ho) [258]. The physical properties
are affected by vacamtelectron subshells, although the influences onctiemical bonding
situation are negligible. Nevertheless, the magnatoperties are of high interest. According
to Hund's rule, the vacancies in the shells canfilked, affecting the crystallographic
situation, chemical bonds, and electron density.

Continuous work by several working groups [259-266[ expanding the applied
conditions led to the formation of B-type sesquiled. Pressure, as a useful tool to stabilize
metastable compounds was successfully applied Her synthesis of BREOz;. Within
investigations of phase transformations in rar¢heaxides, Hoekstrd267,268] obtained
several monocliniREsesquioxidesRE=Y, Sm, Eu, Gd, Tbh, Dy, Ho, Er, Tm, Yb, Lu).
Shaferet al received also the monoclinic formB&=0; (RE=Y, Sm, Nd, La), prepared by
the hydrothermal technique [245]. Further invegiayes on the phase transformations yielded
in transformed parts (~20 %) of the cubic starnmgterial C-HgOs. Sawyeret al. succeeded
in obtaining the monoclinic B-type applying highepsure impact methods [248].
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In contrast to that, the high-pressure / high-tenafpee experiments of Hoekstra were
performed in a tetrahedral anvil high-pressure aeweveloped by T. Hall [269], using
pyrophyllite as pressure medium. For the experisjeahnealed sesquioxides (at 1000 °C)
were applied, filled into Pt-capsules and compreéss®l heated.

It was figured out that the phase transformatidn$he cubic rare-earth sesquioxides into the
monoclinic compounds (C-B transformation) are relde under certain high-
pressure / high-temperature conditions betweem2d54 GPa at temperatures of 900-1000 °C
[267]. Although pressure is known as a tool to émabrystallisation of metastable
compounds, the transformed monoclinic rare-earidesxwere unexceptionally obtained as
powders.

Within the investigations, Hoekstra received als® tmonoclinic form of HgDs. The
determination of the cell parameters of the momacicompound B-HgD3; were derived from
powder diffraction patterns, leading to lattice graeters ofa = 1390(1), b = 349.2(3),

c = 859.2(8) pm, and = 99.98(5)° [268]. The results of the indexed egltl the intensities of
the reflections from the X-ray powder diffractioatfern directed to the conclusion that this
phase was isotypic to the structure type of monacB-SmO;, published earlier by Cromer
[270].

Although pressure was useful in synthesis of tlegapounds, heating processes at
ambient pressure did not lead to a phase transtmmaf C-REO;. Hoekstra [268] and
Sawyer [248] were able to prove that the monoclphiase of BRE,Os is affected by heating.
In case of B-HgOs;, the phase disappears caused by temperature émathhe re-
transformation into the cubic C-phase was succksshich supported the assumption of a
metastable high-pressure phase [268].

It is noteworthy that there exist several ways mducing phase transformations
between the three different rare-earth oxide phatsggending on the applied temperature and
pressure conditions [271,272]. Additional compouratided to the sample during the
experiment can help to transform the sesquioxige®upressure and temperature treatment.
For example, Foegt al. achieved a transformation from the C-type to thiyi® sesqgioxides
structure by adding an amount of lime [243], bugoasupported by other oxides like SrO
[273] or NaF [264].

In the last few years several attempts were madeatsform sesquioxides into the
monoclinic form. The transformed compounds wereagbvobtained as nanocrystalline
powder. For every element in the late row, thedf@mation was reported so far, but the

compounds suffered always in crystallinity, prolyathie to the applied synthetic conditions.
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Therefore, single crystal data for the late ramthe@lements have not been reported, yet. Our
high-pressure / high-temperature investigationslyapgp multianvil-devices on rare-earth
compounds led to crystalline compounds of monacliBitype rare-earth sesquioxides
(RE= Dy, Ho, Er, Tm). First experiments resulted iystalline samples, but the crystals were
too small for single crystal data collection. Thaprovement of the applied synthetic
conditions increased the crystallinity. Therefdhe structure of B-HgD3 could be solved by

single crystal determination, for the first time.

4.2.1.1 Starting Materials for the Synthesis of B-HeO3

The starting materials for the syntheses wereiallbad humidity resistant. The analysis and
characterization of the crystalline educts were catedd with powder diffractometry,
comparing the measured educts to the ICSD-datab&seapplied substances are listed in

Table 4-17, provided with the corresponding ICSnbers.

Table 4-9: List of applied substances.

Substance State Source of Supply Purity [%] ICSD-PDF

C-Dy,O; Powder Alfa Aesar, Emmerich, Germany99.995 [00-088-2164]
C-Ho,O; Powder Alfa Aesar, Emmerich, Germany 99.995 [00-088-2163]

C-TmO; Powder Alfa Aesar, Emmerich, Germany99.995 [00-082-2416]
p-GaO;  Powder Fluka, Seelze, Germany 99.99 [00-087-1901]

4.2.1.2 Synthesis of B-HgO3

Our original intention was to synthesize rare-eagtillates with new compositions. We
started with a stoichiometric ratio of C-p@ : f-GaOs; = 6 : 1. Starting materials were fine
powders of cubic C-H®; (Alfa Aesar, Emmerich, Germany, 99.995 %) #r@a,0; (Fluka,
Seelze, Germany, 99.99 %). Additional experimetaged from different educt mixtures of
pure C-H@O; besides stoichiometric ratios of C-4 : f-Ga0O;=10: 1, or 1: 1, which led
also to a phase transformed, highly crystalline@amnf B-H®O3;. The educts were ground,
mixed, and filled into a boron nitride crucible (e BNP GmbH, HeBoSift S10,
Kempten, Germany). The boron nitride crucible wasitoned inside the center of a 14/8-

assembly, which was compressed by eight tungstdrdeacubes (TSM-10 Ceratizit, Reutte,
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Austria). The assembly was compressed up to 11.5 GPa in 8&irlg a multianvil device,
based on a Walker-type module, and a 1000t presth (devices from the company
Voggenreiter, Mainleus, Germany). The detailed desSon of the preparation of the
assembly can be found in chapter 2.1.1 and re@8,]0D4,111].

The sample was electrically heated up to 1250 Y@n@rical graphite furnace) in 15 min,
kept there for 10 min, and cooled down to 650 °@0GmMmin at constant pressure. Afterwards,
the sample was quenched to room temperature bghengt off the heating, followed by a
decompression period of 10% hours.

The product, a mixture of monoclinic B-k0; and orthorhombic HoGaobtained as by-
product, was separated from the surrounding bortrde crucible. The sample appeared
grey-pink while handled in the laboratory (neon peinor showed a light beige-orange color,
when investigated under natural light sources, edusy the Alexandrite effect [274,275].
This effect was first discovered in 1834 by thenish mineralogist N. G. Nordenskj6ld
[276], though some minerals are changing theirrcaloile being exposed to different light
sources.

Figure 4-9 gives a view of the powder diffractioattern exhibiting monoclinic B-HQj,
orthorhombic HoGa@as by-product, weak reflections of hexagonal baritride from the
crucible, and residual starting material C.Bga Some small air- and water-resistant crystals
of B-Ho,O3 were isolated from the bulk sample for the singlestal structure determination.
Additional experiments under different high-pregsthigh-temperature conditions led to the
result that the necessary pressure for the formatiahe high-pressure phase B-Jgcan be
reduced to a minimum of 7.5 GPa at temperaturasar@250 °C. As a side effect of reduced
pressure, the degree of crystallinity of the sas@effered, as often seen in the field of
borates [277,386-390].

At this point it is important to raise the issifepure cubic C-HgO3; without addings-
Ga0s; can be transformed into the monoclinic form untte¥se conditions. In fact, our
experiments showed that it was impossible. Thetmadof a small amount gf-Ga03 was
necessary to induce this phase transformation. fEsiglt corresponds with the observations
of Foex and Warshawt al, who also added flux materials for successful dfamations
[271,272].
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Figure 4-9.Powder diffraction pattern of the reaction prodBetio,Os, starting from C-HgDs : f-Ga0;=6: 1
(11.5 GPa, 1250 °C). A simulation of a theoretjpaWder pattern of monoclinic B-HO3, based on the single
crystal data, is positioned underneath. The markéldctions refer to HoGawhich occurs as a by-product.
The remaining reflections correspond to a fractmithe starting material C-H®; [Radiation: CK,,

(4 =154.051 pm)].

4.2.1.3 Crystal Structure Analysis of B-H0,O3

To analyse the product of the reaction GBlo: f-GaO;=6: 1, a Stoe Stadi P powder
diffractometer with monochromatized K radiation was employed. The reflections of the
main phase (monoclinic B-HO;, Figure 4-9) were indexed using the program rautito
[158]. The results led to a monoclinic cell withetHattice parametera = 1394.3(7),

b = 350.0(3)c = 864.4(8) pm, and = 100.18(7)° (Table 4-10).

Single crystals of monoclinic B-H@; were isolated from the sample by mechanical
fragmentation. After checking the quality, regagdorystallinity and suitability, the intensity
data were collected at room temperature applyingramaf-Nonius Kappa-CCD single crystal
diffractometer with graded multi-layer X-ray optiesxdd Md<,; radiation £ =71.073 pm)
from a small regular crystal with the size of 0:02.02x 0.02 mni.

The lattice parameters from the single crystalcstme determination of monoclinic B-EH0s;
(@a=1394.7(3)b = 350.83(7)c = 865.6(2) pm, ang@ = 100.23(3)°) agree well with those of
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the powder pattern of the sample (Table 4-10). Hewrhore, a multi-scan absorption
correction (8ALEPACK [150]) was applied to the intensity data.

According to the systematic reflection conditiotiee space groupgs2/m (no. 12) andC2
(no. 5) were derived. The structure solution aral plarameter refinement with anisotropic
displacement parameters for all atoms (full-matebst squares agairfsf) were successfully
achieved in the space gro@2/m by the $IELX-97 software suite [169,171]. All relevant
information and details concerning the single @alydata collection are listed in (Table 4-10).
Additionally, the positional parameters (Table 4;ldnisotropic displacement parameters
(Table 4-12), and interatomic distances (Table ¥at8 listed.
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Table 4-10.Crystal data and structure refinement of monoclBiHo,0s.

Empirical formula
Molar mass, g méf
Crystal system

Space group

Powder diffractometer
Radiation

Powder data

a, pm

b, pm

c, pm

p, deg

Vv, nn?

Single crystal diffractometer
Radiation

Single crystal data
a, pm
b, pm
C, pm

B, deg
V, nnt

Formula units per cell
Calculated density, g cin
Crystal size, mrh
Temperature, K

Detector distance, mm
Exposure time, min
Absorption coefficient, mmh
F(000), e

6 range, deg

Range inhkl

Reflections total / independent

Rint

Reflections withl > 24(1)
R,

Data / ref. parameters
Absorption correction
FinalR1 /wWR2 [I > 26(1)]
FinalR1 /wR2 (all data)
Goodness-of-fit offF ?

HeOs
377.86

monoclinic
C2/m (no. 12)
Stoe Stadi P
CHK,1 (A = 154.051 pm)

1394.3(7)
350.0(3)
864.4(8)
100.18(7)
0.4151(4)
Enraf-Nonius KappallCC
Md&,; (4 = 71.073 pm) (graphite monochromator)

1394.7(3)
350.83(7)
865.6(2)
100.23(3)
0.4168(2)

Z=6
9.03
0.02 x 0.02 x 0.02
293(2)
40.0
20.0
56.3
948
3.5-30.0
+19; £4; £12
3514 /689
0.0744
576
0.0505
689 /48
multi-scan (Scalepack [150])
0.0425/0.1087
0.0517/0.1130
1.041

Largest diff. peak and hole, €°A 4.2/ -4.0
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Table 4-11.Atomic coordinates and isotropic equivalent disptaent parameterde, (A?) of B-Ho,0; (space
group: C2/m) (standard deviations in parenthesék), is defined as one third of the trace of the ortdragized
Uj tensor.

Wyckoff-
Atom Position y z U
Hol 4 0.63508(5) 0 0.4880(2) 0.0129(3)
Ho2 4 0.68977(5) 0 0.1369(2) 0.0130(3)
Ho3 4 0.96655(5) 0 0.1869(2) 0.0150(3)
01 4 0.1282(8) 0 0.282(2) 0.020(3)
02 4 0.8244(8) 0 0.030(2) 0.018(3)
OK] 4 0.7938(8) 0 0.373(2) 0.019(3)
04 4 0.4695(8) 0 0.343(2) 0.015(2)
05 7.9 0 1/2 0 0.012(3)

Table 4-12.Anisotropic displacement parametéfs (A% of B-Ho,0; (space grou2/m) (standard deviations
in parentheses).

Atom Ui U, Uss Uz Uiz U,

Hol 0.0079(4) 0.0157(5) 0.0152(5) 0 0.0023(3) 0
Ho2 0.0093(4) 0.0147(5)  00154(5) O 0.0040(3) 0
Ho3 0.0090(4) 0.0162(5)  00187(5) O -0.0004(3) 0
o1 0.010(5) 0.026(7) 0.023(7) 0 0.000(5) 0
02 0.013(5) 0.027(7) 0.012(6) 0 -0.001(4) 0
03 0.021(6) 0.016(7) 0.020(7) 0 0.000(5) 0
04 0.011(5) 0.019(6) 0.016(6) 0 0.006(4) 0
05 0.016(8) 0.013(8) 0.006(7) 0 10.001(6) 0

Table 4-13.Interatomic distances (pm) of B-hiD; (space grougC2/m) based on single crystal data (standard
deviations in parentheses).

Hol-04  224(2) Ho2-02 224(2) Ho3-02  219.7(2)
Hol-03  225.6(8) 2x  Ho2-02 225.7(8) 2x  H03-04 0.8¢) 2x
Hol-04  243(2) Ho2-03 229(2) Ho3-01  226.1(2
Hol-O1  249(2) 2x  Ho2-O1 240.5(9) 2x  Ho3-0O5 48.38(7) 2x
Hol-03  258(2) Ho2-01 270(2)

4.2.1.4 Results and Discussion on B-H®;

The monoclinic compound B-HO@; was already synthesized by Hoekstra, obtainednas f
powder [267,268]. In order to determine the strigtiX-ray powder diffraction pattern were

compared to other monoclinic phases, like ByS#{270]. Further investigations, as well as
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theoretical calculations on rare-earth material evperformed [280]. Within the high-
pressure / high-temperature investigations of ean¢h compounds, the monoclinic phase B-
Ho,O; was obtained as highly crystalline sample. The mamson between the lattice
parameter derived from the literature (powder dabe theoretical data, and the experimental
data set (single crystal) agree well.

Figure 4-10 gives an overview of the correspondmfumes from literature data.
Single crystal data of monoclinic sesquioxides antdy available for the oxideREOs;
(RE=Sm - Tb) [263-279]. Figure 4-10 clearly showdegrease in volume within the row of
the rare-earth elements due to the lanthanide adian. Obviously, our single crystal data
agree well with the data from the literature.

525 | m  Powder data
Single crystal
500 | * Single crystal
[this work]
475 | L
n
% 450 | N
o
% 425
=) LI
=> =
400 | o
-
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350
| 1 1 1 1 1 1 | 1 1 1 1 1 1 1

La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
Rare-earth elements

Figure 4-10. Overview of the corresponding volumes of the mdinac B-type sesquioxides. The squam (
marks experimental powder data from the literatame the star.) stands for the single crystal data (green:
literature, red: this work).

Recently, theoretical calculations on the basi®BT and PAW methods, concerning phase
transition of the rare-earth sesquioxid®s503; (RE=La - Lu, Y, Sc) were performed by the
working group of Wuet al [280]. The influence on the lanthanide contractielated to the
decreasing ionic radii along the series was alsestigated. Investigations into the bulk
modulus of the compoundBREO; (RE=La- Lu) showed a continuous decrease with
increasing atomic numbers, besides a reductioheofrainsition pressure and enthalpy for the
transformation of monoclinic B-type into the hexagbA-type structure. The comparison of
the calculated data of Wet al with the experimental single crystal results rafed the

consistency of the data.
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The single crystal lattice parameters of B.8g (a=1394.7(3), b= 350.83(7),

c = 865.6(2) pm, ang = 100.23(3)° (Table 4-14)) and atomic coordindiesble 4-11) show
good accordance with the theoretical values obtkibg Wu et al. (acac. = 1399.14,
Beaic. = 348.87, Ceac. = 861.01 pm, andpfcac. = 100.266° [280]). The theoretical and
experimental derived results are listed in Tablel4-

Table 4-14.Atomic coordinates and isotropic equivalent displaent parametende, (A% of B-Ho,0; (space
group:C2/m) (standard deviations in parenthesék), is defined as one third of the trace of the ortimagized

U; tensor. The corresponding theoretical values @val [280]) are shown in brackets under the measured
values

Wyckoff-

Atom Position y z U

Hol 4 0.63508(5) 0 0.4880(2) 0.0129(3)
[0.6347] [0] [0.4879]

Ho2 4 0.68977(5) 0 0.1369(2) 0.0130(3)
[0.6916] [0] [0.1371]

Ho3 4 0.96655(5) 0 0.1869(2) 0.0150(3)
[0.9679] [0] [0.1859]

o1 4 0.1282(8) 0 0.282(2) 0.020(3)
[0.1278] [0] [0.2815]

02 4 0.8244(8) 0 0.030(2) 0.018(3)
[0.8254] [0] [0.0302]

03 4 0.7938(8) 0 0.373(2) 0.019(3)
[0.7935] [0] [0.3768]

04 4 0.4695(8) 0 0.343(2) 0.015(2)
[0.4711] [0] [0.3430]

05 o) 0 0.5 0 0.012(3)

[0] [0.5] [0]
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Figure 4-11 represents the lattice parametgrsb, and ¢ of the monoclinic B-type
sesquioxides derived from experimental powder dathe literature ), the theoretical work
of Wu et al. (o) [280], and the experimental data of B-g [single crystal data:)]. The
lattice parameters tally well and decrease almaosttly due to the lanthanide contraction,
except for the theoretical values for B8s [280]. Unfortunately, some theoretical data are
missing RE= Eu, Yb).
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Rare-earth elements
Figure 4-11.Comparison of the lattice parametard, andc of the monoclinic B-type sesquioxides. The square
(m) marks experimental values from the literaturew@er data), the circlee] shows data from theoretical
calculations [280], and the sta} (narks the experimental data of this work (sirglestal data).

Figure 4-12 shows the structure of monoclinic B;8with a view along [00], displaying
two different types of polyhedra: distorted octatadlgt coordinated HE-ions next to seven-
fold coordinated cations forming capped trigonasmis. A closer look at the coordination
sphere of Ho3 reveals six oxygen atom octahedeitgnged in a distance of 219.7(2) to
248.58(7) pm (av. = 230.8 pm) (Table 4-13) and daliteonal oxygen atom in a distance of
312.7 pm.
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Figure 4-12.Crystal structure of monoclinic B-H0; with view along [@0]. The light polyhedra and the dark
polyhedra correspond to the capped trigonal prisaift and octahedrally coordinated Hdons, respectively.

Furthermore, MPLE calculations Madelungpart of lattice energy) for Ho3 were performed
[183-185]. The MPLE results proved a negligible coordinative contridmitof ECoN = 0.003
(Effective Coordination Number) for this ion; so the six-fold coordinatedscigption is
reasonable.

The comparison to the cubic C-p® shows that the average bond length of the octahlgdr
coordinated Ho3-O (av. =228.3(3) pm) [258] standsgood accordance to the Ho-O
distances in other octahedra.

The Ho-O distances of the capped trigonal prismsl(HHo2) range between 224-270 pm
(av. =237.8 pm), which corresponds well with thendb lengths of Ho (av. =236 pm) in
HosGaQs [192].

In Figure 4-13, the coordination spheres of thegherystallographicaly independent*fHo

cations with plotted interatomic distances (Ho-@&) shown.
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Figure 4-13.Coordination spheres of the three crystallograplyidadependent HS-ions in B-HgOs.

At this point the question arises, if it is possibb transform cubic H@®; into the monoclinic
form under these conditions, starting from pure &4, without adding?-Ga0s.

The lowest fraction 0f-G&a03; and C-H@O; leading to a transformed compound was 1 : 10.
In fact further investigations showed that it wast possible to obtain the monoclinic
compound without adding flux materials. Therefore @an state that the addition of a small

amount off-Ga0O3; was necessary for a successful transformation.

4.2.1.5 Theoretical Calculations for B-Ho,O3

Bond valence sums were calculated for B:®pon the basis of the Bond-Length / Bond-
Strenght conceptzQ) [186-188] and the @ARDI (2V) [190,191] concept (see Table 4-15).
The formal ionic charges of the atoms were withie timits of both concepts with the
exception of the reduced value for the oxygen af@@Bnexhibiting a value of -1.4%Q), due

to a extraordinary long Ho2-O5-bond of 270.1 pm.

Table 4-15.Charge distribution in B-H®; calculated with the Bond-Length / Bond-Strengthaapt.

Hol Ho2 Ho3 o1 02 03 04 05

2Q 2.73 2.99 2.94 -2.25 -2.25 -1.78 -2.10 -1.45
Vv 3.0 3.0 3.0 -2.0 -2.0 -2.0 -2.0 -2.0
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4.2.2 Conclusion

The successful synthesis and structural charaatenmz of the crystalline compound
monoclinic holmium sesquioxide B-H0; started from C-HgD; and f-G&0; in the molar
ratio of 6 : 1 under high-pressure / high-tempemateonditions of 11.5 GPa /1250 °C. The
structure was already known, but only from powcdsad

For the first time, the successful synthesis ofyatalline compound with a high degree of
crystallinity allowed the determination of the sttwre on the basis of single crystal data. A
comparison of the existing structural parameteasell on the experimental data (powder)
[267,268] and theoretical work [280] was done, whghowed that all data stand in good
accordance to each other.

Within our experimental work, the stability regidor the metastable rare-earth oxide was
investigated at different high-pressure / high-temapure conditions. Applying low fractions
of f-G&0s3, the experiments led to monoclinic B-4@3. Nevertheless, experiments starting
only from the rare-earth oxide (C-type) showed tinat transformation into the monoclinic
compound did not occur. So, for the transformatadnC-Ho,O3, the addition of small
amounts off-Ga0Os; is necessary and helps to transform the compowhé;h stands in
accordance to results of Foek al [244] or Paganet al [281], as flux materials improve
crystallinity.

Under variation of the applied fluxes, several expents were performed. Besidessa0s;,
mixtures of boron nitride and boron oxide were aslded to the rare-earth oxides, as it was
already successfully used for other compounds [28&] HaOs, we can state that the phase
transformation can be initiated by small amountss@a0s;, as well as by adding low
fractions of h-BN and EDs.

Additionally, experiments starting from other raarth oxides RE= Dy, Er, Tm) were
performed. Interestingly, the phase transformation other C-type rare-earth oxides
(RE= Dy, Er, Tm) under high-pressure / high-tempeeatonditions was observed (detected
and determined by powder diffractometry and comgpaoethe simulated diffraction pattern
derived from the single crystal data of BJ@g), but samples were obtained with a low
degree of crystallinity. To improve crystal growtbther flux materials were applied.
Unfortunately, the conditions could not be improwgdto now. Therefore, measurable single

crystals of these compounds are still not available
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For future work, we should concentrate on a vamatof the flux material to improve
crystallinity and come to measurable single crgstdilthe corresponding rare-earth oxides.
Within these investigations, a side reaction betwte applied flux material h-BN,
B,O3, and the rare-earth oxide occurred. The followehgpter deals with the new holmium
oxide borate obtained under high-pressure / higipegature conditions, its characterization,

crystal structure, stability, and spectroscopi@stigations.
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4.3 Rare-Earth Borates

4.3.1 Introduction

Boron plays an outstanding role in group 13 elese@bncerning chemical relationships
within the Periodic Table, its affinity to silicas higher than aluminium, gallium, or indium.
Boron is often used as additive in organometathimpounds as Lewis acid due to its electron
deficiency, and the vacamptorbital. In contrast to that, the resulting stwuat diversity is

appreciated in inorganic chemistry.

Figure 4-14.The mineralkernite[283], ulexite[284], andcolemanitg285].

Valued in different natural minerals, boron exlshat colorful spectra in gemstones, such as
borax (N&B4Os5(OH), - 8 HO), kernite (N&B4Og(OH), - 3 HO), ulexite
(NaCaBOg(OH)s - 5 HO) or colemanite(CaBgO11 - 5 HO). Furthermore, in the group of
tourmalinesABsMg[(OH,F)(OH,O}(B0Os3)3SisO15] with (A = Na, Ca, K), (B = Al, Li, Fe, Mg,
Mn, Zn, Cu), and (M = Al, Cr, Fe, Mg, Mn, V) [286pbron plays also an outstanding role.
However, synthesized oxoborates are in the sciefbi€us for high-tech purposes and
industrial applications. Based on their high thdrrs@bility, borates are used for high-
temperature devices or utilized for optical glaspé®sphors, and non linear optical materials
(NLO) due to their luminescence properties. Dopdth wuropium,e.g. SrBOy : Eu, borates
are used as phosphorus material for UV-emitting panm medical equipment. Green
fluorescent lamps work.g. with GdMgB;O,0 : (Ce, Th) while red-emitting components in
high-definition television apparatus work with (@d)BO; : Eu. When the first borate was
utilized as laser material, research intensifiecher&fore f-BaB,O, (BBO) is highly
appreciated [287,288]. Further crystalline boratig®, LiB3Os (LBO) [289-292],a-BiB30s
(BIBO) [293-295], and CsLiBO; (CLBO) [296-299] allowed the application for ladeght
of certain wavelengths and power levels, unattdiétr solid state facilities in the past
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[300,301]. Recently, the new non-centrosymmedtrmodification of BiBOg (BIBO) was
synthesized in our working group, applying highgsige / high-temperature conditions of
5.5 GPa at 820 °C to mixtures of;8; and BO; (1 : 3) [86].

In analogy to the structural diversity of silicatexoborates display a diversity of
characteristical different structures, based onctiemical relationship of boron and silicon.
Silicates offer Si@tetrahedra distributed as isolated units in thacttire, bound in pairs,
linked in larger clusters, including rings, chaidsuble chains, sheets, and three-dimensional
frameworks as well.

Nevertheless, the BQunits and BQ-groups can also be distributed as isolated umits i
the structure, linked in groups, chains, bandsgtsher bound in even more complex networks
[302,303]. The fundamental principle for the stunat diversity of borates is based on the
ability of boron to coordinate to three as wellt@gour oxygen atoms, resulting in triangular
BOs-units and BQ@-tetrahedra.

Figure 4-15. Left Crystal structure of trigonal Bs-I with a view along 100] [305].Right: Crystal structure of
orthorhombic BOs-1l with a view along [@0] [306].

The coordination number of boron is also affectedan high-pressure conditions. According
to the pressure coordination rule [304], increadimg pressure leads to higher coordinated
ions in the structure. The comparison of the moditfons of the normal pressure modification
of boron oxide BOs-I [305], and the high-pressure modificatiop3-1l [306] shows that all
trigonal BQ-units in BOs-1 transform under pressure into B€@trahedra (BOs-1l). The
crystal structures are shown in Figure 4-15.

A typical structural characteristic, the fundameébitalding blocks (FBB), was already
postulated in 1969 by Edwards and Ross and cledsify Burns [307-309]. This structural
build-up of triangular B@units and BQ-tetrahedra linked onlyia common corners and not

via edge- or face-sharing, can be used within the rlapbclass of oxoborates.
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Research on borates was mostly conducted underah@nessure conditions. Due to
geological interests in gemstones the conditiomssfmthetic borates were enlarged into a
high-pressure approach. Originally, rare-earth oxates were in the scientific focus of
Meyer, who presented first results in the sysREBO; (RE= Pr, Nd, Sm - Dy, Yb) [310].
Exploring new synthetic fields under high-pressunggh-temperature conditions using belt
devices, he investigated the influence of pressur¢he high-temperature modifications of
rare-earth orthoboratREBO; and observed pressure-induced transformationa applied
pressure of 2 up to 6.5 GPa, at 850-1000 °C ta-thedifications (space groupmcr).

In 1999, Huppertzet al. commenced high-pressure / high-temperature refsean
crystalline borates applying a Walker-type highsstge device. Continuative research led to
a diversity of different rare-earth, transition aleand main group borates. Recently the field
of rare-earth fluorborates was seized.

The first rare-earth borates were obtained from Huweary oxides in the following
stoichiometric compositionsREBOs, different modifications ofREB3;O0s, and REBOs,
enlarging the number with compositionsRE;B40y andRE;BsO;5.

Continuous research led to a diversity of new stmes. So, the rare-earth oxoborate
Dy4BgsO15 was the first compound exhibiting [B-tetetrahedra in the structure connected
via edge-sharing [77]. This extraordinary compoundved linkagevia common edges,
abolishing the postulate of only shared cornetsorates.

Up to date, more than 500 oxoborates are knownstaihdew structures are obtained.
In the last decade, the substance class of oxa®0jad0,301,311-313] was in the focus of the
scientific research in our working group with resp® their structural behavior and new
synthetic possibilities under high-pressure / higimperature conditions. The use of the
multianvil technique [111] allowed the access twesal new metastable polymorphs and
compositions, unattainable under normal pressunelitions. Adjacent to a multitude of new
main group [86,277,314,315] and transition metablmrates [80-84,316-323], special
attention was given to the ternary rare-earth oratles with trivalent rare-earth cations [324].

In 1999, at the outset of our research, trivalemtesearth oxoborates in the
composition REBO; [325-353], REB30s [347-376], ‘REBOg" [324,377], RE60.7(BOs3)s
[378,379],RE17.3dB03)4(B205),016 [380,381], andREs 6¢(BO3)2(B.0s)Og [382] were known.
Shortly after, several polymorphs of these compwsst were obtained in experiments
performed under high-pressure / high-temperatunglibons. Continuative research led to the
compositionsREBsOy [383,384] andRE4B140,7 [385], which were discovered under normal
pressure conditions by ket al. and Nikelskiet al, respectively. The work group of Huppertz
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et al was able to add four new compositions to theesysby applying high-pressure
conditions, namel\REBsO15 [77,78], RE:B4Og [386-389], REsB5012 [390], andRE4B100,1
[391,392]. In the case &®EBsO15, the new structural motive of edge-sharing,B€rahedra
was observed for the first time. Table 4-16 givesuevey of all known compositions (to the
best of our knowledge) of ternary rare-earth oxatew with trivalent rare-earth cations
ordered by the ratiRE,Os : B,Os. So, at the top of Table 4-16, the rare-earth oxateso-/5-
REBsOg show the highest fraction of boron, while at tlétdm of Table 4-16 the compounds
with the lowest boron contents are positioned. Ha last place of Table 4-16, the new
compoundrE;;0,7(B0s)3(BO,)s (RE = Ho) can be found, exhibiting the lowest percgataf
boron in a trivalent rare-earth oxoborate synthegkizo far. In the following, the high-
pressure synthesis, the crystal structure, andacterzation of the new rare-earth oxide
borate Hg;0,7(B0s)3(BO.,)s is reported.
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Table 4-16.Known phases in the systeRi04/B,0s.

Composition REO;: RE:B RE Comments

B.Os

a-REBsOq 1:5 0.2 Sm - Er Pentaoxoborates [383]

[-REB5Oq 1:5 0.2 La, Ce Pentaoxoborates [384]

RE;B 14027 1: 35 0.285 La [385]

a-REB306 1:3 0.33 La-Nd, Sm-Th [3862,363,366,367,372]

SREB30g 1:3 0.33 Th-Lu [350,373-376]

y-REB30s 1:3 0.33 La-Nd [368,369]

OREB30g 1:3 0.33 La, Ce [370,371]

REB1002; 1:25 0.4 Pr [391,392]

a-REB,0q 1:2 0.5 Eu, Gd, Tb, Dy [386]

S-REB,Oqy 1:2 0.5 Dy, Gd [388,389]

RE;B50:» 3:5 0.6 Er-Lu [390]

REBsO1s 2:3 0.66 Dy, Ho [77,78]

7+REBO; 1:1 1 Y, Ce - Nd, Sm -LT Pseudo hex. phases [332,337]

Lu

U-REBO; 1:1 1 Y,Sm-Lu HT Calcite related structure
[332,337]

A-REBO; 1:1 1 La-Eu Aragonite structure [334,345,351]

S-REBO; 1:1 1 Sc, Yb, Lu Calcite structure [335,338-340]

V-REBOs 1:1 1 Ce - Nd, Sm - DyTric. (H-NdBO)
[333,336,341,343,347,349]

X-REBO; 1:1 1 Dy, Ho, Er Triclinic phases [352,353]

H-REBO; 1:1 1 La, Ce Monocl. (H-LaB£p

RES_GGOg(BOS)Z(BZOS) 8.66:4 2.165 Ho
RE17_3QJ_5(BOQ,)4(BQO5)2 ~8.7:4 2.175 Y, Gd

REBOg 3:1 3 Y, La, Pr-Lu

REO,#(BOs)s 13:4 325  La, Nd
RE;O,(BOy)s(BOs)s 31:9 344  Ho

[341,343,344,347]
[382]
[380,381]
REO):BO;) [337]
(REBOs - RE,O5) [378,379]
[this work]
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4.3.2 Starting Materials for the Synthesis of Hg10,4B0O3)3(BO4)s

The starting materials for the synthesis were ialland humidity resistant. The analysis and
characterization of the crystalline educts and pot&l was executed with powder
diffractometry, comparing the measured educts @ IB&SD-database. Remarkable is that
impurities of less than 3 % cannot be detected. dy@ied substances are listed in Table
4-17, added with the corresponding ICSD numbers.

Table 4-17:List of applied substances.

Substance State Source of Supply Purity [%)CSD-PDF
B,0O; Granulate Strem Chemicals, Newburyport, US#9.9 amorphous
Ho,03 Powder Alfa Aesar, Emmerich, Germany 99.995 [08-2863]
C-Dy,0O;  Powder Alfa Aesar, Emmerich, Germany, 99.995 (088-2164]

4.3.3 Holmium Oxide Borate H031027(BO3)3(BO4)s

4.3.3.1 Synthesis of Hg10,7(BO3)3(BO4)s

The compound HQO,7(BOs)3(BOs)s was synthesized under high-pressure / high-
temperature conditions of 7.5-11.5 GPa and 120h°&€modified Walker-type module in a
multianvil 1000t press. As starting materials fipewders of C-HgDs; (99.995 %, Alfa
Aesar, Emmerich, Germany) and@ (99.9 %, Strem chemicals, Newburyport, USA) were
applied, mixed and ground together to fill the teats finally into the BN-crucibles (BNP
GmbH, HeBoSin® S10, Germany) (volume: ~9 nini14/8) up to ~35 mrh(18/11)), and
sealed with a fitting hex. boron nitride plate. ®teichiometric ratio of C-H®; : B,O3; was
15.5: 4.5 as shown in Eq. 4-3.

155 Ho,0, + 4.5B,0, 7-51'2221@ -~ Ho,,0,/(BO,)(BO,), (4-3)

As pressure medium, precastable MgO-octahedra if@eBubstrates & Components, Isle of
Wight, UK) with edge lengths of 14 or 18 mm (14/818/11-assembly) were applied. Eight
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tungsten carbide cubes (TSM 10, Ceratizit, Austnidh the truncation edge lengths of 8 or
11 mm, compressed the octahedra.

The assemblies were compressed up to 11.5 GP& im fdllowed by a heating period of
15 min, in which the samples were heated up torgpéeature of 1200 °C. The temperature
was held for 10 min, followed by a tempering segm@e® min) at 450 °C, to quench the
sample finally to room temperature within one me&wuhfter decompression (10.5 h), the
recovered MgO octahedron was broken apart, totesdlee sample for further analytical
investigations.

To estimate the formation region of the compounith wespect to the parameters pressure
and temperature, we performed several different h-pigssure / high-temperature
experiments under variation of the applied pressuaed temperatures at constant
composition of the starting materials. These expenits led to the finding that the pressure
could be reduced to 7.5 GPa at the same syntleespgetature of 1200 °C, still leading to the
compound He1O»7(BO3)3(BO4)s in good quality.

The surrounding hexagonal boron nitride cruciblese carefully separated from the
samples, to obtain the air- and humidity-resisteminpound HegO,7(BO3)3(BOs)s. The
crystalline sample was grey to pink (neon lampsyaitow-orange (naturally light sources),
depending on the lighting conditions (Alexandritieet [274,275]).

After preparation, the sample was examined by powdiffraction data at ambient

temperature. In addition to that, as a matter otin@ the sample was investigated with an
EDX device (Oxford Instruments, Oxfordshire, UK) semiquantitative method to examine
the elemental content, crystal size, and homoggwoéithe product. The EDX measurements

exhibited high crystallinity and confirmed Ho, BydhO in the compound.

4.3.3.2 Crystal Structure Analysis of H0310,7(B03)3(BO4)s

The samples were characterized by powder X-rayadifion, therefore a small part of the
sample was closely ground and analyzed usin@ree Stadi P diffractometer, with
monochromatized G, (A= 154.051 pm) radiation {8 & Cie, Darmstadt, Germany).
Figure 4-16 shows a typical powder diffraction eait of the sample exhibiting
H0310,7(B03)3(BO4)s as well as marked reflections of the starting mateC-Ho,O3. The
experimental powder pattern tallies well with thedretical powder pattern (Figure 4-16,

bottom) simulated from single-crystal data.
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Figure 4-16. Powder diffraction pattern of the trigonal compouHds;O,(B0Os)3(BO,)s compared to the
simulated pattern, derived from single crystal deteation. Marked reflections refer to remainingrthg
material C-HgOs.

All powder diffractograms were measured and handigith the Stoe program package
WinXpow [154]. The implied programs REOR [155-157], o [158], DcvoL [159], and
THEO [160] allowed the handling of the powder patteffise powder diffraction pattern was
indexed on the basis of a trigonal cell with thétida parametersa=2657.9(4) and
c = 1146.9(2) pm and a volume of 7.001(3)*nm

Due to its crystallinity, small single crystals dflo3;0.,7(BO3)3(BOs)s were
mechanically isolated, and tested for symmetry amidhbility on a precession camera in
Laue mode (Buerger Precession camera 205, Hub&akibnstechnik GmBH, Rimsting,
Germany) combined with an image plate system (jiBAS-2500 Bio Imaging Analyser,
Fuji Photo Film corporation, Japan). Single crystdaénsity data were collected at room
temperature from a small, regular crystal with i@es0.01 x 0.01 x 0.01 minapplying an
Enraf-Nonius Kappa-CCD single crystal diffractommetEnraf Nonius, Delft, Netherlands)
with graphite monochromatized Mg, (2 = 71.073 pm) radiation. A multi-scan absorption
correction (8ALEPACK [150]) was applied to the intensity data. The crystalcstme was

solved and refined on the basis of a trigonal cell.
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According to the systematic extinctions, the spamips,R3 (no. 148) andR3 (no. 146)
were derived. Structure solution and parameteneeiient with anisotropic displacement
parameters for all atoms (full-matrix least squaagainstF?) were successfully achieved in
the space grouR3 (no. 148) by the =Lx-97 software set [171,172].

All relevant information and details concerning #iegle-crystal data collection are listed in
Table 4-18. Furthermore, the positional paramef€able 4-19), anisotropic displacement
parameters (Table 4-20), interatomic distances |€Tdi21), and interatomic angles (Table
4-22) are listed.
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Table 4-18.Crystal data and structure refinement og{p;(BOs3)3(BOy)s.

Empirical formuli
Molar mass, g mdi
Crystal system

Space group

Powder diffractometer
Radiation

Powder data

a, pm

c, pm

Vv, nnt

Single crystal diffractometer
Radiation

Single crystal data
a, pm
C, pm

V, nnt

Formula units per cell
Calculated density, g ¢t
Crystal size, mrh
Temperature, K

Detector distance, mm
Exposure time, min
Absorption coefficient, mrh
F(000), e

6 range, deg

Range irhkl

Reflections total / independent
Rint

Reflections with > 24(1)

R,

Data / ref. parameters
Absorption correction
FinalR1L /wWR2 [l > 24(1)]
FinalR1 /wR2 (all data)
Goodness-of-fit off 2

H0310,7(BO3)3(BO4)s
6170.12
trigonal
R3 (no. 148)
Stoe Stadi P
CK,1 (A = 154.051 pm)

2658.2(6)
1145.5(3)
7.010 (3)
Enraf-Nonius KappallCC
Md,, (4 = 71.073 pm) (graphite monochromator)

2657.9(4)
1146.9(2)
7.017(2)

Z=6
8.76
0.1x0.1x0.1
293(2)
35.0
25.0
47.9
15612
3.6-30
+37; £16; £37
4550/ 3434
0.0941
26407
0.0624
4550/ 302
multi-scan ¢BLEPACK [150])
0.0319/0.0526
0.0571/0.0564
1.053

Largest diff. peak and hole, e 5.9/-2.6
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Table 4-19. Atomic coordinates and isotropic equivalent dispfaent parameters Uf,/ A% for
H03,0,7(B03)3(BO4)s (space groupR3, no. 148).Ug is defined as one third of the trace of the ortradized

U; tensor.

Wyckoff
Atom X y Uq
site

Hol 18 0.04045(2) 0.13786(2) 0.24508(4) 0.0074(2)
Ho2 18 0.09366(2)  0.29530(2) 0.25530(4) 0.0074(2)
Ho3 18§ 0.00695(2) 0.33401(2) 0.09479(5) 0.0113(2)
Ho4 18 0.09250(2) 0.29633(2) 0.92081(4) 0.0082(2)
Ho5 18 0.95947(2) 0.19489(2) 0.09030(4) 0.0073(2)
Ho6 18§ 0.95431(2) 0.19082(2) 0.40076(4) 0.0083(2)
Ho7 18 0.12112(2) 0.08890(2) 0.42691(4) 0.0099(2)
Ho8 18 0.90851(2) 0.03104(2) 0.07485(4) 0.0086(2)
Ho9 18 0.23591(2) 0.35261(2) 0.09477(4) 0.0084(2)
Hol0 18 0.12334(2) 0.44307(2) 0.38490(4) 0.0101(2)
Holl & 0 0 0.25270(9) 0.0170(2)
01 1§ 0.0857(3) 0.3476(3) 0.4003(5) 0.006(2)
02 18 0.0588(3) 0.2083(3) 0.8364(5) 0.006(2)
03 18 0.1526(3) 0.2744(3) 0.0279(5) 0.007(2)
04 1§ 0.9482(3) 0.1263(3) 0.2446(6) 0.010(2)
05 18 0.9971(3) 0.2626(3) 0.2484(6) 0.011(2)
06 18 0.8271(3) 0.9442(3) 0.0306(5) 0.007(2)
o7 1§ 0.0700(3) 0.995(3) 0.3979(5) 0.008(2)
08 1§ 0.1760(3) 0.3889(3) 0.8966(5) 0.009(2)
09 18 0.0504(3) 0.2053(3) 0.3892(6) 0.011(2)
010 18 0.0926(3) 0.3359(3) 0.0884(5) 0.006(2)
011 18 0.2186(3) 0.1385(3) 0.3676(5) 0.009(2)
012 18 0.9429(3) 0.1253(3) 0.5537(6) 0.013(2)
013 18 0.0023(3) 0.2570(3) 0.5430(6) 0.011(2)
014 18 0.0923(3) 0.0945(3) 0.2550(5) 0.012(2)
015 18 0.1453(3) 0.2832(3) 0.4313(6) 0.014(2)
016 18 0.2029(3) 0.4406(3) 0.4522(6) 0.009(2)
017 18 0.9928(3) 0.2641(3) 0.8482(6) 0.012(2)
018 18 0.2704(3) 0.3571(3) 0.9165(6) 0.010(2)
019 18 0.0044(3) 0.0692(3) 0.1042(6) 0.010(2)
020 18 0.0511(3) 0.2073(3) 0.0901(6) 0.015(2)
Bl 18 0.2212(5) 0.1167(5) 0.252(2) 0.009(2)
B2 19 0.2202(5) 0.4457(5) 0.577(2) 0.007(2)
B3 19 0.1070(5) 0.2232(6) 0.421(2) 0.014(3)
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Table 4-20.Anisotropic displacement parametel; ( A?) for Ho3,0,/(B03)s(BO4)s (space grouf3, no. 148).

Ull U22 U33 U23 Ul3 U12

Hol 0.0072(2) 0.0068(2) 0.0083(3) 0.0002(2) 0.0010(2) 0.0036(2)
Ho2 0.0071(2) 0.0081(2) 0.0069(2) 0.0007(2) 0.0001(2) 0.0038(2)
Ho3 0.0076(2) 0.0071(2) 0.0191(3) -0.0023(2)-0.0025(2) 0.0036(2)
Ho4  0.0084(2) 0.0083(2) 0.0081(2) -0.0008(2)-0.0010(2) 0.0043(2)
Ho5  0.0066(2) 0.0074(2) 0.0072(2) -0.0003(2)-0.0006(2) 0.0028(2)
Ho6  0.0091(2) 0.0081(2) 0.0088(2) -0.0009(2)-0.0007(2) 0.0050(2)
Ho8 0.0086(2) 0.0073(2) 0.0080(2) 0.0005(2) 0.0004(2) 0.0027(2)
Ho9 0.0070(2) 0.0098(2) 0.0069(2) -0.0003(2)0.0001(2) 0.0031(2)
Hol0 0.0091(2) 0.0083(2) 0.0134(3) -0.0007(2)-0.002(2) 0.0047(2)
Holl 0.0086(3) 0.0086(3) 0.0339(6) 0.000 0.000 0.0043(2)
O1  0.008(4) 0.005(3) 0.005(4) -0.001(3) 0.003(3) 00B(3)
02  0.009(4) 0.005(3) 0.004(3) 0.000(3) 0.005(3) 08(3)
O3  0.009(4) 0.007(3) 0.008(4) 0.003(3) 0.001(3) 08(3)
O4  0.003(3) 0.009(4) 0.015(4) -0.005(3) -0.003(3).00Q(3)
O5 0.006(4) 0.016(4) 0.008(4) -0.002(3) -0.002(3).008(3)
O6  0.004(3) 0.008(3) 0.007(4) 0.001(3) 0.004(3) 0Q(3)
O7 0.011(4) 0.013(4) 0.005(4) 0.002(3) 0.003(3) 10(8)
08  0.007(4) 0.006(3) 0.008(4) -0.001(3) -0.001(3)0.002(3)
09  0.007(4) 0.016(4) 0.011(4) -0.004(3) -0.002(3).000(3)
010 0.006(3) 0.008(3) 0.005(3) 0.001(3) 0.003(3) 008(3)
O11 0.008(4) 0.017(4) 0.003(4) -0.002(3) -0.001(3D.007(3)
012 0.010(4) 0.017(4) 0.011(4) 0.002(3)  0.001(3) 006(3)
013 0.006(4) 0.011(4) 0.016(4) 0.003(3)  0.001(3) 008(3)
014 0.021(4) 0.017(4) 0.000(4) 0.000(3)  0.001(3) 010(3)
015 0.016(4) 0.014(4) 0.006(4) -0.004(3) 0.005(3) .008(3)
016 0.008(4) 0.009(4) 0.007(4) -0.001(3) 0.000(3) .008(3)
017 0.013(4) 0.008(4) 0.010(4) 0.000(3)  0.004(3) 00Q(3)
018 0.005(3) 0.013(4) 0.014(4) -0.006(3) -0.002(3).007(3)
019 0.008(4) 0.010(4) 0.014(4) 0.000(3) 0.000(3) 00B(3)
020 0.012(4) 0.018(4) 0.013(4) 0.006(3) 0.007(3) 00@(3)
BL  0.015(6) 0.012(6) 0.005(6) 0.003(5) 0.003(5) 1Q(G)
B2  0.005(6) 0.007(6) 0.004(6) -0.003(5) -0.008(5).00Q(5)

B3  0.020(7) 0.025(7) 0.005(6) 0.005(5) 0.005(5) 16(6)
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Table 4-21.Interatomic distances (pm) derived from single talydata of HgO,/(BOs3)3(BO,)s.
Hol-0O14 219.8(7) Ho5-017 227.9(6) Ho9-018 222.0(6)
Ho1l-019 226.0(6) Ho5-020 228.8(6) H09-013 222.8(6)
Hol-O7 227.4(6) Ho5-03 231.0(6) Ho09-01 224.6(6)
Hol-O4 231.4(6) Ho5-06 235.1(6) Ho09-03 228.2(6)
Hol-O9 235.4(6) Ho5-05 239.3(6) Ho09-015 243.5(7)
Hol1l-O16 239.4(6) Ho5-08 244.1(6) Ho09-011 244.2(6)
Ho1-020 247.4(7) Ho5-04 244.9(6) Ho9-017 266.4(7)
@ =2324 Ho5-018 282.8(6) @ =236.0
@ =241.6
Ho2-010 220.5(6) Ho6-010 218.5(6) Ho10-O1 222.1(6)
Ho2-O1 224.4(6) Ho6-013 226.7(7) Ho10-O16 228.3(6)
Ho2-05 226.3(6) Ho6-012 238.3(7) Ho010-O13 229.1(7)
Ho2-O15a 244.1(7) Ho6-09 238.8(6) Ho10-02 237.3(6)
Ho2-016 252.1(6) Ho6-05 241.1(6) Ho10-018 242.8(6)
Ho2-015b 254.9(7) Ho6-04 242.8(6) Hol10-O11 258.1(6)
Ho2-09 257.8(7) Ho6-08 261.0(6) Ho10-012 271.4(7)
Ho2-020 277.4(7) Ho6-011 276.1(6) Ho10-017 296.7(6)
@D =244.7 Ho6-015 286.7(7) @ =248.1
@ =247.8
Ho3-018 220.5(6) Ho7-014 214.7(6) Hol11-O19a  246.6(6
Ho3-01 224.0(6) Ho7-O7a 219.0(6) Ho11-O19b  246.6(6)
Ho3-010 225.2(6) Ho7-O7b 227.5(6) Hol1-O19c 246.6(6
Ho3-013 236.9(6) Ho7-011 234.5(6) Holl-Ol4a  248.4(7
Ho3-O17a 239.3(6) Ho7-O12a 244.1(6) Hol1-O14b  243.4
Ho3-0O5a 250.6(7) Ho7-O12b 261.8(7) Hol1l-Ol4c  248.4(
Ho3-O5b 269.8(6) Ho7-09 293.4(7) Hol1l-O7a 254.9(6)
Ho3-017b 288.1(7) Ho7-O7 293.8(6) Ho11-O7b 254.9(6)
@ =244.3 Ho7-04 302.2(6) Hol11-O7c 255.0(6)
@ = 254.6 @ =250.0
Ho4-010 219.0(6) Ho(8)-014 223.2(6)
Ho4-018 220.1(6) Ho(8)-O19a 224.8(6)
Ho4-02 226.2(6) Ho(8)-02 225.8(6)
Ho4-03 230.9(6) Ho(8)-O6a 229.6(6)
Ho4-017 236.3(6) Ho8-06b 232.8(6)
Ho4-08a 236.5(6) Ho8-019b 239.3(6)
Ho4-08b 265.5(6) Ho8-020 278.1(7)
Ho4-020 282.5(7) Ho8-019c 290.8(6)
@ =239.5 Ho8-04 293.9(6)
@ = 248.7
B1-O11 146.41(3) B2-03 146.21(2) B3-09 138.11(4)
B1-O8 147.8(2) B2-016 148.41(2) B3-0O15 140.41(4)
B1-0O2 148.21(3) B2-0O6 149.71(3 B3-0O13 142.41(3)
B1-O4 152.21(3) B2-020 150.11(2) @ =140.3
@ =148.7 @ =148.6




90 Experimental Section

Table 4-22.Interatomic bond angles (O-B-O) (deg.) for{®(BOs)3(BOy)e.

011-B1-08 112.0(8)  03-B2-016 109.9(8)  09-B3-015 3(10)
011-B1-02 108.5(8)  03-B2-06 106.5(8)  09-B3-012 3210)
08-B1-02 111.8(8)  016-B2-06 111.5(8) 015-B3-012 .3010)
011-B1-04 109.8(8)  03-B2-020 113.8(8)
08-B1-0O4 103.4(8)  016-B2-020 105.9(8
02-B1-O4 111.4(8)  06-B2-020 109.3(7)

@ 109.5 @ 109.5 @ 120.0

4.3.3.3 Crystal Structure of Ho31027(BO3)3(BO4)s

Figure 4-17 shows the crystal structure of the ammoxide borate HRO,7(BO3)3(BO,4)s

displaying isolated B@tetrahedra as dark hatched polyhedra ang-@tits in form of ball-

stick modells, embedded in a complex holmium oxidévork. Three crystallographically
different boron atoms occur in the structure, frovhich B1 and B2 are tetrahedrally
coordinated, while B3 is coordinated trigonally rda by three oxygen atoms. Eleven
crystallographically independent Bfocations can be distinguished, which are seveni(Ho
Ho9), eight- (Ho2 - Ho5, Ho10), and nine-fold caoated (Ho6 - Ho8, Holl) by oxygen

atoms.
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Figure 4-17.Crystal structure of HEO,-(BOs3)3(BO,)s showing BQ- and BQ-units embedded in a complex
holmium oxide network.

For a better understanding of the arrangement efBs- and BQ-units, Figure 4-18
displays only these groups without the holmium i@m&l oxygen atoms, which are not
bonded to boron. In the bottom of Figure 4-18, timét cell with a view along [001] is
shown. In the top area of Figure 4-18, the cemtrah is picked out with a view alongl[i].
Along thec-direction, a sequence of two B@etrahedra and one trigonal BOnit can be
found, while a corrugated sequence of;B@its and BQ-tetrahedra can be observed along
the a-axis. It is noteworthy that all B€ and BQ-groups in the structure of
Hos10,7(B03)3(BO,)s are isolated, without a linkage among each other.

Screening the literature, several oxoborates wsgblated BQ-groups €.g. ludwigite
(Mg2FeQ(BOg3) [393]) and a few compounds with isolated Bétrahedra €.g. sinhalite
(AIMgBOy) [394]) are known. But structures exhibiting boi$olated BQ-tetrahedra and
BOs-units at the same time are not known so far. Foamknowledge, HQO,7(BOz3)3(BO,)s

is the first oxide borate, in which isolated B@roups as well as isolated B€&trahedra

occur in the same structure next to each other.
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Figure 4-18. Arrangement of the isolated trigonal BOnits and BQ-tetrahedra in the crystal structure of
H0310,7(BO3)3(BO4)s.

The whole structure of HgO,7(BO3)3(BO,)s is build-up from the above mentioned Ho-O-
polyhedra, which are linked among themselves amtitiadally via the trigonal B@ and
tetrahedral B@units. The linkage includes corner-, edge-, antk{fsharing of the units.
Figure 4-19 displays a part of the structure vignahong thec-axis, showing the polyhedra
of Hol, Ho2, Ho3, Ho7, and Ho8 and the linkageh® torresponding B£units and BQ

tetrahedra.
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Figure 4-19. Crystal structure of HEO,/(BO3)3(BO,)s (vView along [0A] with the coordination polyhedra of
Hol, Ho2, Ho3, Ho7, and Ho8. The B&@trahedra and B&groups are shown as black tetrahedra and bak-stic

model, respectively.

Figure 4-20 displays the structure with the coaation polyhedra of Hol, Ho4, Ho5, Ho6
Hol10, and Holl, and their linkage to the B{its and BQtetrahedra. Holl (light

polyhedra) is surrounded by ring-alike assemblagé$ol, Ho7, and Ho8.
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Figure 4-20.Crystal structure of HgO,(BO3)3(BO,)s (view along [0d]), with the coordination polyhedra of
Hol, Ho4, Ho5, Ho6, Ho9, Ho10, and Hol1.

The average bond distances B-O inside the-&®ahedra show typical values of 148.7 pm
for B1 and 148.6 pm for B2 (Table 4-13). The vals&sd in good accordance with the ideal
bond lengths of 147.6 pm for solitary B@trahedra [311]. The nearly planar B@nits
exhibit an average B3-O bond length of 140.3 pmbld@at-21), which is slightly longer
compared tce.g.5-YbBOs (av. 137.8(4) pm) [340] of-GdB4Og (av. 137.6(4) pm) [389].
Longer B-O-bonds for trigonal Bfunits can be found in oxoborates likanellite
SrBsOg(OH), - 3 H,O (av. 151.4 pm) [395], aristarainite NaMg[BeOs(OH)4]2 - 4 H,O
(av. = 151.7 pm) [396], aksaite MgBgO10- 5 HO (av.=151.7 pm) [397], Bs-ll

(av. = 150.8 pm) [306], or ideal values of 150 @38§]. The average O—B-O angles show
ideal values of 109.5° (B1 and B2) for the tetrahéig coordinated boron atoms and 120.0°
in the BQ-triangles, due to their trigonal planar struct(irable 4-22).

The Ho-O-distances vary between 214.7 and 302.1pable 4-21), which is in good
agreement to the bond lengths found inB#®:5 (222.4(4)-262.4(4) pm) [382] or
Hos 66(BO3)2(B205)Og  (221.6(6)-286.9(13) pm) [382]. The coordinationheges of the
individual Ho™*-cations in H@i:0,7(BO3)3(BO4)s are shown in Figure 4-21. Displaying the
three different coordinations of seven- (Hol, H&ght- (Ho2, Ho3, Ho4, Ho5, Ho10), and
nine-fold coordinated Ho-atoms (Ho6, Ho7, Ho8, Hpll
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Figure 4-21.Coordination spheres of the Ho-polyhedra in thetadystructure of HQO,7(BOs3)3(BOy)s.
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4.3.3.1 Placement of H@10,7(BO3)3(BO4)s in the Crystal Chemistry of Oxoborates

Up to date, the compound E®,7(BOs)3(BO,)s represents the rare-earth richest rare-earth
oxide borate exhibiting exclusively isolated B@nd BQ-groups next to each other.

On the strengths of our past experiences, the sixelloccurrence of Bftetrahedra for a
compound, which was synthesized under extreme ymees®nditions of 11.5 GPa, would be
expected. Nevertheless, $0,7(B0Os)3(BO,)s exhibits trigonal planar coordinated boron
atoms, which are exceptional for a material syn#eesunder these conditons.

In the past, all oxoborate compounds synthesizegressures exceeding 8 GPa
revealed exclusively Bg&tetrahedra. This behavior is expected and accdptedxoborates
in agreement with the pressure coordination f8®9]. In a few cases, the formation of edge-
sharing BQ-tetrahedra was observed as a new structural rfastibxoborates under high-
pressure conditions.g. HP-NiB,O,4 [318] or f-FeB0, [321]) besideRE,BsO15 (RE = Dy,
Ho) [77,78] andx-REB4,Og (RE = Eu, Gd, Th, Dy) [386]).

All the more it is astonishing that the B@Qroup is stable in the structure of

Ho0310,7(B03)3(BO4)s, especially in the plethora of oxygen atoms

4.3.3.2 IR Spectroscopy of Hg10,7#(B0O3)3(BO4)s

The FTIR spectra of HgO,#(BO3)3(BOs)s was recorded on a Spektrum BX Il FTIR-
spectrometer (Perkin Elmer, USA) equipped with aedDsampler diamond-ATR, scanning in
the range from 650 to 4500 &mThe measurement was conducted at room temperdtuee
sample was dried before measurement, and thorowgblynd. In Figure 4-22 the spectral
region in the range from 2700 to 650 tis shown.

Analyzing the spectra, absorptions between 1100880dcni are characteristical for
tetrahedral B@groups as compared to borates [iIkREBO,); (RE= Dy - Lu) [376] orz-
REBO; (RE=Y, Gd) [332,400] orz-REBO3; (RE=Y, Gd) [400,401], which possess
exclusively BQ-tetrahedra. Typical absorptions for triangular ;Bffoups appear at about
1500 and 1200 cif) and below 790 cthas found in LaB@[342,402] ory-REBO; (RE = Dy,
Er) [352,353].



Rare-earth Borates 97

Reflexion (%)

1 1 1 | L 1 L | 1 | 1 1 L 1 L |

2500 2250 2000 1750 1500 1250 1000 750

Wavenumber (cm™)
Figure 4-22.IR spectrum of HeO,#(BO53)3(BOy)s.

For the IR-measurements powdered samples wereedpplor more accurate measurements

in particular, more investigations on it will foloin the near future.

4.3.3.3 Thermal Behavior of H0310,7/(B03)3(BO4)s

The thermal stability of the oxide borate 30,7(BOs3)3(BOs)s was examinedia an in-situ
temperature-programmed X-ray powder diffractionezkpent performed in air. Therefore, a
Stoe Stadi P powder diffractometer (Kig; A = 71.073 pm) with a computer controlled Stoe
furnace was used. The sample was enclosed inca gilass capillary (Hilgenberg, Germany,
Oext. 0.3 mm) and heated up from room temperature td 2@0in steps of 50 °C. In the
following, the sample was cooled down to 500 °Gtieps of 50 °C and further on in steps of
100 °C down to room temperature. Figure 4-23 shih@sinvestigated sample consisting of
Ho310,7(B03)3(BO4)s besides a small fraction of the high-pressure fizadion of holmium
oxide B-H@O3; (monoclinic). The latter derived from the transfiation of the cubic starting
material C-H@O3; under the applied conditions of 11.5 GPa. The ‘éghperature powder
patterns revealed a temperature stability of thieleodorate HgO,7(BO3)3(BO4)s up to a
temperature of 700 °C (Figure 4-23). The elevabbthe temperature up to 950 °C led to a
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complete decomposition of RB®,/(BO3)3(BOs)s While the reflections of monoclinic B-
Ho,O3 also disappeared. The latter transformedan amorphous transition state into cubic
C-Ho, O3 which crystallized at 1000 °C. Therewith, the hmglessure modification
monoclinic B-HeO; was retransformed to the cubic normal-pressure iffnation via
heating, which is in accordance to the resultsinbthfrom Hoekstrat al [267]. At 1050 °C,
additional reflections ofi-HoBO; (high-temperature modification of HoBOemerged. It is
likely that it resulted from a reaction of C-p@ with the boron-containing decomposition

products of He10,7(BO3)3(BOs)s. The reflection at 21.3° refers to the Stoe fuenac
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Figure 4-23.High-temperature X-ray powder diffraction pattefriHmz,0,-(BO3)3(BO,)s.

4.3.3.4 Theoretical Calculations for H03;0,7#(BO3)3(BO4)s

The calculation of the charge distribution of thenas in Ha;0,7(BO3)3(BO4)s via bond
valence sums by the bond-length bond-strength-qar{g®) [186-189]Jand with the GARDI
concept (Charge Distribution in Solids¥{Q) [190,191] confirmed the formal valence states
in the oxide borate. For the calculation, bond-we¢eparameters of;R= 137.1 for the B-O
bonds and R=202.3 for Ho-O bonds were applied [306]. Theceklted results in Table
4-23 show that the values for holmium and boronimrgood accordance with the expected
values from the literature. The calculations of bmad valence sums for the oxygen atoms
are in the expected range, except the values 6y &{d O(17): Those values O(5) = 1.67
and O(17) = 1.6differ from the expected contribution of -2.
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Table 4-23. Charge distribution in HEO,-(BOs3)3(BO,)s, calculated with the Bond-Length / Bond-Strength
concept £V) [186-189] and the @ARDI concept £Q) [190,191]. (Ho-O,s= exp[(2.023 -€)/0.37]; B-O,
s=exp[(1.371 )/0.37])

Hol Ho2 Ho3 Ho4 Ho5 Hob6 Ho7 Ho8 Ho9 Hol0 Holl

2V 318 286 272 333 298 294 304 323 3.03 274492
2Q 3.09 290 293 294 340 3.00 292 297 282 2.79.982

Bl B2 B3

2V 293 293 275
2Q 3.15 3.07 3.03

o1 02 03 04 05 06 o7 08 09 010

2V 223 -218 -219 -192 -167 -2.03 -1.97 -1.85 062. -2.43
2Q -242 -226 -225 -176 -1.70 -2.07 -2.06 -1.77 092. -2.46

011 012 013 014 015 O016 O©O17 018 019 020

v -188 -192 -197 -219 -194 -187 -1.64 -2.26 831. -2.12
2Q -190 -190 -211 -228 -195 -195 -142 -2.25 78l. -1.63

The calculation of the Madelung part of the lattieeergy (M\PLE) [183-185] for
Ho0310,7/(B03)3(BO4)s allowed to compare the results with the correspandVIAPLE
calculations starting from the binary educts G®&w (cubic) [403] and the high-pressure
modification of boron oxide s-11 (orthorhombic) [306]. The additive potential dfie
MAPLE values allows to calculate hypothetical valuestifiercompound HQRO,7(BO3)3(BOa4)s
starting from the educts holmium oxide and boromex

The calculations for HaO,7(BO3)3(BO,)s resulted in a value of 333313 kJ/mol compared to
335495 kJ/mol [15.5 x C-HO®; (15276 kd/mol) + 4.5 x Bs-11 (21938 kJ/mol)] (deviation
0.65 %) derived from the binary oxides. ThemE value calculated for the starting materials
monoclinic B-HeO3; and BOsll [15.5x B-HaO3; (15133 kd/mol) + 4.5 x -l
(21938 kJ/mol)] results to 333291 kJ/mol (deviatiol %).
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4.3.4 Conclusion

The first reaction leading to the new holmium oximeate Hg0,7(BO3)3(BO,)s started from
C-Ho,0O3 and a mixture of BN with BD3;, contaminated with $BO3;. The primary question
for the formation tendency was the dependence erplfase transformation of the cubic C-
Ho,0O3 into the metastable high-pressure modification &¢3.

Under the high-pressure and high-temperature wmraatonditions of 7.5-11.5 GPa and
1200 °C, the C-type modification of holmium oxidermally transforms into the B-type
modification. Therewith, the reactivity of the halmm oxide is remarkably increased under
these conditions and wherefore it could initiatel @upport the formation of the holmium
oxide borate H9O,7(BOs3)3(BOa)s.

In case of holmium, the foregoing phase transfoomaenabled the formation of the
compound, while the formation was not observedR&= La, Dy, Er, Tm. It is therefore
likely that the key to analogue rare-earth oxiderabes could probably lie in the
transformation of (RE,O3 to monoclinic B-type rare-earth oxides.

High-pressure research offers new access to diveraecompounds, such as borates,
gallates, oxides, or nitrides. In the following pker, examples are given when the parameter
pressure enhanced crystallisation. It is often see¢he field of borates, but was also used to
stabilize metastable compounds in adversion to retaigle educts. Systematic investigations

on the ideal conditions leading to gallium oxowliéricompounds are given in the following.
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4.4 Gallium Oxonitrides

4.4.1 Introduction

Investigations on ternary crystalline phases ofigal oxonitrides derived from GaN and
Ga03; have intensified in the last years, as the impagaof gallium nitride based
electroluminescent materials has increased. Thearels on Ga-O-N phases is also motivated
by promising interesting properties for industpakrposes, such as temperature stability, high
hardness, and optical transparency as already \aasen the corresponding ADs-AIN
system.

With the first investigations on aluminium oxoniteis in the early 1970s, research
arose around the globe. When realising that th&iaddaf nitrogen to aluminium oxide leads
to new spinel-type compounds, the door to a newthegs field was opened. These
investigations resulted in the As-AIN phase diagram and supported the synthesidONA
ceramic material. Up to date, ALON™ materials gpli@d due to their interesting properties
of transparency and hardness [404] for militaryipopent such as aircraft lenses, missile
domes, or transparent armors, but also for apmmmn infrared spectroscopy, scanner, or
laser windows beside applications for semi-conduptocessings. The synthetic access to
AION materials and ceramics was closely examinddst Fsyntheses of AION-ceramics
started from AJOs-AIN mixtures applied in sintering processes by Ma(ey et al [405].
Other routes used pressure-less sintering, hossipggsor hot isostatic pressing (HIP) of
AION powders [406-408].

Although AION materials are well investigated, oflityle is known about the corresponding
Ga-O-N system. Now the scientific focus lies ofd29-414], highly motivated by expected
properties found in AION materials.

In 1976, first results in the Ga-O-N system werbiewed by Verdier and Marchand
by chance. A phase with the composition Gal3N1xOyx with x ~ 0.1 G = cation vacancy)
was obtained as a side product, derived by reactibammonia on gallium oxide surfaces at
low temperatures [415]. A few years later, in 19@9ekov and Demidov attempted the first
synthesis with the aim to obtain gallium oxonitripleases [416Via pyrolytic splitting of a

GaCk [NH3; complex leading to amorphous films with variabiteagen / oxygen ratios.
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In the next years, several publications and patemtgallium oxonitrides followed by Shiota
and Nishizawa, comprising passivation films andiiasng layers [417-419].

Research on GaON-materials continued, althouglhereihe crystal structure nor the
phases of the gallium oxonitride layers could beady defined. With growing interest in
oxonitrides, the usefulness and effectiveness ydtalline gallium oxonitrides as optical and
electrical material was noticed. Besides that,rtlle of manufacturing of these compounds
was also well-examined.

In the 1990s, efforts and synthetic approaches risvgallium oxonitrides were
undertaken by several research groups. As resedtstd interesting patents on technical
applications for crystalline compounds, the knowkedor new phases was provided [420-
424]. Analytical investigations of the formation @aQN, compounds were not only
approached by Schmitzt al [425]. The formation of Ga®ly, on CaGa (001) layers was
investigated by means of different spectroscopithoas. The adsorption of NO on the CaGa
layers led to amorphous GgQ) films, confirmed by LEED (Low Energy Electron
Diffraction). The measurement of the atomic ratitvagen to oxygen in the compound was
estimated to N/& 2/1. The determination of the bandgap resulteal walue of 4.1 £ 0.2 eV,
showing that it lies in betweghG&03 (4.5 eV) and GaN (3.5 eV).

Structural and electronic properties of a galliuromtride compound with an ideal
composition of GgO3N and a lattice parameter of 822.8 pm were invatt) by Lowtheet
al. [426]. The calculations of the direct bandgapultesl in a value of 2.16 eV. Experiments
of Puchingeret al confirmed the theoretical results with experinsenthen synthesizing a
cubic spinel structured gallium oxonitride phaséhvihe composition GaOssNos, derived
as thin films, exhibiting a lattice parameter o0g#n [427]. Small gallium oxonitride spots
were obtained as an impurity in surface areas tmnafilm of GaN, starting from a gallium
dimethylamide-based liquid precursor obtained bgneical solution deposition (CSDja
pyrolysis in ammonia atmosphere. The nanocrystllgrain layers were formed at
temperatures of 600-700 °C and characterizgd HRTEM-SAED (High-Resolution
Transmission Electron Microscopy - Selected Areactbn Diffraction) coupled with EEL
(Electron Energy Loss) and Auger spectroscopy. Thkic structure of the phase was
confirmed while exhibiting a lattice parameter af= 820.0(7) pm and a composition of
Ga.803.5No 5.

On the basis of these results, new synthetic appesawere made. Though, only a
nitrogen doped oxide material was known, Kinekial. gained access to precursor-derived

gallium oxonitride compounds [428]. New precursauies were approached, by providing a
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dimethylamine adduct of gallium trisutoxide), Ga(Bu)s - HNMe,, which was used as
molecular precursor. The galliunt-lfutoxide) dimethylamine adduct possessed gallium
simultaneously bonded to nitrogen and oxygen, aasl applied as a molecular single source
precursor in high-pressure / high-temperature emxmets. Treated under ammonia
atmosphere at elevated temperatures, it finallpgsfi@med to a nanocrystalline oxonitride
compound. Characterising the resulting ceram# X-ray powder diffraction pattern and
TEM (Transmission Electron Microscope) investigasip confirmed the formation of
nanocrystalline particles. The remaining carbomtbin the sample was stated to be 1.8 wt%,
while FTIR spectroscopy (Fourier Transformed InddhiSpectroscopy) showed no evidence
for hydrogen bonds in the compound. These new teesuére the basis for an improved
synthesis, and eventually led to quite differenhtBgsis routes which resulted both in
crystalline GgOyN, compounds.

Crystalline gallium oxonitrides were published @03 for the first time, by Soignard
et al in London and Kinsket al in Darmstadt. Both groups obtained well-charazter
crystalline gallium oxonitride phases [429,430] endhigh-pressure / high-temperature
conditions. While Soignardt al. used a mixture ai/f-Ga03z and w-GaN in a molar ratio of
1:1, Kinskiet al. applied an advanced nanocrystalline gallium oxol@ ceramic, obtained
from a pyrolysis process of a dimethylamide basedyrsor [428], with a mean N/O-ratio of
0.86 as starting material.

Soignardet al performed multianvil and DAC (Diamond Anvil Cel@xperiments
applying high-pressure / high-temperature cond#tiadf 5 GPa and temperatures around
1500-1700 °C and using 1 : 1 mixturesuff-Ga,0O3; and w-GaN in welded Pt capsules [430]
The structure of the gallium oxonitride compoundswafined on the basis of Rietveld
analysis on X-ray powder diffraction data revealingubic, slightly distorted spinel structure
with a lattice parameter ap = 828.1(2) pm. The distortion of the polyhedrac@ised by
anion (O/N) disordering. Due to broad bands inRlaenan spectra, the substantial disorder on
the O and N site, as well as vacancies on octalhed@ordinated Ga sites were confirmed,
which led to the experimental composition of,@3s24Noes IN addition to that, electron
probe microanalysis of the sample estimated thenn/®-ratio in the sample to 0.20(1).
Furthermore, optical properties were examined. takon of the sample with laser light of
A =325 nm resulted in a photoluminescence betw86raad 750 nm.

Theoretical calculations showed that the formatdrthe sample is endothermic at
ambient pressure and low temperatures and therefonéirmed the experimental high-

pressure / high-temperature conditions for a swfaksynthesis.



104 Experimental Section

The gallium oxonitride compound obtained by Kinskial was synthesized in a multianvil
high-pressure / high-temperature experiment undeditons of 7 GPa and 1100 °C [429].
As starting material a prestructured gallium oxadé ceramic was applied, derived from a
single-source molecular precursor [GH@,NMe,], with a mean N/O-ratio of 0.86
[428,429]. The synthesis yielded a highly crystalsample with wurtzite-structured gallium
nitride andy-Mo,N obtained as by-products, which indicates a nérolpss during the high-
pressure experiment. Rietveld refinement of X-rayvger diffraction data confirmed the
cubic structure, exhibiting a lattice parameter agf= 826.4(1) pm. Furthermore, TEM
coupled with an electron energy loss spectromeitil §) and energy dispersive X-ray
spectrometer (EDX) was used to analyze the sarmp@®l analysis showed high crystallinity
of the whole oxonitride sample, while EEL-specthaveed the quantification of the N/O-
ratio to a mean value of 0.12(2). The cubic facetered cell was indicated by a SAED
pattern with extinctions leading to the space gr&dBm (no. 227), confirming the spinel
structure of the compound.

The exact stoichiometric composition was estimatedccordance to McCauleys constant
anion model (developed for AIONS) [431]. An ideplrel structure requires 24 cation sites
beside 32 anion sites. For maintaining charge lbalathe anions are fully occupied, while the
cation positions exhibit vacancies. Based on thagleh the general formula resulted to a
composition of Gagi035MNo.43

Besides the attempts to synthesize crystalline majt@owders were also of general
interest. For the first time, thick GaON-films weaecessiblevia thermal nitridation of a
gallium oxide precursor in the composition of N)Gg under ammonia atmosphere, prepared
by complexation-calcination processes (citrate wexf432]. These powders offer interesting
applications as stable sensor material, basedeaniigh sensitivity on ethanol.

In addition to the experimental work on that fietlde formation of spinel-type gallium
oxonitrides was theoretically investigated by Krell al [433]. DFT calculations were
performed concerning the structure formation frdra binary end-members w-GaN aftd
Ga0sas well as the relative stability of the produatl @ducts. The ideal cubic spinel would
exhibit the composition G&sN (y-galon), (GaOs;: GaN =1 : 1). Being consistent with the
constant anion model, defective spinels with vasmon the cation sites, containing
36 mol% and 17 mol% GaN, were also investigated.

The calculations confirmed defective structurestéonary oxonitrides with vacancies
only on the cation sites in accordance with thestammt anion model. Additionally, a strong

dependence on the GaN content was found, affedtioip, lattice parameters and the
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bandgaps. Interestingly, the formation enthalpydatd that difficulties in the synthesis of
gallium oxonitrides at normal pressure conditioepehd strongly on the low energy of the
ground state structure of monoclinffeGa,03. Therefore, the maximal driving force to the
formation of gallium oxonitrides corresponds witle f—a-transition.

On the basis of the first results for gallium oxidatride, and oxonitrides, the
formation of spinel-type compounds was investigatigpending on the parameter pressure
[434]. Starting from the end-membefsGa,0; and w-GaN, the formation of ideal ¢&aN
compounds (50 mol% w-GaN) and its defective vasaobmprising 36 mol% and 17 mol%
w-GaN in the structure, were stated to transfornprassures of 2.6 or 6 GPa, which is in
good accordance with the results of Kinglti al [429] and Soignarcet al [430]. The
variation of the results depends on the treatméthe corresponding electrons of gallium
(as core or valence electrons). Furthermore, sitemancies in defective structures were also
examined. Based on energetic differences, thehidral coordinated gallium positions were
energetically favored compared to octahedral sitesrefore, defects should appear only on
octahedral sites.

On the basis of these results, high-pressure fHeigiperature approaches into the
field of gallium oxonitrides were taken. Experim&rdoncerning formation tendency were
performed under the required high-pressure and-teigiperature conditions to improve the
crystallinity of the gallium oxonitride compounds.

The work on gallium oxonitrides was performed ag paa cooperation project with
I. Kinski, Fraunhoferinstitut fir Keramische Technologien und Systedeesden, C. E.
Zvoriste and R. Riedelnstitut fur Material und Geowissenschaften, Technische Universitat
Darmstadt. This project was funded by the Deutsatrschungsgemeinschaft (HU 966 / 5-1
and Kl 838 / 3-1).

4.4.2 Starting Materials

As end members, hexagonal gallium nitride w-GaN anmhoclinic gallium oxide}-Ga03
were applied in different molar ratios. Startingnfr mixtures in the molar ratio of 9 : 1 of w-
GaN (99.9%, Alfa Aesar, Karlsruhe, Germany) mixathw-Ga0; (99.9+%, Sigma Aldrich,

Munich, Germany).
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4.4.2.1 Gallium Oxide

For the systematic investigations on gallium oxahés, monoclinic gallium sesquioxidg- (
Ga03) was applied as a starting material.

Gallium oxide exists in five different modificatisn The monoclinic forng-Ga0; (space
groupC2/m, no.12,a=1223,b = 304,c = 580 pm, Z = 4) represents the thermodynamically
stable ambient-pressure modification [241]. Thestalystructure (Figure 4-24) contains two
crystallographically different Ga-sites: Gal, whishtetrahedrally coordinated by oxygen

atoms and Gaz2, which is octahedrally coordinat&g]4

Figure 4-24.Crystal structure of monoclinjg-Ga0; (C2/m, no.12), view along [00].

The high-pressure modification @f-GaO3; can be obtainedia high-pressure conditions
applied top-Ga0s. In contrast to thg-GaOs; modification, the crystal structure afGa0s,
consists only of Gagoctahedra. Figure 4-25 displays the structure ][2ZB8e first syntheses
of rhombohedrab-Ga0s (space groufR3c, no.167a = 498.25(5)c = 1343.3(1) pm, Z = 6)
were reported by Goldschmet al [242] and Zachariasegt al [436] at ambient pressure.
Fosteret al prepareda-Ga0Os; by heating up the monohydrate a[H,O up to 400 °C in
air [437]. Applying high-pressure / high-temperataonditions of 4.4 GPa and 1000 °G5to
Ga0s, a phase transformation into the high-pressuranchrm-type modificatiorr-Ga03
occurs [238,438].

Additional results from Machoet al proved that a phase transformationpeba,0; to a-

Ga0;3 can be induced by applying high-pressure conditmf20-22 GPa [439]. Interestingly,
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different results show that the transformationpeba03; to a-Ga,0; takes already place at
19.2 GPa, when compressed without heating. Invegstigs in DAC-experiments led to
transformed G#; under high-pressure / high-temperature conditafr30 GPa and 1730 °C
[440].
However, the phase stability ofGa0O3; was predicted to be in the range of 6.5/7 -

40 GPa [441]. Theoretical calculations of Krodt al [442] showed that a phase
transformation starting frorie s-modification of GaOs to the high-pressure modificatian
Ga03; might occur already at low pressures of 2.6 - @G@epending on thd-electron

handling for the calculation.

Figure 4-25.Crystal structure ofr-Ga,0; (R3¢, no.167), view alongi0].

Apart from a-Ga0s, other metastable modifications of gallium oxidése One of them is
the metastable cubic spinel-type compowtEia,O; [443], which has a structure analogue to
y-Al,Os. It can be obtained by heating up gallia gels [4$8tarting from metallic Ga and
nitric acid, another modificationj-Ga03;, occurs. The compound can be syntheswiad
gallium nitrate as an intermediate state and etdhdm identical structure to the cubic type C
rare-earth oxides [chapter 4.1.1]. The followingrthal decomposition of the nitrate leads
directly to pured-Ga0Os [445]. The last known metastable modificationei&a0s. The
structure ofe-GaOs is related to the structure of monoclifieGaO; [445], and can be
obtained by heating-Ga,0O3; above 500 °C.

Besides its importance for different synthesis aadsformation processes, it plays a
significant role in technical applicationsg. in laser facilities, due to its interesting mieldl
bandgap or as active material for lithium ion bétte[446].
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Therefore, another interesting aspect of galliundexelies on its conductive behavior. This
property was found by Nagarajat al [447]. Non-stoichiometric amorphous GgQOon
Al,Os-layers showed an enormous increase in conductiitgn heated up to 390 °C. The
driving force is a spontaneously activated crygtation of stoichiometrically corregtGa0s
reducing the bandgap until its complete closureis Téffect might provide a technical

application for a permanent storage of data.

4.4.2.2 Gallium Nitride

Wurtzite-type gallium nitride, counted as a membérthe IlI-V semiconductors, is well
known for its applications in optical and electiodievices such as detectors, solid state laser
facilities, or laser diodes, or due to its highegutial for blue and white energy saving LEDs
(light-emitting diode) [448-451]. The wide diredeetronic bandgap, computed on the basis
of the atomic potentials of Herman and Skillmar8&50 eV at th&" point [452-454], the low
dielectric constants, and the strong bonding (i@md covalent) allow applications for opto-
and microelectronic devices, besides an amazingeeature resistance [455-458].

There are two different modifications known, thexdgonal wurtzite structured w-GaN and
the cubic rocksalt-type gallium nitride [459,460].

The ambient pressure modification of gallium niidhe wurtzite-type structure,
crystallizes hexagonally, and can be related to dtracture of hexagonal diamond. A
structural shift in the ambient pressure modifmatof gallium nitride (space group6smc
(no. 186), a=319.0 pm,c=518.9 pm, Z =2) can be initiated by applyinghipressure.
Powders of w-GaN can be prepared by heating upugdlli)nitrate salts in a constant
ammonium flow at temperatures of 500 up to 105(J4€1], or via reaction of metallic
gallium with ammonia at 1200 °C [462].

The cubic high-pressure modification (rocksalt-stuve, space group43m (no. 216),
a=450.0 pm, Z = 4) was examined with the help @hputational ab initio calculations on
the basis of GGA and LDA methods [463]. First respredicted that a phase transition from
wurtzite to rocksalt structure would take placessures around 87 GPa [464], as later on,
these results were corrected to lower pressure$/d@sPa [465].The stability of gallium
nitride was investigated up to a pressure of 60.GBgperiments showed a phase
transformation of gallium nitride at 47 GPa, whiehs confirmed by Raman scattering and
X-ray absorption spectroscopy [466]. Further expental data collected by DAC
experiments proved that the reversible structurahsformation into the cubic sixfold-
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coordinated rocksalt-structure starts at a preseti®@’ GPa. According to the authors, the

rocksalt structure is stable up to a pressure dbR@ [454].

4.4.3 A Single Crystal of GgOyN,

4.4.3.1 Introduction

As crystalline gallium oxonitride phases were thentcal question in this thesis, the
examination of the formation of the spinel-type gmund was performed under high-
pressure / high-temperature conditions.
On the basis of the results on gallium oxonitridesm the literature, high-
pressure / high-temperature experiments were agthragarting from w-GaN anttGa0s.
Kinski et al [429] and Soignaret al [430] obtained both crystalline spinel-type oxddes
and confirmed the structure by powder investigaiofRietveld refinement) as the
determination of the crystal structure by singlestal data was not possible.
Due to their low degree in crystallinity, the cutteesearch on crystalline phases continued.
Taking into account the theoretical results of Katlal [433], experimental work was
performed under high-pressure / high-temperaturalitons, investigating the formation of
crystalline gallium oxonitrides. In this work, slegcrystals of a spinel-type gallium
oxonitride of sufficient size for collecting singéeystal data could be synthesized in a high-
pressure / high-temperature synthesis, starting feGaN ang3-Ga03 in the molar ratio of
9:1 at 5 GPa and 1250 °C for the first time. Remnore, the crystal structure of the spinel-
type gallium oxonitride could be refined in a reasiole way, based on the determination of

the mean ratio of nitrogen to oxygen N/O in the poomdvia EELS-analysis.
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4.4.3.2 Synthesis of Gajd]o_zl(Og_od\]ojG[0.19)

For the synthesis of the crystalline spinel-typiga oxonitrides, a mixture of hexagonal w-
gallium nitride and monoclinig-Ga03; was closely mixed together and finally filled irdo
hexagonal boron nitride crucible (Henze BNP GmbldBBISIn® S10, Kempten, Germany).
The boron nitride crucible was positioned inside tenter of an 18/11-assembly, which was
compressed by eight tungsten carbide cubes (TSNG&fatizit, Reutte, Austria). The
conditions of the high-pressure / high-temperasyethesis leading to the formation of the
crystalline spinel sample were a pressure of 5 @&Ratemperature of 1250 °C starting from
w-gallium nitride angb-gallium oxide in a molar ratio of 9 : 1.

The assembly was compressed up to 5 GPa withinuihg a multianvil device,
based on a Walker-type module and a 1000t presth (Hevices from the company
Voggenreiter, Mainleus, Germany). A detailed dgdmn of the preparation of the assembly
can be found in the chapters 2.1.1 - 2.1.1, oreefses [103,104,111].

The sample was heated electrically with a cyliralrigraphite furnace up to 1250 °C
within 10 min. The temperature was kept constantlf® min, and cooled slowly down to
850 °C with in 25 min at constant pressure. Aftedsathe sample was quenched to room
temperature by switching off the resistance heatioljpwed by a decompression period of
6 h.

After the experiment, the cube was removed fromntiwelule, and the sample secured for
analytical characterization. The sample was mechadlyi separated from the surrounding

boron nitride of the crucible, and prepared fothar analysis.

4.4.3.3 Spectroscopic and Transmission Electron Microscopkvestigations

on G&.7d70.21(03.09No.76 10.19)

The content of the gallium oxonitride was deterrdimeth different analytical methods. The
qualitative content of the sample was investigatdth EDX. The result of an energy
dispersive X-ray spectroscopic investigation (J#eM-6500F, Jeol, Ltd, Tokyo, Japan) of
these crystals confirmed the presence of galliurygen, and nitrogen as well as in the
crystals and the bulk sample.
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For a quantitative analysis of the elemental contiposof the crystalline spinel-type
compound, the combination of energy-dispersive KXgjpectroscopy (EDS), electron energy
loss spectroscopy (EELS), and transmission eleatnamoscopy (TEM) provides powerful
means for the characterization. Especially the HKanaous use of EDS and EEL-
spectroscopy allows the quantification of nitrogand oxygen in the matrix and the
characterization of their distribution in the mistacture.

The homogeneity and the nitrogen to oxygen ratiadhef new spinel-type gallium
oxonitride phase were determined using a transamssiectron microscope (CM12, operated
at 120 kV equipped with a LgBcathode, FEI, Hillsboro, USA) coupled with an élen
energy loss spectrometer (Gatan DigiPeels 766/Iglagtectron spectrometer attached to the
FEI CM12) and an energy dispersive X-ray (Gene8id02 EDAX AMETEK, Paoli, USA)
spectrometer. Several series of spectra were takan small gallium oxonitride crystals of
the reaction product. In detall, different areaswé particle as well as different particles were
investigated, which exhibited all the spinel stuwet Additionally, the spinel structure of all
analyzed particles was confirmed by selective ditfeaction patterns (SAED). To avoid the
loss of nitrogen during the investigation, causgdatheating process through interaction of
highly accelerated electrons with the sample (@indin), a double tilt liquid nitrogen cooling
stage was used (Model 613 from Gatan) for the sainglder. It is already well known that
high-pressure synthesized nitrides lose nitrogennduinvestigation in high vacuum and
under exposure to electron radiation of the typlus TEM.

Table 4-24 gives a view over the results of twalveasurements at one single crystal of the
spinel gallium oxonitride phase. Each value represa different position at the crystal.

These measurements resulted in a mean valud/6f = 0.25+0.06, representative for this

single crystal (Table 4-24).

Table 4-24. EELS-measurements on the oxonitride single crystaésulting in a mean value of
N/O = 0.25+0.06.

Meas. No. 1 2 3 4 5 6

N/O 0.30+0.067 0.29+0.061 0.31+0.070 0.30+0.072 0.18+0.051 0.32+0.069

Meas. No. 7 8 9 10 11 12

N/O 0.20+0.046 0.21+0.052 0.27+0.062 0.17+0.046 0.16+0.043 0.24+0.053
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Figure 4-26 shows a representative EELS spectrusasaored at single crystals of the spinel
gallium oxonitride phase. All further measuremesftslifferent crystals led to similar results,
definitely confirming a considerable amount of ogen in the investigated spinel gallium

oxonitride crystals of the high-pressure sample.
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Figure 4-26.Typical EEL-spectrum from a selected area of alsingystal of the cubic spinel phase.

The ideal composition of a fully occupied spinelligan oxonitride with the highest amount

of nitrogen corresponds to ¢&xN.
Taking into account the determined value MO = 0.25+0.06, the resulting molar ratio of

oxygen : nitrogen is therefore 3.05: 0.76. Duehe results of the single crystal structure
determination\{ide infrg) and that charge neutrality in the spinel mustjbaranteed, the total
stoichiometric composition of the spinel gallium ooxride crystal averages to

Ga.79 10.21(03.09N0.76/ 0.19)-

4.4.3.4 Crystal Structure Analysis of G&.7d1o.21(O3.09No.76_0.19)

The powder diffraction pattern of the reaction preidwas collected with a Stoe Stadi P
diffractometer, using monochromatized KGu (4 =154.051 pm) radiation at ambient
temperatures. Figure 4-27 gives a view of the Ridtvefinement of the measured X-ray
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diffraction pattern, showing reflections resultiofythe cubic spinel-type gallium oxonitride
phase, beside small amounts of the educt hexagegallium nitride.
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Figure 4-27.Rietveld refinement of the powder diffraction patte@f the reaction product, including the cubic
spinel phase Gagdlo21(0s.09No.76 /0.19 and w-GaN as a by-product.

The reflections of the cubic gallium oxnitride splirphase were indexed with the program
TREOR([155-157] which is implemented in the Stoe sofevpackage. The powder diffraction
pattern was refined on the basis of a cubic unit The result led to a lattice parameteragf

= 828.0(1) pm (FullProf [467,468], Table 4-25). Tlkemparison of the indexed result
ap=828.0(1) pm and the Ilattice parameter derived frosingle crystal data
(ap = 827.8(2) pm) showed that both values agree wélé Gorrect indexing of the pattern
was confirmed by intensity calculations [153], takithe atomic positions from the structure
refinement of Gard lo.21(O3.09No0.76J0.19 (Table 4-25).

Single crystal intensity data were collected atmomperature from a light-green
crystal (dimensions: 0.025 x 0.025 x 0.020 infrable 4-25) using an Enraf-Nonius Kappa
CCD with graphite monochromatized Mg (1 = 71.073 pm) radiation. According to the
systematic extinctionb+k = 2n, htl, k+l = 2n, Okl with k+l = 4n andk,| = 2n, andh0O with
h = 4n, the cubic space grousl3m (no. 227) and-d3 (no. 203) were derived solution

and refinement of the structure was only successftihe space groupd3m. To adjust the
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obtained results to the former published data,stleting positional parameters were taken
from the structuratefinement of GagiO35/No.43[429]. Therewith, Gal is positioned on the
Wyckoff site & ('4,%,%) while Ga2 occupies the positiondl@/,%2,%2) according to origin
choice 2. The difference Fourier syntheses reveledVyckoff site 32 for the oxygen and
nitrogen anions. Due to the fact that a differdmda between the amount of oxygen and

nitrogen at the mixed Wyckoff site 8 ased on X-ray data is impossible, the resulthef

above reported EELS measurements were used tairete ratio ofN/O = 0.25+0.06 in the
structural refinement. In a separate series oftde@sares cycles, the refinement of the
occupancy parameter of the tetrahedrally coordthaailium site (Gal, & showed full
occupation within two standard deviations. The lideupancy was again assumed in the
final cycles. In contrast, the octahedral galliuite §Ga2, 16) exhibited a site occupation
deficiency of about 10 %. To maintain charge nditytathe occupancy of the anionic site
was additionally coupled with the sum of positiviages from Gal and Ga2. The final least-
squares cycles resulted in an occupation of 95%(#)r the anionic site. From these data, the
nominal composition is GadOs09No.76), Which implicates vacancies on the cationic a we
as on the anionic sublattice of the structdre.summarize, all relevant details of the data
collections and evaluations are listed in Tableb4-2

Structure solution and parameter refinement witlsaropic displacement parameters
for all atoms (full-matrix least squares agaifS§twere successfully performed by theesx-
97 software suite [171,172]. The final differenceufer synthesis did not reveal any
significant residual peaks (results listed in Talle25). Additionally, the positional
parameters, occupancy factors (Table 4-26), awigimtrdisplacement parameters (Table

4-27), interatomic distances, and angles (Table8)-»f the spinel compound

Ga.7d 10.21(03.09N0.76 0.19) are listed.
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Table 4-25.Crystal data and structure refinement fob €29 >1(03.0No 761 0.19)-

Empirical formula
Molar mass, g méf
Crystal system

Space group

Powder diffractometer
Radiation

Powder data

a, pm

V, nnt

Single crystal diffractometer
Radiation

Single crystal data
a, pm

V, nnt

Formula units per cell
Calculated density, g cin
Crystal size, mrh
Temperature, K

Detector distance, mm
Exposure time, min
Absorption coefficient, mm
F(000), e

6 range, deg

Range inhkl

Reflections total / independent

Rint

Reflections withl > 24(1)
R,

Data / ref. parameters
Restraints

Absorption correction
FinalR1L /wWR2 [l > 24(1)]
FinalR1 /wR2 (all data)
Goodness-offit offF 2

Ga.7d 10.21(03.0:No.7¢[ 10.1¢)
254

cubic
Fd3m (no. 227)
Stoe Stadi P
CuK4 (A = 154.051 pm)

828.0(1)
0.5682(1)
Enraf-Nonius KappalCC
MoK, (A = 71.073 pm) (graphite monochromator)

827.8(1)
0.5673(2)

Z=8
5.95
0.025 x 0.025 x 0.020
293(2)
40.0
110
47.9
930
4.3t032.3
12,48, 7
171/ 69
0.0138
62
0.0152
69/10
1
multi-scan €8LEPACK [150])
0.0171/0.0516
0.0191/0.0528
1.153

Largest diff. peak and hole, €°A 0.94 / -0.75
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Table 4-26. Atomic coordinates, isotropic equivalent displacatmparameterd)eq (A3, and site occupancy

factors for Gazg l.21(Os.0No.76 l0.19 (Space group=d3m, no. 227) U, is defined as one third of the trace of the
orthogonalizedJ; tensor.

Wyckoff-

Atom - X y z Ueq S.O.F.
position

Gal 8a Y Z Y& 0.0075(3) 1

Ga2 led 7 Ya Y 0.0114(3) 0.895(4)

@) 32 0.2569(2) X X 0.0083(7) 0.763(3)

N 32 0.2569(2) X X 0.0083(7) 0.191(2)

Table 4-27.Anisotropic displacement parametehg(Az) for G& .74 10.21(03.0No.76 1 0.19)-

Atom Ui U2 Uss Uz Uiz Uiz
Gal 00075(3) Uis Uis 0 0 0

Gaz2 0.0114(3) Ui Ui -0.0017(2) U Uos
O/N 00083(7) U]_]_ U]_]_ ‘00005(6) U23 U23

Table 4-28.Interatomic distances (pm) and angles (deg) catledlwith the single crystal lattice parameters of
G&.7d 10.21(03.0dN0.76 10.19 With standard deviations in parentheses.

Gal - O/N 189.1(3) 4 x
Ga2 — O/N 201.4(2) 6x
O/N - Gal — O/N 109.5

OIN — Ga2 — OIN 180

O/N - Ga2 — OIN 86.71(9)

O/N — Ga2 — OIN 93.29(9)

4.4.3.5 Crystal Structure Description of Gag.7dJ0.21(03.09No.76 10.19)

The structure of the new gallium oxonitride phase % o.21(03.09No.7610.19) can be described
as a defective fluorite structure. The spinel tgpacture crystallizes in the cubic space-group
Fd3m (no. 227) exhibiting a lattice parameter af = 827.8(2) pm. Commonly, vacancies
occur on tetrahedral and octahedral gallium passtias well, statistically distributed in the
structure. Figure 4-28 displays the structure, shgwetrahedrally (red) and octahedrally
coordinated polyhedra (blue).
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Figure 4-28.Crystal structure of a spinel-type gallium oxoni&i The tetrahedra and octahedra are displayed as
red and blue polyhedra, respectively

4.4.3.6 Results and Discussion on Gadlo.21(O3.09No.7610.19)

Table 4-29 shows a comparison of the lattice par@ammefy-Ga03 [469,470] besides all

known gallium oxonitrides arranged in the ordemafeasing ratioN/O.
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Table 4-29.Comparison of the lattice parameters (pny)-&fa,0; and gallium oxonitrides in the spinel type
structure.

Phase RatioN/O Lattice parama /pm References

y-Ga0O; - 822; 823.8(6) 822.43 (GGA); [469];  [470];
807.48 (LDA) [433,472]

Ga030N; 0.06 827.14 (GGA), 812.01 [433,472]
(LDA)

Ga.81035MNo.43 0.12 826.4(1) [429]

Ga.§035Nos 0.14 820.0(7) [427]

Ga30,7Ns 0.185 829.81 (GGA); 814.88 [433,472]
(LDA)

Ga.603.24N0.64 0.20 828.1(2) [430]

Ga.7d 0.21(03.0No.76 1019 ~ 0-25+0.06 827.8(2) (single cryst.) [471]

Ga.79 10.21(03.0N0.76 10.19 0.25+0.06 828.0(1) (powder) [471]

GaOsN 0.33 820(7); 832.61 (GGA); [426];[433,472]

817.63 (LDA)

In Figure 4-29 the results are shown graphicallgdifionally, calculations for theoretical
compounds are considered, beside experimentalsgééta The results of GGA (Generalized
Gradient Approximation) and LDA (Local Density Agpimation) calculations of Krolét

al. [433,472] are displayed in Table 4-29 and Figi#9. The value for the lattice parameter
of 820(7) pm from Lowtheet al [426] for a hypothetical G&sN is not shown in the graphic
due to its high standard deviatiohs expected, the typical GGA and LDA calculationeme
and underestimate the experimentally determinedegalwhile all calculations are based on
the constant anion model. With the exception of hihger's value (G&OssNos:

ap = 820.0(7) pm, determined at thin films [427]), @her experimental values can be found
on or near a line plotted in Figure 4-29, whichelegs approximately linearly on the nitrogen

to oxygen ratio in the compound.
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Figure 4-29. Lattice parameters 0fGa0;z and cubic spinel-type gallium oxonitrides as a fiorcof the ratio
N/O (data see Table 4-29). The circle§ étand for the experimental collected data, trgles &) encode
LDA results and the squares)(represent lattice parameters calculatedGGA.

It is obvious that the determined lattice parangetgiven in this work (827.8(2) and
828.0(1) pm for single crystal and indexed powdatadrespectively) show slightly smaller
values as it would be expected from the extrapmiatf the plotted line. A possible
explanation for that requires a closer look atstnecture.

Based on the structural refinement of the singystat data, the bond-length between
the tetrahedral gallium site (Gal) and the mixecupegd anionic position (oxygen/nitrogen;
Wyckoff position 32) comes to 189.1(3) pm, while the correspondingadie from the
octahedral site (Ga2) shows a slightly larger vau201.4(2) pm.

Interestingly, the structural refinement of thegdncrystal data showed that the octahedral
site 1@l (Ga2) is not fully occupied. Soignaet al. obtained similar results during their
Rietveld-refinement of the phase £5@;24No.64[430]. Starting the Rietveld-refinement on the
powder pattern of GaOs.4Noss the occupancies on the tetrahedral and octahgdhim
sites were refined freely. Similar to the resutis &a 79 O3 09No.7¢) here, they observed that
the occupancy of the tetrahedral site remained etrye to unity. In contrast to that, the
octahedrally coordinated gallium site was deterohine be 0.90(4), resulting in the
composition GagOs./MNoss by keeping charge neutrality. These results standyood
accordance with the single crystal data refinemfentthe tetrahedral Ga2 positions in
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Ga.7d03.09No.7¢). Though the tetrahedrally coordinated Ga sitéully occupied while the
occupancy of the octahedral site comes to 0.895(4).

Investigations on the defective spinglAl,O; [473,474] led to similar results, though
vacancies occurred also at the octahedrally coatekh cationic site. A long-standing
controversy occurred, discussing the question vérdtie vacancies occupy the tetrahedral or
the octahedral sites in the spinel structure [479}40ne of the last investigations, based on
transmission electron diffraction experiments, estathat the tetrahedral sites are fully
occupied by aluminium and that the vacancies acatéal only at the octahedral site [480].
Furthermore, theoretical investigations based om-gmential calculations showed that
vacancies are preferred on the octahedral siteavVamged energetic difference of 3.7 eV per
vacancy is in favour of the octahedral positiomscontrast to the tetrahedrally coordinated
Ga sites [481]. In this context it is interesting nention that cation vacancies in the
nonstoichiometric spinel MgAD, are also found at the octahedral sites [482]. fitst-
principles calculations of Krokt al. also exhibited octahedral vacancies in the lowastgy
structure of Gg0,7Ns [433,472].

Due to the fact that the gallium oxonitride repdrteere exhibits a higher nitrogen content
(EELS results) than the above mentioned compourfsbajnardet al, the total composition

is necessarily calculated to £83.09No.76 INterestingly, this result implies vacancies ba t
cation site (octahedrally coordinated sitaljlénd on the anion site 82elative to the ideal
spinel structure leading to the notation,@alp21(03.09No.76 J0.19). This result differs from
former models used in the structural characteopatif spinel type oxonitrides. For example,
the ideal structure agf-alon ALOsN would have a cubic spinel type structure (spacey
Fd3m, No. 227) with oxygen and nitrogen atoms randodistributed at the Wyckoff site
32e and the aluminium atoms at the tetrahedra) (8nd octahedral (I sites. The
assumption of crystal defects, based on deviatfoms the ideal composition, led to the
introduction of new structure models by Adaetsl. [483], Lejuset al. [484], and McCauley
[431]. The first model, designated as constantramodel, is based on aluminium vacancies
and can be formulated asAlz)alz-ax12/03xNx (Adamset al), Alg+xyzl al[1-x)/3] OaxNx
(Lejuset al; all values multiplied by 4/3 to point on the itlspinel composition ABO,), or

Al (6a+x3V alj8x131O@2-9Nx (McCauley, standardized to 32 anions inside thié eail of the
spinel type structure). The second model of McGauke the constant cation model
represented by the formula AO72-3xNx72-x2-32 IN which the cationic part of the
structure is always fully occupied. Up to noah initio calculations between the constant

anion and the constant cation model in the alotesys revealed that the constant anion
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model with vacancies on the Al sites is preferngereas a model with oxygen interstitial
anions is unlikely [485]. This model was also canfd by structure refinements based on
XRD and neutron diffraction data [486]. Therewithe AION spinel unit cell has eight
aluminium cations in tetrahedral sites and 15 Ad ane vacancy in the 16 octahedral sites
(Al ALY 00,/Ns) [487]. Interestingly, the normal spinel compaziti(N = 8) does not
exist, whereas AION (N =5) anl’ (N = 2) are stable phases [404].

Kroll et al. calculated the hypothetical structure of a spigpk gallium oxonitride
with the ideal composition-GaO3N and showed that the lowest energy is realizea in
regular distribution of the nitrogen atoms in thiglgly distorted cubic substructure of the
anionic part of the structure [433]. However, tils@ireation of the enthalpy for the formation
of a spinel type gallium oxonitride is still endetimic, even when the lowest energy
structures of GaN and @3 were used. Thus, the ternary compound is postllatebe
formed at elevated temperatures with substantigkopy contributions 4S. Further
calculations on defective spinel type structurks 65a;0,7Ns and Ga,O30N2 (both with the
constant anion model) revealed a lower enthalpyoohation (still endothermic) than the
calculations of the idealGaOsN. The necessary entropy terms are presumablydréiee a
mixing of oxygen and nitrogen in the anionic pdrtree structure as well as of the vacancies
within the octahedral sites of the structure. Helkell et al. conclude that at temperatures of
1000 K all spinel type phases are thermodynamical$fable with respect to the binary
compoundss-Ga0O; and GaN. The necessary temperatures for the fmmat GaOsN,
Ga302/Ns, Ga,0O30N2, andy-Ga0Os are 1486, 1370, 1456, and 2400 K, respectivel\3]43
Accordingly, the formation of defective spinel typgonitrides is always favoured over the
ideal composition G®sN.

The calculations ornpalons as well as on the gallium oxonitrides amagb based on
the constant anion model with a completely filledoaic part of the structure. This model
may not be the only possibility, as already notgd NdcCauley [404]. Based on the
experimental data, which leads to the compositi@g 76510.21(O3.09No0.76 l0.19), Vacancies on
the cationic and anionic part of the spinel typadtre are implied. Therewith, the validity of
the approximation of a constant anionic part ofgtracture is in question. From the existing
models, the formation enthalpy of the ternary okae spinels comes out unfavourable
relative to the low-energy structures of the oxidés to now, the deficiency in enthalpy can
only be balancedia contributions, which arise from a mixing of oxygand nitrogen in the

anionic part of the structure. From our opinioris ttontribution can be additionally enhanced
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by the assumption of defects on the crystallog@agiie 32, as found in the defect spinel
type gallium oxonitride Gayg 10.21(O3.09N0.76 10.19)-

A problem for an intended reliable calculation &k tenthalpy is the fact that a true
distribution of oxygen and nitrogen gives a subtshrcontribution to the configurational
entropy. Now, additional vacancies in the aniorgect of the structure next to the already
included cationic defects on the octahedral siteeh® be considered. These non-integer
occupations are usually treated by the applicatmin super-cells, complicating a
computational approach.

Next to the EELS investigations, an experiment&iheination of the specific density
of the single crystals would be desirable, to acomfithe reported resultgia a second
independent method. Up to now, verification by camndensity measurement methods such
as Archimedes, pycnometer, and floating method wetepossible, because the current size
of the single crystals was not sufficient.

Concerning the lattice parameter (Table 4-29 angurei 4-29), the determined
vacancies in the cationic and anionic part of thecture are assumed to have a noticeable
impact on the size of the unit cell, resulting ireduction to smaller sizes than expected (see
Figure 4-29). Certainly, Gai035MNo.43and Gag0s24No 64 also exhibit vacancies but not to as
extended as in Gagdlp21(Os0dNo.76 l0.19. Therefore, a linear dependency of the lattice

parameter with increasing rat\/O is in question.

Interestingly, Pashchenket al. [488] already presumed the existence of defects in
both the cation and anion substructure in techncédly important mono- and polycrystalline
manganese-zinc ferrites, which were used for maghetds in video tape recorders and the
transformer cores of color television sekhis assumption was based on an entire collection
of experimental results with respect to the chemitaomogeneities, which determine the
quality of the manganese-zinc ferrites.

Based on the spinel-type structure, the cuini¢ cell is face-centeredr@d3m, no. 227)
with the cations occupying the special positioasaid 1@, while the anions are positioned
on the site 32 For a complete description of the spinel-type dtme an additional
parameter designated as the “anion paramgtgt89] is required. If the value is equal to
0.25, the anions form a perfect, cubic close pactadture, coordinating the sitea goint
symmetry 48) and 1@ (m3m) in regular tetrahedra and octahedra, respectivedy the
structural refinement the parameteresults to a value of 0.2569(2), which is sligttlgher

than the ideal value of 0.25. This causes an emtaegt of the tetrahedral site at the expense
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of the octahedral and a degeneration of the octahsile symmetry tBm (displacement of

the oxygen atoms along the [111] direction.

4.4.3.7 Conclusion

The data from the single crystal structure refinein&f the presented spinel-type gallium
oxonitride confirm a fully occupied tetrahedral lgah site beside vacancies at the
octahedrally coordinated gallium positions, coupledh vacancies on the anionic site
(Wyckoff position 32). So, the composition of the characterized sirglestal comes to
Ga.7d 1021(03.0No76 1019, revealing anionic vacancies in a single cryssiiucture
determination of a spinel-type structure for thetftime. Theoretical calculations concerning
vacancies on the cation sites in the structure nbestdetermined in the future. More
computational calculations should follow, to estiemand confirm a secure model, which
allows vacancies on both cation and anion sitesve&ls Nevertheless, with respect to the
increase of computer power, continuing calculat@amsplanned in the near future.

Beside the theoretical work, for future investigas an analytical approach is in the
focus, concerning the question of an ordering ofgex, nitrogen, and the vacancies inside
the anionic substructure. Results may be obtainadcheutron diffraction experiments at a
single crystal of acceptable size, but therefoeesilze of the single crystals must be improved

by varying the parameters pressure and temperatfuether experiments.

4.4.4 Systematic Investigations on the Formation of Gallim Oxonitrides

The conditions leading to the formation of galliuoxonitrides were systematically
investigated under high-pressure / high-temperatarglitions,via the application of varying
starting mixtures of w-GaN antiGg0s.

4.4.4.1 Introduction

On the basis of the success in synthesizing tise fieasurable single crystal in the GaON-
system, the experimental work continued. To adtkesquestion of anion ordering in the

structure and determination of vacancies, experisneith varying pressure, temperature, and
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educt ratio were arranged. The questionable mddelspinel, with vacancies on both cation
and anion sites, could be confirmed by neutrontagag on suitable crystals. Therefore, the
crystal size must be improved in further experiraework.

Systematic investigations on gallium oxonitrides reverequired for a better

understanding of the formation tendency of the elpibut also of the sample properties, like

product to educt ratio, grade of crystallinity, the meanN/O content. By varying the
parameters pressure and temperature as well asdliffeeent molar ratio of the starting
materialsf-Ga03; and w-GaN, the ideal conditions for crystallinenpées were identified.

The stability field of the gallium oxonitride spifype phases was investigated
systematically in 65 multianvil experiments underighhpressure / high-temperature
conditions. Starting at low pressure of 1 GPa apdta pressures as high as 11.5 GPa,
temperatures ranging in between 500 to 1350 °C wappdied with different heat treatment
protocols. The mixture of the edugtisGa,0O; and wurtzite-structured GaN was also varied,
investigating the influence of a nitrogen-rich sdnin contrast to a mixture with an excess
of f-gallium oxide. Mixtures starting from w-GaN<:GaO3z = 9 : 1 up to the reverse mixture
of w-GaN :5-Ga0O3; = 1 : 9 were used.

4.4.4.1 Systematic Experimental Studies into the Field of @&lium Oxonitrides

The experiments started with mixtures of fine powsdef the end members wurtzite-
structured gallium nitride (99.9 %, Alfa Aesar, Kauhe, Germany) and monoclinjg
gallium oxide (99.9 %, Sigma Aldrich, Munich, Gemya Molar ratios differed from
90 mol-% w-GaN with 10 mol-96-G&0Os; up to the reverse mixture of 90 mol-BGa03
and 10 mol-% w-GaN. Column 2 of Table 4-30 shows ttame of the experiment and
column 3 the molar ratio of the educts used incttreesponding experiments.

The pressure conditions ranged from 1 GPa up % GPa increased by small steps of
0.5, 1 or 2.5 GPa. For each experiment, the presisulisted in column 4 of Table 4-30.
Beside systematic pressure investigations, theenfie of temperature (Table 4-30, column
5) was examined for the formation of the galliunowitride spinel phases, the decomposition
and transformation of the educts. Therefore, tradihg protocols were varied to see if there
were differences in the sample formation, yield{her degree of crystallinity of the resulting
spinel phase, depending on a long or short hegtingpcol, slow or fast cooling, and the
presence or absence of a tempering phase. ColuofnT@ble 4-30 lists the exact heating

protocols for each experiment. Distinctions betwksmg-term heating periods, with heating
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segments of about 1 le.g. Table 4-30, column 6, Pos. 23, SH_054; Pos. b6,056; Pos.
27, SH_058; Pos. 48, SH_213) and long temperinggshaf 3-5 h were made. Also shorter
heating protocols were applied, with heating upesnof approximately 10 min, a constant
period during which the maximum temperature wadd hHfer 15-25 min, followed by a
tempering phase of about half an hour (Table 4eBlymn 6,e.g. Pos. 64, SH_06; Pos. 53,
SH_020; Pos. 32, SH_031; Pos. 33, SH_034; PosSH8045; Pos. 6, SH_077; Pos 42,
SH_123). Heating phases were distinguished by igdime and temperature, but also
protocols comprising several heating phases atréifit temperatures were applied. A special
program implied two tempering phases at lower taatpees, a first one at 200 °C, then
holding the temperature constant for 5-10 min, riorease it afterwards to a maximum
temperature of 600-700 °C (Table 4-30, column 6.R®, SH_093; Pos. 7, 095; Pos. 2,
SH_096, Pos. 20, SH_097; Pos. 21, SH_098).

The standard heating program comprised three velgtequal heating sequences, heating up
in 5-10 min, holding the temperature for at lea@t2D min, and cooling down to a lower
temperature (approximately 600-800 °C) within ali®db min.

All high-pressure / high-temperature experimentsengerformed using the modified
multianvil technique [103-105,111]. Each experimetdrted with the preparation of an
octahedron containing the starting mixture, whicdmswentered in a cube consisting of eight
truncated tungsten carbide cubes (TSM-10 CeraRattte, Austria). The educts were mixed
together, filled into a boron nitride crucible acldsed with a BN-plate (Henze BNP GmbH,
HeBoSin® S10, Kempten, Germany). The crucible was positanetwo graphite furnaces
(RW430, SGL Carbon, Bonn, Germany), centered by tMigO plates (Magnorite
MN 399 CX, Saint-Gobain, Industrial Ceramics, Watee, UK) to guarantee nearly equal
heating in the whole sample. After that, the sampés positioned in a zirconia sleeve
(Ceramic Substrates, Newport, Isle of Wight, UK)irteulate the graphite furnace from the
outer part. Finally, the cylindrical sample was ipiosed into a MgO octahedron doped with
Cr,0O3 (Ceramic Substrates & Components LTD., Isle of MJigUK). To guarantee
conductivity, a requirement to heat the sample, mmaybdenum plates were positioned on
top and bottom of the octahedron. The octahedros pasitioned in the center of eight
tungsten carbide cubes with truncated corners I1P], Pyrophyllite gaskets (Ceramic
Substrates, Newport, Isle of Wight, UK) separathd tubes. Alternatively, they were
laminated with cardboards (Bristolkarton, 369 §)/and self-adhesive Teflon foil (Fiberflon,
Konstanz, Germany and Vitaflon, Bad Kreuznach, Geyp so that every foil side lay next

to a side prepared with cardboard. The assembled was positioned into the Walker-type
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module. A hydraulic 1000 t press compressed theumeo(both devices from Voggenreiter,

Mainleus, Germany).

The typical high-pressure / high-temperature prtd@ad three main parts: 1. increasing the
pressure with a press load of 100 t per hour;  hmating period, during which the pressure
stayed constant; 3. the decompression of the asgevithin the threefold of the compression

time. Exact information about the pressure / terjpee protocols is listed in the columns 4-6
of Table 4-30. After decompression, each sampleisaated from the surrounding assembly
materials and prepared for further analysis. Retyjlthe samples were investigated with X-
ray powder diffractometry for phase analysis angstallinity and EDX to confirm the

elemental content.
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Table 4-30. Molar ratio of the starting materials, condition$ synthesis, and products of all high-
pressure / high-temperature experiments performeiis work.

Conditions of synthesis Identified products
- w-GaN : p o GaON-
Position Sample $-Ga,0s (GPa) T (°C) Temperature ramp Spinel w-GaN p-Ga0;  a-Ga,0;

710 min (1000 °C)
1 SH_152 9:1 1.0 1000 - 15 min (000 <) X X
1 10 min (600 °C)

15 min (200 °C)
- 10 min(200 °C)
2 SH_096 9:1 15 600 1 15 min (600 °C) X X
-5 min 00 )
| 1 min (25°C)

410 min (1200 °C)
3 SH_154 0:1 2.0 1200 - 15 min (200 <) X X
1 10 min (700 °C)

410 min (1250 °C)
4 SH_185 7:3 2.0 1250 - 15 min (250 <) X X
1 10 min (650 °C)

110 min (1350 °C)
5 SH_155 9:1 2.0 1350 - 15 min (350C) X X X**
1 10 min (800 °C)

410 min (1250 °C)
6 SH_077 1:1 2.5 1300 - 15 min (250 <) X X X X
1 25 min (650 °C)

110 min (200 °C)
- 15 min (200 °C)
7 SH_095 9:1 2.5 500 1 10 min (500 °C) X X
- 15 min 600 C)
| 10 min (200 °C)

10 min (1250 °C)
8 SH_130 7:3 2.5 1250 - 10 min (250 <) X X X X
1 10 min (800 °C)

410 min (1300 °C)
9 SH_139 7:3 2.5 1300 - 10 min (L300 <) X X
1 10 min (800 °C)

410 min (1000 °C)
10 SH_131 7:3 3.0 1000 - 20 min (000 <) X X
115 min (800 °C)

110 min (1250 °C)
11 SH_176 7:3 3.0 1250 -5 min (1250 <) X X X
1 10 min (800 °C)

110 min (1250 °C)
12 SH_180 3.7 3.0 1250 - 15 min (250 <) X X
1 10 min (800 °C)

110 min (1250 °C)
13 SH_182 46 3.0 1250 15 min (250 T) X X
1 10 min (800 °C)

110 min (1250 °C)
14 SH_184 7:3 3.0 1250 - 15 min (250 <) X X
1 10 min (800 °C)

110 min (1250 °C)
15 SH_188 37 3.0 1250 - 15 min (250 <) X X
1 10 min (800 °C)

110 min (1250 °C)
16 SH_068 9:1 35 1250 - 20 min (250 T) X X
1 15 min (850 °C)

110 min (1350 °C)
17 SH_138 9:1 35 1350 - 20 min (L350 T) X X *x
1 15 min (800 °C)

115 min (800 °C)
18 SH_159 6:4 4.0 800 - 15min 800 ) X X
1 10 min (400 °C)
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Conditions of synthesis Identified products

w-GaN : GaON-

Position Sample $-Ga:05 p(GPa) T(°C) Temperature ramp Spinel w-GaN f-Ga,0; a-GaOs

110 min 200 °C)
- 15 min (200 °C)
19 SH_093 9:1 45 500 110 min (500 °C) X X
-15 min 600 )
| 10 min (200 °C)
110 min (200 °C)
- 5 min (200 °C)
20 SH_097 7:3 45 600 110 min (600 °C) X X
- 15 min 600 C)
| 5 min (200 °C)
110 min (200 °C)
- 15 min (200 °C)
21 SH_098 9:1 45 700 110 min (700 °C) X X X
- 15 min {00 C)
| 10 min (200 °C)
110 min (1250 °C)
22 SH_051 11 45 1250 - 15 min (1250 T) X X X
| 25 min (800 °C)
115 min (1250 °
23 SH_054 1:1 45 1250 - 60 min (1250 T) X X X
| 300 min (500 °C)
110 min (1250 °C)
24 SH_055 9:1 45 1250 - 15 min (1250 T) X X
| 25 min (800 °C)
115 min (1250 °C)
25 SH_056 9:1 45 1250 - 60 min (1250 T) X X
| 300 min (800 °C)
110 min (1250 °C)
26 SH_057 2:8 45 1250 - 15 min (1250 T) X X
| 25 min (800 °C)
115 min (1250 °C)
27 SH_058 9:1 45 1250 - 60 min (1250 T) X X
| 200 min (700 °C)
110 min (1200 °C)
28 SH_025 7:3 5.0 1200 - 15 min (1200 T) X X
| 5 min (800 °C)
110 min (1200 °C)
29 SH_026 1:1 5.0 1200 - 15 min (1200 T) X X X
| 5 min (800 °C)
110 min (1200 °C)
30 SH_028 7:3 5.0 1200 - 15 min (1200 T) X X
| 30 min (800 °C)
110 min (1250°C)
31 SH_030 9:1 5.0 1250 - 15 min (1250 T) X X
| 25 min (800 °C)
110 min (1300 °C)
32 SH_031 37 5.0 1300 - 15 min (L300 T) X X X X
| 30 min (800 °C)
110 min (1300 °C)
33 SH_034 4:6 5.0 1300 - 15 min (L300 T) X X X
| 30 min (800 °C)
110 min (1300 °C)
34 SH_035 55 5.0 1300 - 15 min (L300 T) X X X
| 25 min (800 °C)
110 min (1200 °C)
35 SH_039 8:2 5.0 1200 - 15 min (1200 T) X X X
| 30 min (800 °C)
110 min (1200 °C)
36 SH_041 6:4 5.0 1200 - 15 min (1200 T) X X X
| 25 min (800 °C)
1 10min (1200 °C)
37 SH_042 2:8 5.0 1200 - 15 min (1200 T) X X X
| 25 min (800 °C)
1 10min (1200 °C)
38 SH_045 7:3 5.0 1200 - 15 min (1200 T) X X X
| 60 min (800 °C)
1 10min (1250 °C)
39 SH_046 1:9 5.0 1250 - 15 min (1250 T) X X
| 25 min (800 °C)
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Conditions of synthesis

Identified products

Position

Sample

w-GaN :
ﬂ-Gazo3

p (GPa)

T (°C)

Temperature ramp

GaON-
Spinel

w-GaN  f-Ga,O3

a"Ga203

40

SH_047

2:8

5.0

1250

110 min (1250 °C)
- 15 min (250 T)
1 30 min (800 °C)

X

X

41

SH_063

9:1

5.0

1250

110 min (1250 °C)
- 15 min (250 T)
1 10 min (800 °C)

42

SH_123

9:1

5.0

1250

1 10min (1250 °C)
- 15 min (250 T)
| 25 min (800 °C)

43

SH_133

6:4

5.0

1250

110 min (1250 °C)
- 15 min (250 T)
| 25 min (800 °C)

44

SH_134

9:1

5.0

1250

110 min (1250 C)
- 15 min (250 T)
| 25 min (800 °C)

45

SH_208

6:4

5.0

1250

115 min (1250 °C)
- 10 min (250 T)
1 10 min (800 °C)

46

SH_211

6:4

5.0

1100

115 min (1100 °C)
- 10 min (100 T)
| 10 min (800 °C)

47

SH_212

6:4

5.0

1200

1 15min (1200 °C)
- 10 min (1200 T)
| 10 min (800 °C)

48

SH_213

5:5

5.0

1250

1 10min (1250 °C)
- 15 min (250 T)
1 300 min (1100°C)

49

SH_230

1:1

6.0

700

110 min (700 °C)
- 15 min {00 C)
| 10 min (650 °C)

50

SH_227

9:1

6.0

800

110 min (800 °C)
- 15 min 800 C)
| 10 min (650 °C)

51

SH_228

1:1

6.0

900

110 min (900 °C)
- 15 min Q00 C)
1 10 min (700 °C)

52

SH_229

1:1

6.0

1000

110 min (1000 °C)
- 15 min (000 T)
| 10 min (850 °C)

53

SH_020

73

6.0

1200

110 min (1200 °C)
- 15 min (1200 T)
| 5 min (800 °C)

54

SH_135

1:9

6.0

1250

115 min (1250 °C)
-10 min (1250 T)
1 10 min (800 °C)

55

SH_022

73

7.0

1200

110 min (1200 °C)
- 15 min (200 T)
1 5 min (800 °C)

56

SH_05

73

8.0

1200

110 min (1200 °C)
- 10 min (200 T)
1’5 min (800 °C)

57

SH_08

11

8.0

1200

110 min (1200 °C)
- 10 min (200 T)
1 5 min (800 °C)

58

SH_010

9:1

8.0

1200

110 min (1200 °C)
- 10 min (200 T)
| 5 min (800 °C)

59

SH_012

7:3

8.0

1200

110 min (1200 °C)
- 10 min (200 T)
| 5 min (800 °C)

60

SH_014

3:7

8.0

1100

110 min (1100 °C)
- 10 min (100 T)
| 5 min (800 °C)

61

SH_015

3:7

8.0

1150

110 min (1150 °C)
- 15 min (150 T)
| 5 min (800 °C)

62

SH_016

9:1

8.0

1100

110 min (1100 °C)
- 10 min (100 T)
| 5 min (800 °C)
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Conditions of synthesis Identified products
Position Sample V);ggg)s p(GPa) T (°C) Temperature ramp %?JIC;’:' w-GaN f-Ga,03 a-Ga,0s

110 min (1150 °C)

63 SH_017 7:3 8.0 1150 - 15 min 150 C) X X
| 5 min (800 °C)
115 min (1300 °C)

64 SH_06* 7:3 9.2 1300 - 5 min 300 T) X X
1 20 min (700 °C)
110 min (1200 °C)

65 SH_021 7:3 115 1200 - 15 min 200 T) X X X

| 5 min (800 °C)

* crucible material Mo; ** additional by-product: etallic Ga

4.4.4.2 Analytic of Spinel-type Gallium Oxonitrides

Small parts of the sample were ground and preplared-ray powder diffractometry, using
Stoe Stadi P diffractometers (Stoe & Cie, Darmstadtyn@ay) with monochromatized
CuKy, (4 =154.051 pm) or M@y (4 = 71.073 pm) radiation.

All X-ray powder diffractograms were handled withet Stoe program package
[153,154]. The programsREOR[155-157], fro[158], DicvoL [159], and HEO[160] allowed
the indexing and handling of the diffractogramse TICPDS / ICDD-database [162] served
for the phase analysis. To mark the starting magerproducts, by-products, or impurities
from assembly materials, the references of the ICDDbdata with the corresponding PDF
numbers are shown in Table 4-31. The cubic gallwnitride spinel phase was compared to
the powder pattern of the spinel phase £33 s5MNo43 found by Kinskiet al. [429] (lattice
parametera = 826.4(1) pm), and the single crystal data of ptutzet al of the compound
Gap.79 10.21(03.09No.76 10.19) [471].

Furthermore, Gas [163] and E&pPGuI [164] were used for the Rietveld refinements,
confirming the spinel-type compound, and the produeduct ratio in the sample.

Further analysis was done with an EDS devidene(gy Dispersive X-ray
Soectroscopy) (JSM-6500F with field emission sourdepl, USA), which allowed a
gualitative and semi-quantitative analysis of tbeposition, based on the characteristical X-
ray emission of the elements (EDX detector: 7418fofdk Instruments, Abingdon,
Oxfordshire, OX13 5QX, UK). However, the main fodiexl on the synthetic investigations

concerning the formation of the spinel-type galliaronitrides.
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Table 4-31.1dentified phases of the HP / HT-experiments wi@lbD-reference numbers.

Category Substance PDF-number
Product Spinel gallium oxonitride Kinski [429]; Hoertz [471]
Educts w-GaN (hexagonal) 00-076-0703
F-Ga0; (monoclinic) 00-087-1901
By-products a-Ga0s; (rhombohedral)  00-074-1610
Ga (orthorhombic) 00-005-0601
Assembly materials BN (hexagonal) 00-085-1068

Graphite (rhombohedral) 00-005-0444

4.4.4.3 Thermal Behavior of Spinel-type Gallium Oxonitrides

Additionally, the thermal stability of the spindhgse was examined by a Stoe Stadi P powder
diffractometer with monochromatized radiation Kjg (1 =71.073 pm) equipped with a
computer-controlled Stoe furnace. The sample whifinto a silica glass capillary (silica
glass capillary, Hilgenberg, Malsfeld, Germany,@.1-0.5 mm) and measured in Debye-
Scherrer geometry. The sample was heated eletgranad fixed with respect to the scattering
plane of a graphite tube. The unobstructed pathdaythe primary beam of the molybdenum
radiation source and for the scattered radiatiorevgganted through wells in the graphite
tube. The temperature was measured by an integtfa@éechocouple in the graphite tube and
was found to vary within 0.2 °C.

Figure 4-30 shows the powder diffraction diagrantorded with a Stoe Stadi P
diffractometer with CH, (4 = 154.051 pm) radiation of the crystalline sampksulting
from a mixture in the molar ratio of w-GalM-Ga0O3; =1 :1 and synthesized under high-
pressure / high-temperature conditions of 4.5 GRd @250 °C (Table 4-30, Pos. 23,
SH_054, column 6, Figure 4-30). The sample wasyardl with the Rietveld method,
exhibiting a product to educt ratio of spinel 45 %% % w-GaN.



132 Experimental Section

2400

2000

1600 -

1200

Intensity (arb.u.)

800 -

400 | J
0- L A ﬂ Jt !
.

w-GaN
= o ' - . A hex. BN
L l 1 l L l 1 l L

10 20 30 40 50 60
29(deg)  CuKg, (A= 154.051 pm)

Figure 4-30.Rietveld fit of SH_054 (Pos. 23); starting mixtweGaN :5-Gg0s; =1 : 1 (molar ratio), 4.5 GPa,
1250 °C, displaying spinel-type gallium oxonitris %), w-GaN (15 %), and hex. BN (from the crue)bl

Spinel

The thermal stability was tested by emsitu high temperature X-ray powder diffraction
experiment. The powdered sample was heated uprivtom temperature to 1100 °C in steps
of 50 °C (Figure 4-31). Cooling down the sampledom temperature was also done in steps
of 50 °C. Each temperature was kept constant forleast 10 minutes, before the

measurement started.
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Figure 4-31. In-situ temperature-programmed X-ray powder diffractionttgras (radiation: MK,

A =71.073 pm), showing the thermal behavior ofgpimel-type gallium oxonitride sample SH_054 (Tabig0,
Pos. 23).

Figure 4-31 shows that successive heating of tbdyat led to a shift of the reflections of
the gallium oxonitride phase towards largéwalues (larger cell volume), while the
reflections of w-GaN disappeared at a temperat@ird000 °C. No decomposition of the

spinel-type gallium oxonitride could be observedap temperature of 1100 °C.

4.4.4.4 Results and Discussion on Spinel-type Gallium Oxotnides

The mixtures of the end members of the binary plthagram wurtzite-structured gallium
nitride and fF-gallium oxide were systematically examined undeéghipressure / high-
temperature conditions, applied in different moktros (w-GaN FGa0Os;=9:1-1:9).

65 experiments were performed under different lgggssure / high-temperature conditions
while the parameters pressure, temperature, andapipded molar ratio of the starting
mixtures were varied. The applied temperature pasoincluded a variation of the heating,
tempering, and cooling periodBigure 4-32shows the identified product mixtures of the

experiments, depending on the conditions of pressund temperature. The data of the
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reactions, which led additionally to metallic gafh (Table 4-30, Pos. 5, SH_155; Pos. 17,
SH_138), are not shown in Figure 4-32.
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Figure 4-32.Survey of the products, obtained under specifiedgure and temperature conditions with varying
starting mixtures.

Searching for the minimum of the high-pressureghktemperature conditions required for
the formation of the spinel, the optimum values 226 GPa and 1000 °C (different
experiments) were established.

The comparison between the different experimentstha high-pressure / high-temperature
protocols (Table 4-30) showed the onset of thetimaof the two end members to form the
high-pressure spinel-type gallium oxonitride phasel transformedi-Ga0; already at a
pressure of 2.5 GPa and a temperature of 1250 46l ®-30, Pos. 8, SH_130).

The lowest synthetic temperature of 1000 °C necgdsa the formation of the spinel phase
could be found at a pressure of 6 GPa (Table 4R38}. 52, SH_229) if lowering the
temperature higher pressures are required to fbenspinel. Apart of the desired crystalline
gallium oxonitride, the sample contained w-GaN an@&.0; still not having fully reacted.
The process of the spinel formation could be traftech the experiments at a pressure
condition of 6 GPa, for which Figure 4-32 (Tabl&@)- shows three experimeras 700 (1),
900 (O ), and 1000 °C* ), which started all from faene starting mixtures of w-GaN and
FGa03 in a molar ratio of 1 : 1. After the high-presshiregh-temperature reaction, the first
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experiment at 700 °CX) revealed the starting materials w-GaN and gallaxide, the latter
already being transformed into themodification (specific conditions can be foundTiable
4-30, Pos. 49, SH_230). Upon increasing the tenperaip to 900 °CO ), the XRD pattern
exhibited onlya-Ga0; (Table 4-30, Pos. 51, SH_228). As none of thetagds could leave
the crucible, a transition state of the reactiopeaps, in which w-GaN and gallium oxide
form an amorphous intermediate phase on their way tcrystalline gallium oxonitride
compound. Only part of the gallium oxide can beed&tdvia the XRD pattern in form of
crystalline a-G&0s. Furthermore, increasing the synthesis temperatpr® 1000 °C (Table
4-30, Pos. 52, SH_229), the crystalline spinel-tgpkium oxonitride phase can be observed
(Figure 4-32,% ) next to unreacted w-GaN ana0;. These results confirm the formation
of the spinel-type gallium oxonitride compounda an intermediate state of an amorphous
oxonitride compound. Although the required pressame temperature conditions can be
limited, only at an applied temperature of 1000thé formation is fully detectable, while
lowering the synthetic temperature leads to almioséacted compounds. So, decreasing the
initial temperature below 1000 °C at all pressuieable 4-30) led to samples consisting of
the educts w-GaN#Ga0;3, or the high-pressure modificatianGa0:.
On the other hand, at experiments with temperatxeseding 1300 °C, but pressures as low
as 2 and 3.5 GPa, metallic gallium was formed age@mposition product of wurtzite
structured gallium nitride, and no spinel-structugallium oxonitride could be detected with
X-ray powder diffractometry (Table 4-30, Pos. 5, 885; Pos. 17, SH_138). Therefore we
can state that ideal temperatures leading to dliygtaamples lie around 1100-1250 °C.
Not only pressure and temperature influences thadtion of the spinel. A comparison of the
experiments showed, that the different tempergpuotocols had a remarkable influence on
the fraction of the spinel phasehe degree of crystallinity could be improved bgthheating
rates and short holding times, for example heatwegmixture up in 10 minutes to 1250 °C,
holding the temperature there for 15 minutes, andlicg it down to 800 °C within
25 minutes €.g. Table 4-30, Pos. 22, SH_05Beside short heating segments, also long
tempering phases (5-12 h) at temperatures of 700:8Chelped to obtain highly crystalline
samples with a high fraction of the spinel-typeligal oxonitride (Table 4-30, Pos 25,
SH_056).

Next to the issue of the necessary synthetic clamditof pressure and temperature for
the formation of spinel-type structured gallium oiodes, the question of the starting ratio
w-GaN :Ga0; was in the focus. Having an ideal composition pinsl-type gallium

oxonitride GgOsN in mind, with the theoretically highest possibi&rogen / oxygen ratio of
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N/O = 0.33, the synthesis of nitrogen-rich samplad priority. Using w-GaN and-G&0;

for the high-pressure / high-temperature experig)ethie stoichiometrically required starting
material to form a compound with the ideal composilGaOsN is a mixture of w-GaN £
G&0s3 in the molar ratio 1 : 1. Aiming at nitrogen-rigihases in the spinel structure, it was
favourable to use starting mixtures of w-GaN gh@a0; in the molar ratio of 9: 1 (high
excess of w-GaN). However, the ratio of the stgrtimixture in the investigated system
clearly was not decisive for the formation of thpingl-type structure, because both
experiments, starting from the molar ratios of WG#-Ga0s; =9 :1 and 1: 9, resulted in
the formation of the spinel-structured phases,inbthby experiments which were performed
under identical conditions (Table 4-30, column 8sP31, SH_030 and Pos. 39, SH_046).
Figure 4-33 and Figure 4-34 show the Rietveld esfients of the two experiments,
synthesized with an identical experimental protof@k 5 GPa, fax = 1250 °C, heating
protocol: 10 min up to 1250 °C, 15 min at 1250 wahin 25 min down to 800 °C).
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Figure 4-33.Rietveld fit of SH_046 (Pos. 39); starting mixtueGaN :5-Ga0Os; =1 : 9 (molar ratio), 5 GPa,
1250 °C displaying spinel-type gallium oxonitrider (%), a-G&0s (40 %), and hex. BN (from the crucible).
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Figure 4-34.Rietveld fit of SH_030 (Pos. 31); starting mixtuseGaN :5-Ga03; =9 : 1 (molar ratio), 5 GPa,
1250 °C, displaying spinel-type gallium oxonitri@® %), w-GaN (56 %), and hex. BN (from the crue)bl

The comparison of both figures clearly indicateat tthe formation of the spinel-structured
phase is much more favoured, when the startingumaxtontains a higher amount of w-GaN.
In detail, the Rietveld refinements of SH_030 (Ea#30, Pos. 31) and SH_046 (Table 4-30,
Pos. 39) showed a fraction of 40 and 17 % of thaeespype gallium oxonitride phases,
respectively.

In general, the samples derived from a molar rafi® : 1 of wurtzite-structured gallium
nitride to S-gallium oxide gave the best results to produceogén-rich spinel-type gallium
oxonitrides, so far. Commonly, oxide-rich startingxtures led to products with a low
fraction of the gallium oxonitride spinel phase.vigheless, even the lowest fraction of w-
GaN in the starting mixture (10 mol-%) led to tleenhation of the spinel-structured material.
This raised the question whether the applicatiomdehtical experimental parameters could
transform puref-GaOs into a gallium oxide crystallizing in the spindhture §-Ga03
[470,490]). Up to now, high-pressure / high-tempae experiments have only led to the
high-pressure modificatiorr-Ga03; [238,491-493], but not to the desired spinel-type
compoundy-Ga0s [470,490]. Monoclinics-Ga0s (rel. density:6 = 5.94 g/cri? [491]) has
equal amounts of Ghions on tetrahedral and octahedral positions, evhilGa,0s (rel.
density: 5 =6.48 glcrit [491]; corundum-type structure) exhibits Gaexclusively in

octahedral coordination. So, in principle, pressoould raise the fraction of six-fold
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coordinated GH at the expense of four-fold coordinated catioregding to a spinel-
structured-Ga0s. But up to now, a small amount of catalytic gatlimitride is still essential
for the formation of a spinel-type structured mialerwhich corresponds to the results of
McCauley, obtained and established in 2001 for &hen-system [404]. Therefore, the
corresponding nitride plays a decisive role as d@dlitee to form the respective spinel-type
structured materials.

The colors of the products are determined by thetisg materials. Compounds resulting
from a mixture with an excess of nitride alwayse&ed a dark greenish/grey color. Samples
synthesized with less nitride showed a brighteorcdlight-green to yellow) than samples
derived from nitride-rich starting mixtures.

Figure 4-35 gives a survey of the experiments wihechto spinel-type gallium oxonitrides.
The graphic illustrates the effect of the synthgsisameters pressure, temperature, and molar
ratio of the starting mixture. The left side of &ig 4-35 provides a view over the pressure
and temperature conditions; while the right sidewsh the same results, turned by 90°, to
expose the corresponding molar ratios of the s@mixtures. Figure 4-35 does not include
information about heating protocols, remaining eglfe-GaN ang?-Ga0s), or transformed

a-Ga0;3. Such information is available from Table 4-30 &igure 4-32.
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Figure 4-35.Survey of the experiments leading to the cubic elgtiype gallium oxonitrides in dependence of
pressure, temperature, and molar ratio w-GANG5,0; of the starting mixture.

Figure 4-35 shows clearly that ideal synthesis tmws for the spinel formation lie in the
region of 1000-1300 °C while applying pressuretharange of 2.5 up to 11.5 GPa.

All'in all, a minimum pressure of 2.5 GPa and atiahtemperature of 1250 °C (Table 1, Pos.
8, SH_130) are required to form the crystallinensptype gallium oxonitrides. Also
experiments performed at higher pressure (>8 GRajupe the spinel phase, but the degree
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of crystallinity of the products decreases dranadliic Presumably, a shift to higher
temperatures (>1350 °C) might lead to better resfiister kinetics). The observation that
cubic spinel-type gallium oxonitrides can be systhed at pressures2.5 GPa is of high
industrial interest, because this pressure carebkzed on a commercial scale. So far, the
lowest pressure reported by Soignatdal was still 5 GPa at 1700 °C [430], starting from a
mixture ofa- / f-Ga0Os3 with w-GaN in the molar ratio of 1 : 1.

This result corresponds with that of recent DACestigations, confirming the presence of a
spinel type material at a pressure of 3 GPa andngpérature of around 1300 °C [494].

Further information is available in chapter 4.4.7.

4.45 Conclusion

This work describes a systematic investigationhef formation of cubic spinel-type gallium
oxonitrides under high-pressure / high-temperatmeditions, starting from mixtures of w-
GaN and g-Ga0;3 in different molar ratios using the multianvil kegque. Starting at high-
pressure / high-temperature conditions of 2.5 GRR1250 °C (Table 4-30, Pos. 8, SH_130),
the formation of the gallium oxonitride spinel da@observed up to pressures of 8 GPa and at
a temperature of 1200 °C (Table 4-30, Pos. 56, SH Dhe increase of pressure up to
11.5 GPa at this temperature led to samples congaoubic spinel-type material with a low
degree of crystallinity (Table 4-30, Pos. 65, SHL)0Depending on the mixture of the
starting materials (w-GaN antiGa0s; in the different molar ratios of 9 : 1 up to 1); the
results variede.g. a high amount of nitride led to spinel-type gatii oxonitrides with a high
degree of crystallinity in good yieldn-situ X-ray powder diffraction experiments revealed
that the cubic gallium oxonitride spinel phasetébke up to temperatures of 1100 °C, without

decomposition or cell distortion.
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4.4.6 High-pressure Investigations onp-Ga,O3

Within the systematic investigations on the formation gallium oxonitrides, the phase
transformation of f-Ga&0Os; to a-G&Os occurred under different high-pressure / high-
temperature conditions. The formation of thenodification of GaO; was already observed
at 4.4 GPa/ 1000 °C [438], while theoretical citions on the phase transformationfef
Ga0s3 estimated the necessary pressure to 2.6 or 6 @Rhef transformation (depending on
thed-electron handling [442].

4.4.6.1 High-pressure / High-temperature Experiments on thé®?hase Stability
of ﬂ-G&zOe,

For the experiments leading to the transformed -pigissure modification o&-G&0s,
synthesis was carried out in analogy to experimientise GaON-system.

Monoclinic f-Ga03; was filled into a hexagonal boron nitride crucilféenze BNP GmbH,
HeBoSin® S10, Kempten, Germany), positioned inside theeresftan 18/11-assembly, and
compressed by eight tungsten carbide cubes (TSKetatizit, Reutte, Austria).

The assembly was compressed up to 6 GPa withih,215ing a multianvil device, based on a
Walker-type module and a 1000t press (both devices the company Voggenreiter,
Mainleus, Germany). A detailed description of thegaration of the assembly can be found
in chapters 2.1.1 - 2.1.1, or references [103,114,1

In addition to that, several experiments were peréml, resulting in the transformed
compound. The high-pressure / high-temperature itond and the exact heating protocols
can be found in Table 4-30.

The sample was heated electrically in a cylindrgralphite furnace up to 1200 °C in 5 min,
temperature was kept constant for 20 min, and doslewly down to 850 °C in 100 min at
constant pressure. Afterwards, the sample was eento room temperature by switching
off the resistance heating, followed by a decongioesperiod of 7 h.

After the experiment, the cube was removed fromntiwelule, and the sample secured for
analytical characterization. The sample was mechadlyi separated from the surrounding

boron nitride of the crucible, and prepared fotHar powder diffractometry.



Gallium Oxonitrides 141

4.4.6.2 Analytic on -GayO3

The samples were analyzeth powder diffractometry, applying a Stoe Stadi P icev
equipped with CK,; radiation. Figure 4-36 shows the powder diffractijpattern of the
sample, derived from high-pressure / high-tempeeagiperiments at 6 GPa and 1200 °C.

Characterization of the powder pattern revealedllsimgpurities of rhombohedral GaBO
[495] as by product and BN from the crucible.
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Figure 4-36. Powder diffraction pattern af-Ga,0s, transformed at 6 GPa, 1200 °C, displayinGa0;, w-
GaN, GaBQ, and hex. BN (from the crucible).

4.4.6.3 Results and Discussion off-Ga,O3

Within the investigations in the binary phase degrof w-GaN ang-G&0;3 the transformed
high-pressure modification ef-Ga0O3; occurred at different high-pressure / high-tempeea
conditions. A successful transformation HGa0; into a-Ga03; was observed, starting at
low pressures of 2 GPa, at 1350 °C up to presxire$.5 GPa at 1200 °C. Table 4-32 shows
the high-pressure / high-temperature conditions dosuccessful formation of the high-
pressure modification of-G&0s.
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Table 4-32.0bserveg—a transformation in high-pressure / high-temperagxgeriments.

Pressure [GPa] Temperature range [°Cfessure [GPa] Temperature range [°C]

2 1200 7 1200

2.5 500-1300 8 1100-1200
4.5 500-1250 9.2 1300

5 1100-1300 115 1200

6 700-1250

4.4.6.4 Conclusion

The phase transformation 8i{Ga,03 into the a-modification of gallium oxide was observed
at pressures ranging in between 2 GPa and 11.5rGRa presence of w-GaN. Scanning the
literature, the lowest pressure reported so far estBnatedvia theoretical calculations to
pressures of 2.6 and 6 GPa, respectively, forrdmestormation (depending on tdeelectron
handling [442]). From these results we can aséait the phase transformation £Ga0;
into a-Ga0; in the presence of w-GaN already starts at pressof 2 GPa (at high
temperatures; 1350 °C).

4.4.7 Diamond Anvil Cell Investigation on Gallium Oxonitrides

The investigations on gallium oxonitrides, usindiamond anvil cell, were performed by C.
Zvoriste and L. Dubrovinsky in the high-pressuraliges in Bayreuth.

These high-pressure / high-temperature investigatissing laser heated diamond anvil cells
led to the successful synthesis of spinel-typeialloxonitrides. Thean-situ investigations
were performed in addition to the multianvil syrges. Applied were mixtures of w-Galg-:
G&0s3 in the molar ratio of 3: 2. Additionally, highgssure experiments were performed
using gallium oxonitride ceramics derived from gdysis processes, starting from a molecular
single source precursor (GaBD),NMe,),) [428]. In these experiments, we tried to limieth
required high-pressure / high-temperature condittora minimum, while obtaining crystalline

compounds.
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4.4.7.1 DAC Experiments on Gallium Oxonitrides

Different starting mixtures in different molar matiof f-Ga0s; (99.9 %, Sigma Aldrich,
Munich, Germany) and w-GaN (99.9 %, Alfa Aesar, IKathe, Germany) in the molar ratio
of 6 : 4were applied., The starting mixtures, applied as fpowders, were ball milled and
compacted, to grant homogeneity of the samplesrbéefsed in the experiment.

The high-pressure experiments were performed inodifrad Merril-Basset type (four-pin
opposite-plate type) diamond anvil cell, equippeithva laser-heating facility using a cw
Nd:YLF laser with a maximum power of 50 W= 1064 nm, Quantronix Inc., USA), heating
the cells from both sides. During the experimegdel scans were arranged, varying between
10 to 20min, depending on the experiment. Temperat was controlled
spectroradiometrically, while the pressure was mmeagb at ambient temperatures with the
ruby fluorescence method. Nitrogen was added aspre medium, compressed by 0.14 GPa,
while rhenium foil was applied as gasket matefi&le culet sizes of the mounted diamonds
ranged between 300 to 50f.

In-situ powder diffraction pattern were recorded using cgating anode X-ray
diffractometer with a FR-D high-brilliance sourcRIGAKU Corporation; with Md,1
(A =71.073 pm) radiation) OSMIC Inc. Confocal Maxs¥loptics, and a SMART APEX 4K
CCD area detector were used.

For experiments starting from gallium oxonitridearaics, LiF was used as pressure
transmitter, beside the pressure standard [49@].diimension of the diamond anvil cell culet
resulted to 400 nm, applied with rhenium gasketse &ctual pressure was determined by
adding ruby chips to the sample and detectingdhkelting fluorescence spectrum.

4.4.7.2 Results and Discussion for Gallium Oxonitrides

The formation of spinel-type gallium oxontrides wawestigated using a laser-heated
diamond anvil cell (LH-DAC). In addition to the ntianvil experiments, starting mixtures of
w-GaN andg-GaOs; were applied, to provide insights into the forraatregion of gallium

oxonitrides by filling gaps in the binary phasegtaam of w-GaN an@-G&0s;. In contrast to
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that, the precursor approach leads potentiallyhtsp-pure spinel-type compounds under less
extreme conditions.

The compressibility of gallium oxonitrides was istigated to determine the
corresponding bulk modulus. Therefore, compresdeeempression runs were performed
applying the precursor-derived amorphous galliunonitxide ceramic. Loading the spinel-
compound next to a thin pellet of LiF into a DAGet compression was started and
experiments were performed up to pressures of 9 @Pgstallization of the amorphous
compound was observed at pressures of 1 GPa @aditié laser heating. Figure 4-37 shows
the results of the Rietveld refinement, proving thiemation of the spinel-compound, next to
LiF.
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Figure 4-37.Rietveld refinement of a X-ray diffraction patteshowing the spinel-type gallium oxonitride (first
phase) and LiF (second phase), data collected &onm-situ LH-DAC synthesis (0.7 GPa, 1300 °C). The
experimental data points are shown as a dottedhatidethe fit to the data with a solid line. The &nk stands for
the LiF reflections. The reflection ab 29.3 is attributed to Re, the gasket material.

The reflections were related to a spinel-type commplp exhibiting the space groubd3m,
227) beside the LiF reflections, derived from tliessure transmitting medium. Figure 4-38
shows the powder diffraction pattern, dependingh@napplied pressure, confirming pressure
stability up to 9 GPa.
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Figure 4-38.XRD patterns from the compressed diamond anvilamitaining as starting material the gallium
oxonitride ceramic which was completely transforrired the spinel G&®yN,from 0.7 GPa. Up to 8.85 GPa no
other by-products were observed

In Figure 4-39 the function P-V is shown. The resof measuring the pressure in dependence
of the unit cell volume for a precursor-derived ligah oxonitride sample, synthesized at

0.7 GPa at 1300 °C, are shown.
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Figure 4-39. Unit cell volume of the spinel-type @GaN, as a function of pressure. The experimental dgda a
shown by solid circles. The error-bars of the weill volume are within symbols. The solid line regents the
least-squares fit of the second-order Birch-MurmeghEOS to the experimental data. The fit yielded
K30=216(7) GPa having K’ fixed to 4.

The bulk modulus K was estimated to 216(7) GPaitgatb a volume at zero pressure of
Vo = 552.9(5) R, by data fitting accomplished with second ordercBiMurnaghan equation
EOS (K’ = 4). A comparison of the results with d&t@own from the literature shows that

both, experimental and thereoretical data stampbod accordance to our results (Table 4-33).

Table 4-33.Experimental and calculated bulk modulus for theedptype gallium oxonitride.

GaON, GaO;N GaOsN  y-SisNgs  SPb,AION;
(this work) cal. [497] exp. [430] exp. [498] cal. [499]
normal/inversed
216(7) 232 (177) 234 302(6) 260/ 271
LDA (GGA) (K'=4)

The results for the bulk moduli vary with the apgliexperimental conditions. Therefore, the
data should be handled carefully, though consideraifluences can also be caused by the

applied pressure medium. Nevertheless, spinel-gheum oxonitrides show a considerable
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hardness with a calculated bulk modulus of >200,GBampared toy-SisN, [498]
(302(6) GPa).

4.4.7.3 Conclusion

Experiments using mixtures of w-GaN afid5a0; or alternatively amorphous precursor-
derived gallium oxonitride ceramics (mean N/O-ralid2) were performed at different
pressures. The lowest pressure for a gallium osdaitspinel formation was determined to
3 GPa, starting from w-GaN antiGa0s;. Applying the ceramic, however, synthesis was
successful at 0.7 GPa performed in a laser heasmdodd anvil cell. Calculation of the bulk
modulus and comparison to the known compoundsgif hardness, such asi;N,, leads to
the assumption that the spinel-type compounds earobnted as materials of high hardness.
Moreover, spinel-type gallium oxonitride was foundoe stable on compression to at lée®sGPa
and to have a bulk modulus K of 216(7) GPa (wixed K’ = 4).
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5 Prospects

Rare-earth Gallates

Research on rare-earth gallates is still in theergdic focus, as they show interesting
properties, e.g. paramagnetism, ferrimagnetism, ferromagnetism,antiferromagnetism,
which is used for industrial applications. Diffetemare-earth gallates are known in diverse
stoichiometric compositions, lIkREsGaG;, REsGa0,2, REAGa0g, or REGaG;. Research on
gallates was started by Menzer and Weidenbornédr thié compositiorRE;Ga01, [195-
197]. Their work led finally to compounds in th@ishiometric ratio oREGa(;. Within the
chemistry of rare-earth gallates, analogue comp®watlipped with different central metal
ions are also knowre.g. in REMO3; (M = Cr, Mn, Fe, Al, Ga) [215]. Only a few rarerta
gallium compounds with the compositi®EGa0; (RE= La, Pr, Nd, Gd, Ho) [219,225-228]
could be obtained as single crystals so far. Mogtly compounds were obtained as fine
powders. Therefore experimental conditions wereeredd into high-pressure / high-
temperature chemistry. The application of high-pues conditions helped Marezaéb al to
obtain crystallineREGaQ; compounds RE=La, Pr, Nd, Sm-Lu) [217]. But as the single
crystals were still too small for single crystatalaollection, the orthorhombic structures were
determined by powder refinement.

Within our high-pressure investigations on rarefegallates, we tried to enlarge the
existing compositions of the different rare-eartlallages under high-pressure / high-
temperature conditions, by using a variation ofedé@nt rare-earth oxideRE= La, Ce, Th,
Dy, Ho, Er, Tm, Yb, Lu) applied in different molaatios, while scanning the high-pressure
range. Unfortunately, the experiments did not leadew compounds up to now. Instead of,
we obtained several crystalline samples in differgoichiometric compositions of diverse
rare-earth gallates, wherefrom single crystal stinecdetermination was possible for the first
time.

Our access to these crystalline samples started fre corresponding rare-earth oxides
(RE= Dy, Ho, Tm) ang-G&0Os in different molar ratios. The pressure conditioasged in
between 5-12 GPa, while the applied temperatures waried within 800-1300 °C.
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Elevated high-pressure / high-temperature conditioh7.5 GPa and 1250 °C, starting from
the binary oxides, allowed to synthesize measursibigle crystals oREGaQ; (RE = Ho, Dy)
for the first time.

The comparison of the single crystal data for Hoga®d DyGa@ were in good
accordance to the already existing powder data fvtarezioet al The single crystal data for
HoGaQ (a=553.0(2), b=753.6(2),c=525.4(2) pm [228] and DyGaO(a = 552.5(2),
b=754.4(2)c=527.7(2) pm (standard settirfgama correspond well to the original values
of Marezio et al (HoGaQ: a=525.1(2), b=553.1(2),c=753.6(2) pm and DyGaO
a=>528.2(2)b =553.4(2)c = 755.6(2) pm (settind®bnm) [216]).

For further investigations, increasing the applibdyh-pressure / high-temperature
conditions might give access to new compounds. dJgnow, the high-pressure route into
rare-earth manganites, ferrites, and aluminium @amgs were not tried. Maybe, here we can

enlarge the existing different compositions.

Rare-earth Borates

Various different borates of rare-earth, transitoetal, alkali metal, alkaline earth metal, and
main metal borates were synthesized under higlrspres high-temperature conditions. Due
to the great efforts of Huppertz and his co-workarsultitude of different borates, exhibiting
a great structural diversity, were synthesizedhédgh more than 500 different borates are
known, rare-earth borates with an exceeding amolrdre-earth element in the structure are
still rare.

Within this thesis, the first compound of the shidenetric composition HQO,7(BO3)3(BO4)s
was synthesized. The ratio of Ho : B results inatue@ of 3.44, as it exhibits a quite high
amount of rare-earth in the structure. The higlsguee / high-temperature synthesis started
from boron oxide and holmium oxide and required hipgessure / high-temperature
conditions of 7.5-11.5 GPa at 1250 °C.

The interesting compound E®,7(BOs)3(BOs)s offers a new structure, exhibiting
isolated BQ-units next to isolated Bfgroups, imbedded in a network of holmium-
polyhedra. This structure is particularly amazirag in accordance with the pressure
coordination rule, coordination numbers normallgrease, influenced by extreme conditions.

However, here the three-fold coordinated boron atoemain stable.
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Due to the exceptional structure, experimentsiataftom other rare-earth elements
(RE=La, Th, Dy, Tm, Yb, Lu) were performed, but tiesults have not led to the designated
composition, yet. Variations of the required pressand temperature conditions, as well as
heating and cooling protocols are needed, to olfitaatly the analogue compounds.

As it is the first compound showing this compogitiwithin the row of rare-earth oxoborates,
future work should concentrate on the synthesemnafogue structures scanning the row of
late rare-earth elements.

Recently, a new borate occurred as side produetyisly the typical apatite structure. At
this point, we can confirm, that the compound @Wiges hexagonal in the space group
P63/m (no.176). Further investigations are necessaryprave the indicated property of
oxygen conductivity due to the structure. More expental work has to be done in order to

confirm the structure and learn more about theipgxhysical properties.

Phase Transformations

Due to several working groups, the system of raréhesesquioxides is well known. Hoekstra
investigated the conditions, which led to metagtabbdifications. According to the ionic
radii, the three groups of rare-earth oxides, typeB, and C adopt the corresponding
structures. While the early oxides crystallize Hgomally, the monoclinic structure is
subjected to the rare-earth elements starting s Sm - Th. The late rare-earth oxides are
found in the cubic C-type structure.

Under elevated temperatures or pressures, phasdanaations to the monoclinic structure
were achieved. Several experiments of Hoekstra Foek [267,268,271] showed that the
transformation is catalyzed by adding CaO, SrO,&hdr oxides to the educt.

These investigations stand in good accordance to reaults. Although well
investigated, the structure of these compoundsdcoat be confirmed by single crystal data
up to now. High-pressure / high-temperature ingasions led to the monoclinic compound
B-Ho,O3 which was obtained as crystalline sample, whenefia single crystal structure
determination was possible for the first time. Toeparison to theoretical investigations on
B-RE,O3 of Wu et al [247] showed that both results stand in good @ate with each
other.

Investigations on the synthesis conditions showed tor the transformation high-

pressure / high-temperature conditions of 11.5 @Rd 1250 °C led to highly crystalline
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samples. The reduction of the pressure (7.5 GPal2a® °C) resulted in a crystalline
material with a lower degree of crystallinity. Trobservation is often seen in the field of
borates and other compounds. Further experimeotgecning the catalytic influence on the
reaction, confirmed the results of Foex [271]. Sasstul transformations were carried out by
adding some additives to the educts. The experaheviirk showed that the addition 6f
G&0s3, h-BN, or a mixture of h-BN and.B; help to transform the compounds.

In analogy to monoclinic B-H®s other rare-earth oxides were investigated. Regentl
the transformed compound B-E); was synthesized under high-pressure / high-teryrera
conditions of 7.5 GPa and 1100 °C. The reactionaased out by adding a small amount of
hex. BN, which helped to transform the compoundfodonately, the crystal size was too
small for collecting single crystals for furtherwttural investigations. The transformation
occurred also in the case of 7M. For future investigations, the experiments onsgha
transformations of the rare-earth oxides shouldd®inued, to obtain also the monoclinic
phases of other late rare-earth sesquioxides. ditian to that, the influence of the flux
should also be explained, as it might be intergsfor future investigations on rare-earth

compounds.

Gallium Oxonitrides

Certain oxides, nitrides, and oxonitrides are ia Htientific focus, due to their interesting
optoelectronic and mechanical properties. Thesepoomds offer interesting chances for
industrial purposes, due to high temperature stalasihd extreme hardness [500]. Due to the
success of Alon materials, research on gallium txdas was commenced. Although the
binary phase system of A; and AIN is well investigated, the correspondinggd diagram
of Ga0O3 and GaN was still not accessible.

As only scarce information on gallium oxonitride @vailable, systematic high-
pressure / high-temperature investigations on wgalloxonitrides were in the focus of this
work. Experiments were performed under variatiothef applied pressures (1-11.5 GPa) and
temperatures (500-1350 °C), as well as of the m@lao of the starting materiafsGa03
and w-GaN (w-GaNp-Ga03;=9:1 - 1:9). The systematic approach starfmogn the
binary compounds into the stability field of gathuoxonitrides enlightened the formation
region for a gallium oxonitride compound synthediz@der high-pressure / high-temperature

conditions. Crystalline compounds were obtainedthet lowest pressure of 2.5 GPa at
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1250 °C. The synthesis temperature could be rediecadninimum of 1000 °C at 6 GPa. The
ideal conditions for highly crystalline samples wdstermined to 5 GPa and 1250 °C,
resulting in measurable single crystals, wherefrtra cubic spinel-type structure was
confirmed on single crystal data for the first tinvehich stands in good accordance with
theoretical calculations.

As it is important to obtain phase-pure samples, 9ynthetic conditions have to be
improved to avoid by-products or residuals of stgrimaterials in the sample. Within the
variation of the molar ratio of the starting maatsj a small amount gkgallium oxide or w-
gallium nitride was always detected in the samplegrefore the determination of the density
of the spinel compounds had to be deferred.

A different high-pressure / high-temperature apphoato gallium oxonitrides started
from gallium ceramics. A new precursor-route wa®ita providing a single source molecular
precursor, which offered gallium simultaneously éed to nitrogen and oxygen. After heat-
treatment, the compound &a03;5MNo43 Was synthesized under high-pressure / high-
temperature conditions of 7 GPa and 1100IfGsitu investigations on the formation of a
precursor-derived spinel compound were conductedubke diamond anvil cell. The phase-
pure compound occurred at the lowest conditiorls GPa at 1300 °C.

In the near future, investigations on phase stgpiiptical, and mechanical properties

are important for possible technical applicationsralustrial intentions.

Indium Oxonitrides

Scanning the literature on group Il oxonitriddsere are only a few different aluminium and
gallium oxonitrides known so far. As for indium oxtrides only little information is
available, several working groups commenced to veorkhe indium oxonitride system. The
first working group reported about thin films, camting indium besides oxygen and nitrogen
in a nonstoichiometric ratio [501]. As researchindium oxonitrides continued, thin INON-
films derived from different synthesis methods, rsugs reactive radio-frequency (RF)
sputtering [502,503], ovia chemisorbed oxygen on radio frequency derivedummditride
films were reported [504]. Even though, an acce#® endium oxonitride compounds was
found, the compounds suffered always from a lowrelegf crystallinity as they occurred
only as thin films. The task, to synthese crystalllnON-compounds is interesting not only

because of promising industrial applications, Hab @ learn more about the phase stability
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of the InN-InO3; system. Here, a phase diagram is still missirtgpagh the educts are well
investigated. Calculations showed that a phasesftvemation starting from w-InN to the
semiconducting rocksalt structure should occurrassures of 12.1 or 21.6 GPa [505,506],
which is of high interest based on the demands diarctrical and optical devices.
Experimental work confirmed the predicted pressarege, as the transformation of w-InN
into the rocksalt structure occurred at 10-12 Gleaending on the heating [507].

In order to provide the improvement of high phasabifity, relations between
different structures of indium oxide (bixbyite- andorundum-type structure) were
investigated. As both structures are widely knowme metastability of indium oxide
polymorphs was investigated theoretically, as \asllexperimentally. The working group of
Riedel reported on phase transitions starting ftleencubic bixbyite-structure (obtained under
ambient pressure conditions by the sol-gel methentj the transformation under high-
pressure / high-temperature conditions (13.5 Gita)the corundum-type indium oxonitride.
Another phase transition into the Rh-1l-type is predicted at pressures exceeding 15 GPa
[508].

Based on the successes on aluminium and galliunmitoii® compounds, research
enlarged into the field of indium oxonitrides. Tigbu applying high-pressure / high-
temperature conditions into the GaN,Gasystem led to new compounds, we transferred our
knowledge to the InN-HD3; system. Different high-pressure / high-temperattweditions
were applied. Pressure was varied between 3 uplid @Pa at temperatures ranging in
between 550 and 1100 °C, using different heatingogols. The variation of the starting
material comprised application in different molatios (INN:InO3=1:9 up to 9:1)
besides different educts. The experiments wergestdrom w-InN and rhombohedral,Ds,
besides syntheses using w-InN mixed with metatidium (tetragonal), or a mixture of InN,
In,O3, and metallic indium. To increase the nitrogentent) ammonium azide was added to
the reaction mixture to enforce the formation ofirrsium oxonitride in nitrogen atmosphere
via careful decomposition of the azide into ammonia aitrogen. EDX measurements
confirmed the elements In, O, and N in nanocryis&lindium oxonitride particles, which
were far too small for a single crystal data cdiet Although various experiments were
performed, the degree of crystallinity could notih&eased, so far.

For experiments starting from metallic indium irateof indium oxide, ammonium
azide was added as nitrogen source, to form higdagtive indium nitride inside the sample.

EDX data confirmed the formation of indium nitrideyt reactions leading to oxonitrides
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were not observed. Therefore, research must cantienceeding the applied pressure
conditions under variation of the temperaturesyel as heat-treatment protocols.

A different approach into INON-compounds was tnga normal pressure synthesis.
Mixtures of w-InN and rhombohedral JB; mixed with ammonium azide were filled into
silica glass ampoules, welded and heated in tubeades up to 1000 °C, applying long
heating and tempering phases. Although the proghmived under EDX analysis the presence
of the elements In, O, and N, the resulting poveerd not be characterized up to now.

These samples could be used as a precursor mdiaridigh-pressure synthesis.
Variations of the temperatures including differétating and tempering phases could also
improve the reaction product.

In order to apply for better results, further noknpaessure and high-pressure
experiments should follow, trying to localize thaeal conditions and formation region of
crystalline compounds in good yield and without drgducts. In lack of a precise phase
diagram of the binary compounds InN andQf more experiments leading to new
compounds must be provided. In addition to higrspuee / high-temperature experiments
performed in Walker-type multianvil devices, higfepsure experiments using diamond anvil
cells would be helpful for the determination of teact formation tendencies, not only to
define the required pressure conditions but alsoottfirm the phase transformation of the
starting materials and formation of the indium akdtie compoundvia in-situ X-ray powder
diffraction.

A successful approach into gallium oxonitrides &apla single-source molecular
precursor in high-pressure experiments conductedWalker-type multianvil device as well
as in diamond anvil cells. Obviously, starting fr@n indium ceramic could lead also to
crystalline indium oxonitridesia a ceramic precursor. Therefore, synthesis of tiadogue
indium compound, starting from a dimethylamine addof indium tris-(t-butoxide)
In(O'Bus) - HNMe,, would lead to a molecular precursor and finallypyrolysis processes to
the ceramic compound. An important point would berdtain control on the oxygen to
nitrogen content in the compound.

As it is widely known, chlorides are highly reaeivJnder variation of different high-
pressure / high-temperature conditions experimestarting from the corresponding
indium(lIl)chloride mixed with indium nitride in &erent molar ratios were performed.
Preparation of the experiment required handlinthefcompounds in a glove box under argon
atmosphere. After high-pressure / high-temperatsyathesis, the compound was still

sensitive against air and moisture. An unidentififthse occurred with a low degree of
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crystallinity, which could not be characterized.y@ased on these first results, we see that it
could be a successful route to crystalline indivtarstride compounds, obtained with small

amounts of chlorine-by-products.

Gallium Indium Oxonitrides

Besides our investigations in the systems Ga-O-tNlarO-N, we tried to synthesize mixed
oxonitride compounds with gallium and indium in gestem.

In the literature only a few mixed oxide-compoundee known, one published by
Goldschmidtet al [242] derived from starting mixtures of.Bs and GaOs resulting in
different compositions and structures. He investigathe system and received different
oxidic compounds crystallizing in the cubic typeate-earth structure, or the crystal structure
of a- alumina angb-gallia, depending on the synthesis temperature.

A new phase of the composition (In,&2&) in a structure similar ta-alumina was obtained
by Schneideet al [214]. This structure was confirmed later on byd®onaldet al who
considered this phase as a monoclinic structurd ait equivalent 1:1-composition [509].
Finally, confirmed by Cavat al. [510], the monoclinic InGagcompound was derived from
the corresponding oxides and can be considereldeg&ghase in correspondence to fhe
G&a03 structure.

Alongside, hexagonal InGa@ was found by Shannost al It is considered as a
high-pressure modification of InGgQvhich can be synthesized under an applied pressur
6.5 GPa at temperatures of 1200 °C [511].

But not only experimental work was done on theundiand gallium oxides. Also theoretical
calculations concerning the stability of the sphtdestructured alloys in the composition
GadnixN were performed by Saiba ab initio-methods [512].

Our systematic investigations under high-pressigh-temperature conditions started from
mixtures of GgOs/In03, Ga0Os/ InN, and 1RO/ GaN in different molar ratios. Various
different heat-treatment protocols were applieansig a pressure range between 1 GPa up
to 12 GPa, at temperatures of 400 up to 1350 °@icajly, we obtained the high-pressure
modification of InGa@ but did not succeed in synthesizing new compousdsfar. As a
matter of routine, the samples were investigatet wowder diffractometry, which resulted
often in unknown reflections in the pattern, but tag samples suffered always from

crystallinity, a distinct assignment of the refleas was not possible.
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Here, the addition of chlorine-compounds might leépful, to increase the reactivity of the
starting materials. A lot more experimental workstinbe done, to continue these first steps
into the new system under elevated temperaturgsoffmes) and addition of a nitrogen

source (ammonium azide).

Mixed Oxonitrides with Aluminium and Gallium

Following the results for aluminium oxonitridessearch on mixed compounds was also
started. In the literature, only two Al-Ga-N-compds are known, AlGa N and
AlosGaysN [513,514], which were obtained as thin films, l&hAl-Ga-O-N-compounds are
not known yet. The analogue Al-In-system is alsarsely investigated. Doping of aluminium
oxide with indium resulted in the compound; #h; 23017 It crystallizes in the f-alumina”
structure and was obtained in form of single cigstavherefrom a single crystal
determination was possible [515].

Synthesis started from mixtures of AIN with &g, AIN with GaN, and AIN with
In,03, besides AIN mixed with InN in different molar i under high-pressure conditions of
5-8 GPa and temperatures of 600-1200 °C. Due tattbag chemical affinity of aluminium
to oxygen, we obtained only A); and the corresponding oxides of gallium and indiam
small amounts.

The first steps are made, now more experiments follstv. In order to learn more
about the behavior of the educts under extreme itonsl, systematic investigations are
required. Under variation of the applied pressumad temperatures, influences of heat-

treatment protocols should also be examined.
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6 Summary

6.1 High-pressure / High-temperature Syntheses

High-pressure / high-temperature conditions provitie possibility to synthesize new
metastable compounds, which are not accessible modeal pressure.

Various different chemical fields were investigateg now, leading to new structures and
compounds. Interesting results for industrial pggs) advanced materials, and improvement
of still existing materials are the driving forae high-pressure chemistry. According to the
pressure coordination rule, coordination numbetsei@se under pressure as often seen in the
field of borates [277], as boron often forms tetdtally coordinated BQgroups under
elevated pressure.

The parameter pressure enables also crystallizatBailium oxonitrides require
elevated pressure to form crystalline compoundggolve the high stability of galliumoxide,
which is energetically and kinetically favoured.ebnetical results show that high pressures
and high temperatures at the same time are requirprbvide crystalline gallium oxonitride
compounds.

The stability investigations on gallium oxonitridesere all performed under high-
pressure, to localize the ideal conditions forftrenation of the spinel-type material. Initiated
by extreme conditions, phase transformations ofcesdare observed. As often used for
pressure calibration sets, changes in the structamebe caused at these conditions. As by-
product different transformed compounds occurrédays in high crystallinity.

Since the first artificial diamond was synthesizedyeral different high-pressure devices
were constructed. Starting with the belt appardiitgwed by the tetrahedral arrangement,
the technological progress led to the multianvillk€etype device, which works with eight
equal anvils. The pressure conditions were impravidlal every technical step, taken towards
the apparatus used today.

The 1000 t presses are equipped with multianvil Réfatype moduls working with an
octahedral cavity for the sample. The experimewtalk in this thesis reflects the prospects

which are provided by this method. This offers thest possibilities for high-pressure
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chemistry, combining reasonable costs, large samplemes, and extreme pressure and

temperature conditions, at the same time.

6.2 Rare-earth Gallates

DyGaG

The structure of the orthorhombic rare-earth gallyGaQ was already known from the
literature, but only powdered samples were obtaisedar. Single crystal data exists only for
the following rare-earth orthogallatB&EGaQ; (RE= La, Pr, Nd, Gd, Ho) [219,225-228].

High-pressure / high-temperature experiments led to

single crystals suitable for a single crystal data
collection.
The orthorhombic DyGafcrystallizes in the space
group Pnma (no. 62) Z=4) with the parameters
a=553.0(2), b = 753.6(2), c=525.4(2) pm,
R1 =0.0222, ana&vR2 = 0.0303 (all data).
The structure of the orthorhombic DyGa®an be
described as isostructural with the rare-earigure 6-1.Crystal structure of DyGaQ
orthoferrites, possessing an orthorhombic perogdikie structure in the GdFe@ype. It
consists of slightly distorted Ga{olyhedrons, connecteda corner-sharing, forming traces
through the structure. Therefore, every cornerosnected with another corner of a near
GaQ-octahedron. The D¥-cations build up displaced layers, with the caigositioned
among the Gagoctahedrons in the resulting channels (Figure.6-1)
The comparison of the different lattice paramegets, andc of all known rare-earth gallates,
standard setting (space grolnmg including the values of DyGapshows an exceptional
behavior: while theb and c parameters smoothly decrease in going from La up the
parametera exhibits an unexpected behavior, showing a maxinmapproximately at Gd
(Figure 6-2). Mareziet al. observed for the rare-earth gallates (powder [#4t@]) the same
increasement, as Eibschitz did for the correspgnalithoferrites [230].

This effect is commonly interpreted as consequenicéhe size of the rare-earth

cations: as the size of tiRE®" decreases, the averaB&"-O distance of the first nearest
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oxygen atoms decreases as well (first effect), admerthe averagRE**-O of the second
nearest oxygen atoms increases (second effecty. ganametesn is affected by this double
effect, leading to an increasement within the rdwape-earth elements, starting from La to
Gd. In this region, the second effect is the predamt one, whereas it decreases within the
series from Gd to Lu, because here the first effegredominant compared to the second
effect. This rather unsatisfying explanation habeochecked in the future, when the missing
single crystal data in the whole rare-earth gadlaseries will be available. Similar
observations were described by Berkowakal, who investigated single crystals of the solid
solution LaxNdGaG; [516]. It was found that the volume of unit celladleases linearly in
correlation with an increasing Nd concentrationoading to Vegard’'s law. This agrees with
the general behavior of all ternary rare-earthaged, showing decreasing volumes due to the

lanthanide contraction (Figure 6-2).
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Figure 6-2.Lattice parameters, b, andc of the different rare-earth gallatREGa0; (RE= La, Pr, Nd, Sm - Lu;
standard settingnm3g.
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6.3 Rare-earth Borates

H031027(BO3)3(BOa)s

Although there are a multitude of different rareteaoxoborates, we recently managed to
synthesize a new compound with the compositiogi®g(BO3)3(BO,)e.

The new rare-earth oxide borate

Ho310,7(B03)3(BO4)s Was synthesized in a Walker-
type module under high-pressure / high-temperature
conditions of 7.5-11.5GPa and 1200°C. It
crystallizes in the space gro®3 (no. 148) with the

lattice parameters a=2657.8(8) pm and
c=1146.9(2) pm (Z = 6)Refinement of the singlerigyre 6-3. cCrystal  structure  «
crystal data led to final values BiL. = 0.0319 besidesH10:1027BO)s(BO)s

WR2 = 0.0526.

Exceptional is the elemental ratio of the elemeotahposition Hg,O.7(BO3)3(BO4)s, Which
represents a ratio ®E: B = 3.44 (31 : 9). As only oxide borates witlsdecontent of rare-
earth in the structure are known, 3{0,7(BO3)3(BO,)s represents the rare-earth richest rare-

earth oxoborate known to date.

The crystal structure is shown in Figure 6-3. For a °::° g j&c
better view only the isolated BOand BQ-units are N
displayed, integrated in the network of Ho-polytsedr ;O | >
Although, synthesized under high-pressure / high- e
temperature conditions, the three-fold coordinatdn
boron partly remained. Remarkably, the three ard si W
crystallographically independent B@nits and BQ 3\"@,
groups are isolated without any linkage among each &

W

other.

For a better understanding of the arrangement,r&igu .
Figure 6-4. Arrangement of the isolat

6-4 displays only the B9 and BQ-units, showing BO;- and BQ-units ir
H0310,7(B0O3)3(BO4)s.

the corrugated sequences.
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Besides the exceptional bonding situation of bordhe structure exhibits 11
crystallographically different Hd-cations. The holmium network consists of (HgO)
polyhedra (x =7 - 9), connecteda corner, edge, and face sharing to each otherhitn t

network, the trigonal B@units and the B@tetrahedra are embedded.

6.4 Phase Transformations

B-H0,03

High-pressure / high-temperature experiments paddrat 11.5 GPa and 1250 °C led to the

phase transformation of cubic C-H¥ into

monoclinic B-HeO3;. As the compound was
obtained as highly crystalline sample, the crystal
structure was determined by single-crystal X-
ray diffraction data, collected at room \ / 7
temperature.

The monoclinic B-holmium oxide crystallizes iFigure 6-5. Crystal structure of monoclinic B-
the space grou2/m (no. 12) with the lattice 2%

parametera = 1394.7(3),b = 350.83(7),c = 865.6(2) pm$ = 100.23(3)°,R1 = 0.0517, and
wR2 = 0.1130 (all data).

The structure was already solved by powder metlja@%,268], as well as investigated
theoretically [280], but the single crystal dataleg compound was still missing. Now, for the
first time, the crystals were suitable for singtgstal determination, wherefrom the structure
was determined and compared with the powder amdled¢d data.

The crystal structure of B-H@; is shown in Figure 6-5. Two different types of ywdra are
found in the structure: distorted octahedrally dimated H3™-ions next to sevenfold

coordinated HY-cations forming capped trigonal prisms.
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o-Ga0O3

Within the investigations of gallium oxonitride$iet phase transformation gfG&0;3 to a-
Ga03; occurred at different high-pressure / high-tempugea conditions. The phase
transformation is reported to start at pressuralitimms around 6 GPa, based on theoretical
results. We observed the transformation alreadgve¢r pressures, starting at 2 GPa, up to
11.5 GPa. The required pressure for the transfaomaian be reduced to a minimum in the
presence of w-GaN. While compressing samples domgisnly of f-Ga0Os, the required

pressure for a successful transformation increased.

6.5 Gallium Oxonitrides

6.5.1 Single Crystal of Ga.7dJ0.21(O3.09No.7610.19)

Systematic investigations under high-pressurehi-tegnperature conditions into the
formation of gallium oxonitrides, starting from thénary compoundg-Ga0O; and w-GaN
were performed using a multianvil high-pressureicev

The crystalline gallium oxonitride phase Gl 21(03.09No.76 l0.19 Was synthesized under
high-pressure / high-temperature conditions of a@Rd 1250 °C. For the first time, the

crystal structure of a crystalline spinel-type gyl

oxonitride was determined on the basis of single
crystal X-ray diffraction data. The cubic spinepéy
gallium oxonitride crystallizes in the space group
Fd3m (no. 227) with a lattice parameter of
a=827.8(2) pm.

Single crystal structure determination led to final
values ofR1 =0.0191 andvR2 = 0.0528 (all data).
The combination of energy-dispersive X-rézjgyre 6.6, Crystal  structure
spectroscopy (EDS) with electron energy-loS2 ¢ o.2i(OsoNo7el 0.19).

spectroscopy (EELS) allowed the quantification d@fagen and oxygen for the structural

refinement, resulting in a mean value bFfO = 0.25+0.06, therefore the molar ratio of
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oxygen : nitrogen comes to 3.20 : 0.80. The stoiti@tric composition was determined to

Ga&.7d 10.21(03.0N0.76 10.19 (] = vacancy). The crystal structure is shown in Fegi+6.

6.5.2 Systematic Investigations on the Formation of Gallim Oxonitrides

The systematic high-pressure / high-temperatureesitigations on the formation of the
gallium oxonitride spinel phase were performed gisin Walker-type module and 1000 t
presses. Under variation of pressure (1-11.5 GBaperature (500-1350 °C), and molar ratio
of the starting materials (w-GaN:Ga0O3;=9:1-1:9), the formation region of gallium
oxonitrides under high-pressure / high-temperatoreditions was investigated.

Based on these investigations, the formation of gpimel-type gallium oxonitride
phase starts at a lowest pressure of 2.5 GPa &l°T2 while the formation can be observed
up to pressures of 8 GPa at a temperature of 120Mh&reasing the pressure up to 11.5 GPa
resulted still in the spinel-phase, but with a Idegree of crystallinity. The lowest reaction
temperature for a successful formation of the gaili oxonitride-compound could be
determined to 1000 °C, as further decrease showedattion of the educts at all.

From these results, initial conditions of 2.5-1GBa at temperatures between 1000-1300 °C

can be stated as leading to the formation of cugpiriel-type gallium oxonitride phases.
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Figure 6-7.Survey of the products, obtained under specifiasgure and temperature conditions with varying
starting mixtures.
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Figure 6-7 shows the different high-pressure / heghperature experiments leading to
different compounds in dependence of the appliedgure, temperature.
The variation of the mixture starting materials @aN andp-Ga0; in the different molar
ratios of 9 : 1 up to 1 : 9) showed a remarkabileiémce on the spinels crystallinity and yield.
The results are shown in Figure 6-8. As a high arhaf w-gallium nitride in the educt
mixture led to spinel-type gallium oxonitrides withhigh degree of crystallinity in good
yield, oxide-rich samples suffered from low crysitetly beside small fractions of spinel-type
gallium oxonitride in the compound.
These samples mostly showed high fractions of toamed a-Ga0O3; in high crystallinity.
Taking a closer look at the phase transformatibe, ttansformation was observed in the
presence of w-GaN even at a minimum pressure d?&. G

To estimate the temperature-resistivity of the coomu, high-temperature X-ray
diffraction patterns were measured. The sample veased in a cylindrical graphite furnace
up to 1100 °C in steps of 50 or 100 °C, respectivélxamination of the HT-powder
diffraction pattern revealed temperature resistaasehe spinel-structured gallium oxonitride
phase stayed stable without decomposition or ¢gbdion. The phase is almost unaffected,

except for a light increase of the lattice paramete
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Figure 6-8.Survey of the experiments leading to the cubicealpiype gallium oxonitrides in dependence of
pressure, temperature, and molar ratio w-GANG5,0; of the starting mixture.
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6.5.3 DAC Experiments on Spinel-type Gallium Oxonitrides

In contrast to the systematic investigations usingultianvil high-pressure device, diamond
anvil syntheses were performed using molecularyssecs as well as w-GaN agdGa0; as
starting materials. Spinel-type gallium oxonitridesre obtainedat pressures of 3 GPa and
temperatures of 1300 °C, while application of maolac precursors reduced the required pressure
conditions for a successful synthesis down to (Pa.GAdditionally, the bulk modulus

K = 216(7) GPa with K’ fixed to 4 and a volume atra pressure y=552.9(5) R was

determined.
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7 Appendix

7.1 Abbreviations

® 5 O >

m.
ca.ld

CCD
CN
cm
CvD

DAC
DFT
EDX

EELS
et al.
e.g.
eg.
eV
Fa.
FBB
GGA
GooF

HP
HT
ICSD

JCPDS

LDA

Angstrém LED  Light Emitting Diode
Average LT Low Temperature
Asymmetry parameter M Magnetization
atmosphere X Magnetic susceptibility
Circa Ug Effective Bohr magneton
Degree in Celsius pm Micrometer

Charge Coupled Device min Minute

Coordination number mg Milligrams
Wavenumber mm Millimeter

Chemical Vapor Deposition NLO Non Linear Optic
Chemical shift parameter NP Normal-Pressure
Distance Pa Pascal

Diamond Anvil Cell PSD Position Sensitive Detec
Density Functional Theory pm Picometer

Energy Dispersive Analysis of X-ppm Parts per million
rays

Electron Loss Spectroscopy PPM®hysical Property Measurement System
Et alii PTFE Polytetrafluorethylene
Exempli gratia PET Polyethylenterephtalat
Equation R Rockwell hardness
Electron Volt RE Rare-Earth

Firma, engl. company RT Room Temperature
Fundamental Building Block SAED Selected-Ardadion Diffraction
Generalized Gradient Approximation SAD Selesdeda Diffraction
Goodness of Fit o Standard deviation

Field sec Second

hour sof Site occupation factor
High-Pressure t Tons

High Temperature T Tesla

Inorganic Crystal Structure Database T Tempeza

Infrared TEM  Transmission Electron Microscope
Joint Committee on  Powdev Volume

Diffraction Standards

Joule w Watt

Kelvin A Wave length

Local Density Approximation Z Formula units
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7.3 Publications

1. High-Pressure Synthesis, Electron Energy-Loss $pemipy Investigations, and
Single Crystal Structure Determination of a Spihgbe Gallium Oxonitride
Ga.7d 10.21(03.00N0.76 10.19, Chem. Mater2009 21, 2101.

2. High-Pressure Syntheses and Crystal Structures ohoklinic B-HeOs; and
Orthorhombic HoGag) Z. Naturforsch B 2009 64, 1032.

3. A Systematic Investigation of the Stability Fieltl®pinel-type Gallium Oxonitrides,
Z. Naturforsch B 2009 64, 1115.

4. Diamond anvil cell syntheses and compressabilitidiss of the spinel-structured
gallium oxonitride High-press Res 2009 29(3), 389.

5. High-pressure Synthesis and Crystal Structure ef nbw holmium oxide borate
H0310,7(B03)3(BO4)s, J. Solid State Chen201Q in preparation

6. High-pressure Synthesis and Crystal Structure ®@falthorhombic Rare-Earth Gallate
DyGaG;, Z. Naturforsch B 201Q in preparation
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7.4 CSD-Numbers

The CIF-files (Crystallographic Information Filef) the following compounds were deposited

at the Fachinformationszentrum Karlsruhe, 76344elagtein Leopoldshafen, Germany.

Ga.7d 10.21(0z.0No.76 lo.19 CSD-419664
B-H0,03 CSD-420710
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