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Zusammenfassung

In-sit-Untersuchungen der Chemie von Materialien unter Hochdruck
HochtemperatuBedingungen (HPHT) sind fir die heutige Festkorperphysik, Chemie,
Materialwissenschaft sowie fur die geologischen und planetarischen ndthséten von
grol3er Bedeutung. Die vorliegende kumulative Dissertation stellt eine experimentelle
Erforschung der Chemie von SeltenerdmeétalhlenstoffSystemen unter extremen
Bedingungen dar, die bisher nur unzureichend verstanden wurde. In diesém&roein die
Ergebnisse verschiedener Experimente zusammengefasst, die fur verschiedene
SeltenerdmetalkohlenstoffSysteme  durchgefuhrt wurden und die fur die
Materialwissenschaft von Bedeutung sind. Diese Experimente fuhrten zu mehreren
bedeutenden Erkeimmissen, wie der Entdeckung zahlreicher bisher unbekannter Verbindungen
und Strukturtypen sowie der Aufdeckung der komplexen Kristallchemie und der
Regelmé&Rigkeiten in der strukturellen Organisation von Seltenerdidataiiden.

Zu den wichtigsten Werkzegen, die bei diesen Studien eingesetzt wurden, gehoren die
laserbeheizte Diamai@tempelzelle (DAC) zur Erzeugung hoher Dricke und hoher
Temperaturen sowie didn-situ-Pulver und EinkristalRontgenbeugung (XRD) zur
Phasenidentifizierung und Strukturbesthung und -verfeinerung. Die chemische
Zusammensetzung der neuen Verbindungen wurde anhandEwmistallXRD-Daten
bestimmt. Erste Grundsatzberechnungen im Rahmen der Dichtefunktionaltheorie (DFT)
wurden durchgefuhrt, um zuséatzliche Informationen tbesulukturellen Merkmale der neuen
Materialien zu erhalten.

Die systematischen Studien begannen mit Dy als reprasentativem Seltenerdelement und
wurden spater auf weitere Seltenerdelemente (Sc, Y, La, Nd, Sm, Gd, Dy und Yb) ausgeweitet.
Ihre Reaktionen miKohlenstoff wurden in einem breiten Druckbereich von-126 GPa bei
etwa 220602800K untersucht. Die Seltenerdmetallcarbide wurden durch direkte chemische
Reaktionen zwischen dem Kohlenstoff aus den Diamantstempeln und den Seltenerdmetallen
in DACs synthésiert.

Erste Studien zu den chemischen Reaktionen zwischen Dysprosium und Kohlenstoff
wurden bei Driicken von 19, 55 und 6®a und Temperaturen von ~230@urchgefihrt. Die
In-sit-SynchrotrorRontgenbeugungsanalyse der Reaktionsphieduergab die Bildung
neuartiger Dysprosiumkarbide, B3g und DyC, sowie des Dysprosiw8esquicarbids
Dy.Cs, das bisher nur unter Umgebungsbedingungen bekannt war. Es wurde festgestellt, dass



die Struktur von DyCs eng mit der des DysprosiuBesquicarlils DyCz mit der PuCs-
Struktur verwandt ist.

Weitere Experimente mit Di{arbiden bei hoheren Dricken bis zu «8Ba und
Temperaturen bis zu ~2860 er gaben di e Bil dung von -drei r
DyC,, DysCo u n d-Dy4ss, neben den bereits beriekén DygC> und DwCs. Die
Kristall st r-DyCi und eDyCy zangen unendliche flache polyacenartige
Kohlenstoffbander bzweisp ol yacet yl enarti ge KbhyiCsthidendiel n der
Kohlenstoffatome Dimere und nichbeare Trimere. DyC> enthalt ethanidartige
Kohlenstoffhanteln, und D€z ist ein Methanid mit einzelnen Kohlenstoffatomen.

Die Experimente, die mit einer Reihe von Seltenen Erd&tE@®Sc, Y, La, Nd, Sm,

Gd, Dy, und Yb) durchgefuhrt wurden, fuhrten zur Beobachtung neudti8typen:b-LaC,
9-SMC,2-Y 4Cs, NokC7, LasCs, DysCo, 0-DyCy, U-NdC, und3LaC,. Derb-LaC-Strukturtyp ist
fur LaC, NdC und SmC ublich; derSmGStrukturtypi fur SmC; dem-Y 4Cs-Strukturtypi
fir SmyCs, GdiCs, DysCs und YCs; der NdCr-Strukturtypi fur NdsCz, SmsC7, GaCr und
YbsC7; der LaCs-Strukturtypi fur LasCs; der DyCo-Strukturtypi fur YsCo, NdsCo, SmCo,
GdsCo, DysCy und YhsCo; dero-DyCo-Strukturtypi fur YCz, SmG und DyG; der i-NdCo-
Strukturtypi fiir NdG und SmG; der ULaC-Strukturtypi fiir LaCz. Es wurde festgestellt,
dass NéC; und 9-SmuCs (isostrukturell zu 2-Y4Cs) bei Umgebungsbedingungen
rickgewinnbar sind. Die bei Dricken bis zu IZRa und Temperaturen von ~2300
synthetisierten Verbindungen zeigen eine reiche Vielfalt moglid¢kehlenstoffgebilde,
darunter Kohlenstoffhanteln §; nichtlineare Trimere [€}, NaphthalinDecalinéhnliche
Kohlenstofffragmente, Kohlenstoffketten und polyacenartige Bander.

Im Zuge der Erforschung der-@- und Dy-C-Systeme wurden eine Reihe neuartiger
Chloride, Y2Cl und DyCl, sowie Chloridcarbide, 2€IC und DyCIC, durch chemische
Reaktionen der Proben mit den Druckmedien NaCl oder KCI beiGR und ~2008&
synthetisiert. Obwohl diese Verbindungen nicht im Mittelpunkt dieser Studie standen, wurden
ihre Strukturen gelost und verfeinert und in die Dissertation aufgenommen, da sie als
Nebenprodukte in den von uns untersuchten komplexen Systemen betrachtet wurden.

Zusammenfassend lasst sich sagen, dass die bdi23BPa und ~250&
durchgefuhrte HochdrueKochtemperatursynthese von Seltenerdmetallcarbiden und ihre
strukturelle Charakterisierung 32 neue Verbindungen ergeben hat, die zu 13 Strukturtypen
gehdren, von denen 9 bisher unbekannt waren. Die Tatsache, dass bestimmte Strukturtypen bei
mehreren Metadin vorkommen, ist ein Beleg fur die Regelmalligkeiten in der Chemie der

Seltenerdkarbide unter hohem Druck.



Summary

In situ studies of the chemistry of materials under kigbassure higltemperature
(HPHT) conditionsare of significant importance for contemporary sedithte physics,
chemistry, materials science, as well as geological and planetary sci&éheeqresent
cumulative thesis represents an experimental exploratidheafhemistryof the rareearth
metali cabon systemsinder extreme conditionghich has remained poorly understood until
now. This thesis compilesutcomesof variousexperiments performefr differentrareearth
metali carbonsystems relevant to matesaicience which resulted inseveralsignificant
findings, such aghe discovery ohumerous previously unknown compounds atrdctural
types as well as imeveaing the complex crystallochemistrgndregularitiesin the structural
organisation of rarearth metals carbides.

The primarytools employed in these studies inclildelaserheated diamond anvil cell
(DAC) techniquéefor generating high pressures andh temperaturesandin situ powder and
singlecrystal Xray diffraction (XRD) for phas identification and structure solutiorand
refinement The chemical composition dfie novel compoundsvas determined froreingle
crystal XRD data. First-principles calculationsn the framework of the density functional
theory (DFT)were conducted to provide additional information on the siratfeatures of
the novel discovered materials.

The systematic studies began with Dy as a representativeadheelement and were
subsequently expanded to include various-eamth elements (Sc, Y, La, Nd, Sm, Gd, Dy, and
Yb). Their reactions with chon were studied in a wide pressure range ofEZDGPa at
about 220€2800K. The rareearth metal carbides were synthesized through direct chemical
reactions in DACs between ragarth metals and carbon from the diamond anvils.

Initial studies on thelemical reactions between dysprosium and carbon were studied
at pressures ol9, 55, and 5&Pa and temperatures of ~2300In situ singlecrystal
synchrotron Xray diffraction analysis of the reaction products revealed the formation of novel
dysprosium cdrides, DyCs and DyCo, andthe dysprosium sesquicarbide B3 previously
known only at ambient conditions. The structure of@ywas found to be closely related to
that of dysprosium sesquicarbide Ry with the PuCs-type structure.

Further experiments on Dy carbides at higher pressures up 8P®&&and temperatures
up to ~280K revealed the formation d¢iireenovel dysprosium carbides,DyC,, DysCo, and
2-Dy4Cs, along withthepreviously reported ¥» and DyCs. The crystal struares of-DyC,
and DyCo featureinfinite flat carbon polyacenkke ribbons andis-polyacetylendype
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chains respectively. In the structure ofDysCs, carbon atoms form dimers and Horear
trimers. DgC> contains ethanidg/pe carbon dumbbells, and E3g is methanide featuring
single carbon atoms.

The experiments carried out on a series of-eamth element@REE = Sc, Y, La, Nd,
Sm, Gd, Dy, and Ypresulted in the observation nbvel structue types b-LaC, 2-SmC,o-

Y 4Cs, NosC7, LasCs, DysCo, 3-DyCz, -NIC, anddLaC. Theb-LaC structure type is common
for LaC, NdC, and SmC; theSmC structure type for SmC; theo-Y 4Cs structure typé for
SmyCs, GAiCs, Dy4Cs, and YhCs; the NdC7 structure typé for NdsC7, SmC7, G&Cr, and
YbsC7; the LaCs structure type for LasCs; the DyCy structure type for YsCo, NdsCo,
SmsCo, GCo, DysCo, and YCy; thea-DyC: structure typé for YCz, SmG, and DyG; the
U-NdGC; structure typé for NdC; and SmG; theJLaC; structure typé for LaCz. NdsC7 and
2-SmyCs (isostructural ta-Y 4Cs) were found to be recoverable anbient conditionsThe
compounds synthesized at pressures up tdGR2# and temperatures &500K demonstrate
a rich diversity of possible carbon entities encompassing carbon dumbbgllad&linear
trimers [G], naphthalenalecalirlike carbon fragments, carbarhains, andoolyacendike
ribbons

In the course of the exploration of theCrand DyC systems, a number of novel
chlorides Y2Cl and DyCl, and chloride carbideg.CIC and DyCIC, have been synthesized
as a result of chemical reactions of the samples with the NaCl or KCI pressureamnedia
~40 GPa and~2000K. Although such compounds were not the focus of this study, their
structures were solved and refined, and included in the thesis considering thepraduoys
in the complex systems we have investigated.

To summarise, higpressuréigh-temperaturesynthesis of rarearth metals carbides
realized a20-125GPa and ~2508, andtheir structural characterisatioevealed 32 novel
compounds, which belong 8 structural types, among which 9 were previousignown.

The fact that certaistructure types are common for several metals gives evidence of the

regularities in the chemistry of raearth carbides under high pressure.
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Introduction

1. Introduction

Carbon, next to hydrogen, helium, and oxygen, is one of the most abundant elements in

the Universe and plays a crucial role in the chemical evolution of ga[akid$e convincing

evidence that the bulkarth has a relative ragarth elements BE) distribution similar to that

of chondritic

met eorites

a l

|l ows to present

normalized to Cl chonde and the refractory element, Where FEE normalized abundance

is equal to 1(Fig. 11a) [2i 4]. Since he Earth's mantle undgoes pressures ranging from 24

to 135GPa and temperatures spanning 1900 to 40QBig. 11b), it becomes intriguing to

explore chemical processes involvingRcontairedi n

t he

E aand produsts afitken t | e

chemical reactions under extreme condisiolt is especially important in light of the lack of

available data on higpressure chemistry of ragarthmetalscarbidesand related materigls

which almost have not been investigated under high prefsiut2]. At the same timethe

published data revealed promising perspectives and highlighted the potential for further

exploration under extreme conditions.

a
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Figurell. (@ El e men't

abundances

3,500~
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2,500 K .
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4,000 K

330 GPa
5,000-5,500 K

360 GPa —'— 6,370 km

5,500-6,000 K

of t he

Eart hos

refractory element Tplotted against their 50% condensation tempera(uneslified after

[3,4]). (b)Crosss e ct i on

of

(Badifiedditér[83]).i nt er i or

Carbidesthemselvesre known for their chemical inertness, high melting poaentsl

interesting electrical properties which make the reason to explore such sy$t#imha).

ma nt

Structural \ariations as a function of composition and external parameters (pressure and

temperature) often result theformation of carbides with various types of chemical bonding,

as well as with fascinating crystal chemidtt$,17 19]. Taking into account the relatively low
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Introduction

number of known binary compounds containing carbon in comparison with cxggésining
ones (B29 vs 4768according to theCSD databas&ersion 5.2.0 (build 20240410029) -
Data Release 2024,1it can be established that generalthe chemistry of carbides is still
insufficiently studied. This is especially tréier rareearth metal carbide®espitethis, the
lanthanied carbides family showsn etensive varietyof known phases with different
stoichiometry and structufg].

Carbide systemencompass widerangeof materials including binary andternary
two-dimensional ompoundsknowna s 6 M Xaennde s®M A [RGz24]eThe8ematerials
possesgpromising features, which make them appealing &pplications in fields such as

optoelectronicsstorage materialsensors, biomedicine, and othéfgy. 1.2) [20].

5G antennas

Electronics

Smart textile

Electromagnetic
and harvesting , PR ) interference shielding
S » ‘ and antennas

2D MXenes/MAXenes

Biomedicine

Environmental

Optoelectronics Sensors

Figurel.2. Structure and applications of 2D carbides and nitrides (MXBt#esenes
(modified afteff20]).

The highpressure approach serves as a valuable method for delving into the crystal
chemistry of compounds that remaindiscovered under ambient conditions. Tristhod
unveils novel forms of chemical bonding and promising propetitietuding high hardness,
chemical inertness, electrical, magnetic, optical properties, and even supercondtretitsty,
well-establishd in carbides under ambient conditiorfd5,16,22,23] Through this
methodology, we can broaden th@nge of carbide compounds, which hold significant
relevance in both science and technolaiye to their interestingcharacteristicsThis is

particularly true for the rarearth carbideswhich have the potential to exhibit promising
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Introduction

properties due to the accessibility ehormous magnetic momenitg4], that ould hold
significant implicationsin singlemolecule magnetism and the design of new bulk magnet
materials. Larger magrietmoments can decline the magnetization tunnelling in molecular
materials, which is currently one of the serious disadvantages in the design efroiggtale
magnets with increased temperatures of hystef@8k Structural ada@ations driven by
composition and external factors like pressure and temperature frequently give rise to carbides
with diverse forms of chemical bondinggvealinga rich landscape ofaptivatingcrystal
chemistry

Rareearth carbides have predominantlyebeinvestigated at ambient pressure
(Tablel1.1) [5]. Carbides of amCdChk and NaCl structural types have been predominantly
synthesized through aroelting or arewelding compressed pellets containing the
stoichiometric mixture of filings of the raesarth element and carb§26i 32], or by heating
weighed amounts of the metal and carbon at 281D°C[18,33 35].

The crystal structure cdint-CdCb-type rareearth carbideis represented bgpace
group R-3m (#166) andZ = 3 formula units per celfor Sc[5,27], Y [5,28], Gd[5,29], Tb
[5,30], Dy [5,30], Ho [5,31], Yb [5,32]. In the case 06cC [27], thelattice parameterare
a=3.33675(11A andc = 16.3458(12A. The rareecarthmetalatoms occupyhe 6¢ Wyckoff
position, and carbon atorescupy the & site. The SeC bond length i€2.29308(8)A, andthe
coordination numbefCN) of Scis 3. Both the metal and carbon atoms form a distorted cubic
close packingccp) (Fig. 1.3a, b).

The other known scandium carbide polymorphCS[86], crystallizes in the space
group P-3ml (#164) withZ=1 and lattice parametees=3.387(1)A and c=6.703(2)A.
Scandium atoms occupy thd @/yckoff site, while carbon atoms are at thesite. The SeC
interatomic distance is 2.2900() (CN = 3). Scandium atoms are arranged in a distorted
hexagonal close packinbdp) (Fig. 1.3c).

Carbides of defect NaCl struceutype Space group-m-3m, #225, Z = 4) are known
for Sc[5,33,34] Y [5,18,26] Ce[35], Sm[5,18], Eu[5], Gd-Lu [5,18]. Forexample the lattice
parametenf YCox is a=5.115(2)A (CN(Y) = 6). The Wyckoff sites 4 and 4 are occupied
by the metal and carbon atoms, respectivBiyth the metal and carbon atoms fornccp
(Fig. 1.3d).
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a b [o 2.2900(3) A

&

Figurel.3. Crystal structures of (a(p) hR9 SeC [27], (c) hP3 SeC [36], (d) cF8 YCo.44
[26].

Carbides ofanti ThsPs, U-Y 4Cs, SasCio, S&Cs, -HOLC7, and LuCy structural types
(Table 1.1) were mainly synthesized by-arelting small colepressed pellets of the elemental
components taken in specific ratios in an atmosphere of difB7 42]. In contrast,
sesquicarbides of raesarth elementwith PwCs-type structureas reported in the literature,
have been synthesized usinpre diverse range of methods reaction of pure metal and
graphite in high vacuum at 1200[33], 2) synthesis in a mwanvil highpressure apparatus
at 3.55.0GPa and 140060CC [10], 3) aremelting a compressed mixture of metal and
carbon pavder[18], 4) heating weighed amounts of metal and carbon in a Ta bomb at 1200
2000C [18], and 5) synthesis from elements followed by thermobaric treatment under
pressures of 3kbar to 90kbar and at temperatures of 12GGo 1400°C [43].

The antiThsP4 structural type is known only f@c[5,42,44,45] The SeCsz scandium
carbide has a cubic unit cell (space grdup3d, #220,Z=4) with lattice parameter
a=7.2081(4)A. The 1& Wyckoff positions are occupied byaswium atoms anithe 12a sites
are occupied by carbon atoiisg. 1.4a, b)The coordination polyhedron of scandium atoms
is an irregular octahedron formed by six nearest carbon atoms at distan2&5%(6)
2.778(4A (Fig. 1.4e).

The PwCs structural type is known fabc[33], Y [10], LaNd [5,18], Sm[5,18], Eu
[5,46], Gd-Ho [5,18], Er-Lu [43]. The cubicY 2Cs yttrium sesquicarbide (space grolg3d,
#220,Z = 8) has unit cell parametar= 8.2372(3)A. The 1& Wyckoff sites are occupied by

yttrium atoms andhe 24d positions are occupied by carbon atoms forming dumbbefls [C
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with a GC distance of 1.298(% (Fig. 1.4c, d, g, h)The coordination environment of yttrium
atoms consists of nine nearest carbon atoms at distwi2&102(9)2.8097(14)A (Fig. 1.49).

The structures of €z and Y2Cz are closely related (Fig. 1.4) since they are both of
the same space group43d). Specifically, SeCs can be seen as derived frofaCs, as the
positions of the centers of carbon dimerg] [@ thesesquicarbidalign with the positions of
the discrete carbon atoms in the arttgPs-type carbide. The coordinates of metal atoms are
the same in both structures, and the coordination environment of a discrete carbon atom in
SgCzis similar to that of a carbon dumbbell]J@ Y2Cs (Fig. 1.4, h).

2.7777(6) A
2.778(4) A

2.2554(11) A -~ i .
2.2554(7) A

Figurel4. Crystal structures of (ap) cl28 SaCs [42,45], (c)-(d) cl40 Y 2C3 [10].
Coordination environment of metal and carbon aton{s)f) SxCs, (g)-(h) Y2Ca.

The U-Y 4Cs structural types known forY and Gd-Ho [5,40]. The U-Y4Cs yttrium
carbidecrystallizesin the orthorhombic symmetgpace groupPbam(#55 with Z = 2 andthe
lattice parametersa = 6.5735(9)A, b=11.918(1)A, andc=3.6692(5)A. The Y1 and Y2
atoms occupy two crystallographically distinct positions:aéd 4y, respectively There are
two types of carbon entities in this structure: carbon dumblveitls d(C-C) = 1.335(16)A,
formed by C1 and C2 atoms located at tijeMyckoff position, and discrete carbon atgms
denoted a3, at the » site (Fig. 1.54). As seen in Fig. Ba, the Y1 atoms areine-fold
coordinated by C atoms formiragdistortedelongated square mmid (CN = 9) with the Y1
C distances ranging from 2.4353(¥8}Jo 2.873(10)4, while the Y2 atoms arsurrounded by
five nearest carbon atoms forming distortedngular bipyramid(CN = 5) with the Y2C

distances of 2.390(12)2.648(13)A. The structure is presented by two alternate layers
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containing Y1 atoms with discrete carbon atoms and Y2 atoms with carbon dumbbells (Fig.
1.5a).

Figurel.5. Crystal structures of (&)P18 U-Y 4Cs [40], (b) mP44 U-Ho4C7 [39], (c) mP LusCy;
[38].

T h e-HodC-type structure, reported for ¥5,39], Dy [5], and Ho [5,39], has a
monoclinic unit cell (space grouP2i/c, #14,Z =4). The U-HosC7 lattice parameters are
a=3.6806(3)A, b=12.518(1)A, c=13.644(2)A, b=96.62(1}. The structure is composed
of eleven crystallographically distinct atoms, Hol, Ho2, Ho3, Ho4, C1, C2, C3, C4, C5, C6,
and C7located athe 4 Wyckoff positions(Fig. 15b). The C2C7 carbon atora form almost
linear trimers[C3] with d(C2-C7) = 1.33(4)A, d(C5-C7)=1.31(4)A, d(C3-C6)=1.27(4)A,
and d(C4-C6)=1.38(4)A (Fig. 16b). The coordination numbers of the metal atoms are
CN(Ho1)= 7 with d(Ho1-C)=2.521(13)2.89(3)A, CN(H02)= 8 with d(Ho2-C) = 2.41(3)
2.67(3)A, CN(Ho3)= 9 with d(Ho3-C) = 2.347(11)2.92(3)A, andCN(Ho4) = 7 with d(Ho4-

C) = 2.48(3)2.97(3)A (Fig. 16b).

The LwC; structural type is known fov [5,37], Ho-Tm [5,38], and Lu [5,38]. The
LusCs lutetium carbide has monoclinic unit cell (space grolRRi/c, #14,Z = 2) with the
lattice paramets: a = 3.604(1)A, b = 13.514(3)A, ¢ = 6.290(2)A, b = 104.97(2).
Crystallographically distinct metal atoms, Lul and Lu2, and carbon atoms, Can€Z3
forming almost linear trimers gL with d(C1-C2)=1.321(10)A andd(C2-C3)=1.349(9)A,
occupy 4@ Wyckoff positions Discrete C4 atomare atthe 2a site (Fig. 15¢). Lul atoms are
nine-fold coordinated by nearest carbon atoms wi{ttu1-C) = 2.3796(1432.771(8)A, while
Lu2 atoms are sevdold coordinated by nearest carbon atoms withu2-C) = 2.403(8)
2.921(8)A (Fig. 16c).
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Figure1.6. Coordination environment of metal atomg@)oP18 U-Y 4Cs [40], (b) mP44 U-
Ho4C7 [39], (c) mP LuaC7 [38].

Considered carbidesP18 U-Y 4Cs [40], mP44 U-Ho4C7 [39], and mP22 LwC7 [38]
exhibitgeometrically similar mots. In bothU-Y 4Cs andLu4C7, metal atoms are located in the
unit cell projection along the-axis (in UY4Cs) anda-axis (in LusC7) in a similar manner.
However,unlike U-Y 4Cs, in LusCy, the layer arranged by Lu2 atoms and][Gnits, located
between flat layers comprising Lul and discrete C4 atsmotplanar(Fig. 15¢c ) . -The U
HosC7 and LuC7 havequite closdattice parametersyith one of the parameteappearing to
be Amul ti@li edo b x2). Mareoyer, geometrically-HosC7 shows affinity
with LusCs, especially in the projection of unit cells along taxis (Fig. 15b, c).

The next family of carbides includése following analogousstructural typesScisCig
(space group-42:c, #114)[47], SasCio (Space grou4/mng #128)[41], andSaCs (space
group P4/mng #128)[19] (Fig. 17). The rareearth metal carbides of the stoichiometry
REE:5C19 (REE=Sc[47], Y [48], HO[49], Er[50], Tm[49], Yb[51], Lu[52]) were previously
reported aphases with th€-42;c space group (#114J.he SeCs-type structure is known for
Sc[5,19], Y [5,19], Tb[5], Dy [5,37], andHo-Lu [5,19].
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b Sc,5Cyq (P-42,c) Sc,5Cyq (P4/mnc)

Figurel.7. Crystal structures of (a]P70 SCs [19], (b) tP68 SasCio (P-42:C) [47], (C) tP68
SasCio (P4/mnc)[41].

The SaCs4 [19] carbide crystallizes in the tetragonal space gfedfmnc (#128) with
Z =10 and lattice parameteas= 7.4873(5)A andc = 15.026(2)A. Scandium atoms occupy
2a (Scl), £ (Sc2), & (Sc3), and 16(Sc4) Wyckoff sites, while carbon atoms are located at
the £ (C1 and C2),B(C3), 16 (C4), and § (C5) positions (Fig. Xa). The structure contains
discrete carbon atoms (C2 a@@), carbon dimers [{]; formed by C1 atoms with a-C bond
length of1.253(13)A, and trimers [@], formed by C4 and C5 atoms with aGbond length
of 1.342(4)A. The metal atoms are coordinated with various number of nearest carbon atoms:
CN(Sc1)=6 with d(Sck:C)=2.350(5)A or 2.409(5A, CN(Sc2)=6 with d(Sc2
C)=2.183(7)2.424(4)A, CN(Sc3)=7 with d(Sc3C)=2.301(5)2.5188(16}%, and
CN(Sc4)= 7 with d(Sc4C) = 2.1655(6)2.668(4)A (Fig. 18a).

The SeasCig (space groupP-42.c, #114 Z=2) [47] is characterized by lattice
parameters = 7.50(1)A andc = 15.00(2)A. The metal atoms occupy the @c1, Sc2, Sc3),
4c (Sc4), and & (Sc5) Wyckoff sites, and the carbon atootsupy & (C1, C2, C3, C4),d
(C5), and B (C6) positions (Figl.7b). The carbon dumbbells {{Care formed by C2 and C3
atoms with a carbenarbon bond length df.25(4)A, the other carbon atoms are discrete.
There are various coordination environmeotscandium atoms: CN(Sc%)6 with d(Scl-
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C)=2.27(4)2.54(4)A, CN(Sc2)=7 with d(Sc2C)=2.243(6)2.712(18)A, CN(Sc3)=7
with d(Sc3C) = 2.252(1732.768(19)A, CN(Sc4)= 8 with d(Sc4C) = 2.292(1732.703(6)A,
CN(Sc5)= 6 with d(Sc5C) = 2.34(4)A or 2.475(16A (Fig. 18b).

a  ScC, § b ScuCyo (P-4240)
2.183(7) A

7] ’
2.350(5) {\\ 2409(5) A 2.4’;4{4:& 125(4;1\--» 2299(15) A 227(5) A

N @2 265(16) A
2.685(17) A 2% i
Ay

2. 391(5) I\

Y \
2.27(8) A 2.54{4) A

‘ 4 2251{5}A
2 43[2] A £H 2.362(10) A

2. 755{19] I\ £3

_____________________________________

c Sc,:Cyq (P4/mnc)

. 2. 331{51 A

2.983(15) A N 4 !
~ ! 2. 528{8} A
~ 2.269(18) A
oA g, < N ! ‘ o 506(18) A 2.39(3) .{ - 474(16) A
! o < * Sc3 :
! & ™ . =)
\ 2.373(5) A 2.236(17) A

Figurel1.8. Coordination environment of metal atomq@)tP70 SxC4[19], (b) tP68 SasCio
(P-42:C) [47], (c) tP68 SasCig (P4/mnc)[41].

The SasCio (space groupP4/mng #128, Z=2) [41] has lattice parameters
a=7.4922(DA andc = 15.0095(4)A. Its unit cell contains four crystallographilatistinct
metal atoms at the 1§Scl), 4 (Sc2), & (Sc3), and B (Sc4) Wyckoff positions, and five
crystallographically distinct carbon atoms at the ({&l), 4 (C2), & (C3), 22 (C4), and §
(C5) sites (Fig. Tc). In the crystal structure &csCio, C1 and C5 atoms form almost linear
carbon trimers [g] with a GC bond length of..343(11)A, while C2, C3, and C4 atoms are
single. The coordination numbers of scandium atoms are as follows: CN{3atifh d(Scl
C) =2.180(4)2.607(13)A, CN(Sc2)= 10 withd(Sc2C) = 2.29(3)2.983(15)A, CN(Sc3)=6
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with d(Sc3C) =2.236(17)2.528(8)A, and CN(Sc4¥ 6 with d(Sc4C)=2.39(3)A or
2.474(16)A (Fig. 18c).

SasCio (P-421C), SasCio (P4/mng, and SeCs (P4/mng differ in their carbon entities
While discrete carbon atoms are found in all theteacturesthe carbon atomn the ScisCio
(P-42.c) form dumbbells [G], contrasting with the presence of nearly linear trimegkifCthe
ScisCio (P4/mng (Fig. 1.7c) The structure ofSeCs (P4/mng consists of both [¢ and [G]
units (Fig.1.7a). Interestingly the structure of S¢Ci9 (P4/mng can be derived from that of
SaCs if carbon dimers are replaced by discrete carbon atoms (Fay.d.

Rareearth dicarbides described in the literature were prepared mostly byt iy
or arewelding stoichiometric mixtures of pure metal and graphite under a purified argon
atmospher¢32,53 55] or helium atmosphere at 8@tbar[56], 2) standard direct current arc
experiment applying about 20at 110A under a partial hydrogen pressure of 1.3>248 (in
the case of Oz precursor)57], 3) carbonization of the oxide at 1600°C under a vacuum of
10% mmHg[58].

There ae three known rarearth dicarbide structural typesibicKCN-type (a[5,53],
Eu[5,56], Tb[59], Lu [5,60]), tetragonalCaG-type (Y [5,57], La[5,54], Ce[5,58], Pr[5,61],
Nd [5,62], Sm[5,18], Eu[5,56], Gd[5,63], Tb[5,63], Dy [5,63], Ho [5,64], Er [5,55], Tm
[5,18], Yb [5,32], Lu [65]), and monoclinic ThCx-type Eu [56]). The KCNtype carbides
(space groupg-m-3m, #225,Z = 4) are reportedn the literatureas structures, where carbon
dumbbells [G] are completely distortefb6]. Thus, in the work56], cF12 EuG (the high
temperature modification) represents the strucititie the lattice parametea = 6.1378(3)A,
where enters of gravity of [G] dumbbells reside in the centers of thes Batahedra, which
are no longer distorted so that a perfect NgQé structure arrangement resuientrary, the
LaC [53], TbG [59], and LuG [60] (Fig. 1.9a) were reported &CN-type carbides with
carbon atoms partially occupyingfa®yckoff sites and metal atoms at gositions.

The CaG-type carbides crystallize in the tetragonal space grémpmm(#139) with
Z=2. For example,LuC; lutetium carbide has lattice parameters 3.5630(15A and
b =5.964(9)A [65]. The 2a Wyckoff sites ae occupied byutetium atoms, andefpositions
are occupied by carbon atoms forming dumbbeli$ \ith a G-C distance ol.276(7)A (Fig.
1.9b). The coordination environment of metal atoms considtsee®&n nearest carbon atoms
at distancsof 2.5990(13 A or 2.344(5)A (Fig. 1.9e).The coordination polyhedron ofirbon
atoms is an octahedron formed by six nearestlatoms(Fig. 1.9f).

EuC dicarbide with ThG-type structure has a monoclinic unit cell (space g2/,
#15, Z=4) with the lattice parameters a=7.00746(208, b=4.40984(134,
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c=7.59103(224, b=106.9183(16) [56]. Europium atoms occupde Wyckoff positions,
and carbon atoms are locatedtla 8f sites forming [G] units with a GC bond length of
1.197(13)A (Fig. 1.9¢, d). Metal atoms are coordinatedthyten nearest carbon atoras
distance of 2.733(7)3.199(9)A (Fig. 1.99). The coordination polyhedra of carbon dumbbells
are similar to that in theetragonalLuC> described abovéjowever in the monoclinic Eug
carbon dimers are slightisotaied inside the octahedron formed thye nearest metal atoms
(Fig. 1.9, h).

|
2.5990(13) A

Figurel.9. Crystal structures of (a)F LuC; [60], (b) tP6 LuC; [65], (c)-(d) mCl12
EuG [56]. Coordination environment of metal and carbon atoms k(f(&P6 LuC, and (g}
(h) mCl2EuC.

There are three methods for synthesizing &tlygecompoundsThe first two methods,
detailed for Eu€ and YbG, involve intercalating lanthanides into graphite sheets in two
different ways: direct action of the metal vapor in nigtalbes sealed under vacuum (at
temperatures of 45800°C) or by heating. compressed mixture of the metal and graphite
powderdqat temperatures of 391 0°C)[66]. The third approach supposes the synthesis in the
lithium-europiumgraphite system by diredinmersion of a pyrolytic graphite platelet in a
molten lithiumbased alloy with a carefully chosen Li/Eu ratio 803C[67].

The EuG structural type is known famompoundgontainingtwo rareearth metals-u
and Yb[66]. TheEuGs phase crystallizes in the hexagonal space gR&igfmmc(#194) with
Z =2 (Fig. 1.10a) It has lattice parametess= 4.314(3)A andc=9.745(8)A [66]. Carbon
atoms occupy liZpositions forming graphendike shees in the (00 2) planes with a C-C
distance 0f1.4380(10)A. Metal abms are located between graphtike layers at the @
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Wyckoff sites andarearranged in dcp. Metal atoms aréwelve-fold coordinated by nearest
carbon atoms with metatcarbon distance &f.8290(18)A (Fig. 1.10b)

.
° 1.4380(10) A
ﬁﬁ? 2.8290(18) A

Figurel.10. (a) Crystal structure dfiP14 EuGs [66]. (b) Coordination environment of Eu
atoms.

Despitethe diversityof studes on rareearthmetalscarbides at ambient pressuralyo
a handful have been recently explored under extreme conditoaddition to the previously
discussedY2Cs yttrium sesquicarbidesynthesizedat 3.55.0GPa and 140060C0C [10],
SmeC70 and EWCyo fullerides have beennvestigated at pressures ranging from ambient to
5 GPa,with repors indicating that these compoundslergo a reversible firstrder structural
phase transition at about X3#a[11].

A common synthesis method for ragarth metal fulleridesas described in various
publicationsjnvolvesthe reaction of stoichiometric amounts of reseth metal powder with
fullerene Go or Cro at 406650°C under a high vacuum of about®110’ Torr [23,68 72].
Alongside, Ceg» was reported as a compounghthesized by ardischarging a graphite
composite rod at ~28 and ~80A under He pressure of 80 T¢w3i 75]. Fullerides crystallize
in cubicIm-3 (#204 SmsCso, a = 10.890A, Z = 2 [69]; EusCso, a = 10.949(7)A, Z =2 [76]),
Fm3m (#225 EwCro, a=15.0572(16A, Z=4 [72]), and Pa3 (#205 Eu.s:Cso,
a=28.21(2)A [68], Z=32 CeGg, a=15.78(1)A, Z=4 [73]), orthorhombicPbca (#61;
Sm.75Ce0, @ =28.1970(2)A, b=28.2350(27, ¢=28.1609(28, Z=32 [70]; Yb2.75Cso,
a=27.8743(2A, b=27.98%4(2) A, c=27.873(2) A, Z=32[23,70), and monoclinic P2
(#3; SmeCro, a = 14.88(1) Ab =10.09(1)A, ¢ =10.93(1)A, b=96.16(2)°,Z = 2[71]) andP1
(#1, Sme.7eCr0, a=14.86(1)A, b=10.09(1)A, ¢=10.92(1)A, 6=96.17(2)° Z=2[11,72]
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Ew.Cr, a=14.926(2)A, b=10.130(1)A, ¢=10.950(1)A, b=96.111(5)°,Z=2 [72)])
space groups.

Yttrium 0C72 2-Y4Cs [7] and lanthanunoC2 LaC [12] carbidesrepresent the first
observation ohovelrareearthmetalcarbide phases in a DAC during HPHT experimeints.
the current research, vimvestigatedseveral compounds under extreme conditions in a DAC,
with many being observed for the first timREEC. (REE = Nd, Sm, Gd, Dy, 488 GPa;
space group4/mbm #127), FEE4C3 (REE = Sc, Gd, Dy, Yb19-95GPa; space group43d,
#220),REEC (REE=Y, Gd, Dy, Yb; 3446 GPa; space groupm-3m, #225),b-REEC (REE
= La, Nd, Sm; 4168 GPa; space groupmcm #63),2-SmC (103GPa; space grougmcm
#63),0-REE4Cs (REE = Sm, Gd, Dy, Yb; 3465 GPa; space groupmce #64), REEsC7 (REE
= Nd, Sm, Gd, Yb42-60 GPa; space group4/ncc #130),REE:C3 (REE= Sm Gd, Dy; 19
46 GPa; space group43d, #220), LaCs (45-67 GPa; space group2:/n, #14),REEsCy (REE
=Y, Nd, Sm, @, Dy, Yb; 3768 GPa, space group4/mng #128 ,-REBC; (REE=Y, Sm
Dy; 66-124 GPa; space grodummm #71),0-REEC, (REE = Nd, Sm; 4344 GPa; space group
Pmma #51) BLaC, (4567 GPa; space group2/m, #12).

Table 11. Binary compounds in the REEarbon systemwith known structural data
observed at ambiemtressure (modified aftdb]) and under extreme conditioiishown in
green)

Structural
types
Composition REE= Structural type, Carbon unit type | observed in
space group
thepresent
work
Sc[36] SeC, P-3ml Discrete C atoms
Sc[5,27], Y
REEC [5,28], Gd[5,29],
Tb [5,30], Dy ant-CdChk, R-3m | Discrete C atoms
[5,30], Ho[5,31],
Yb [5,32]
REEsC, Ne %nyt CE UsSiz, P4/mbm Dimers [G] n
Sc[5,42,44,45] : _
REEC3 Gd*. Dy*, Yb* Anti-ThsPs, [-43d | Discrete C atoms n
REEC;, Sc[5,33,34] Y NaCl,Fm3m | Discrete C atoms n
x~0.331 | [518,26] Ce[35],
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Sm[5,18], Eu[5],

Gd-Lu [5,18]
La[12] CsCIl,Pm3m Discrete C atoms
. : :
REEC La*, Nd*, Snr b-LaC,Cmcm Dimers [G]
Syt 5SMC,Cmem Carbon flat chains
and dimers [g
Y [5,40], GdHo - Dimers [G] and
[5,40] UYCs, Pbam discrete C atoms
REE4Cs
Y [7], S, Gd, . Dimers [G] and
Dy*, Yb* AL SIEE trimers [G]
Trimers[C3] and
Scl41] SasCis, PAIMNC | o rete C atoms
REE:15C19 Sc[47], Y [48],
Ho [49], Er[50], ] Dimers [G] and
Tm[49], Yb[51], SsCio, P-42C | i erete C atoms
Lu [52]
5 fg][s"rt%]YDy Trimers[C4],
REEC4 e ’ SaCs, P4/mnc dimers [C], and
[5,37], Ho-Lu di c
[5.19] iscrete C atoms
Nd*, Snt, Gd, Trimers [G] and
=&, Yb* NsC7, PAICe | iscrete C atoms
Sc[33], Y [10],
La-Nd [5,18], Sm
REEC3 [5,18], Eu[5,46], PwCs, 1-43d Dimers [G]
Gd-Ho [5,18], Er-
Lu [43]
Non-flat distorted
. naphthalene
REECs L LasCs, P2Un | e calinlike [Cag)
entities
Y [5,37], HO-Tm Trimers[C3] and
[5,38], Lu [5,38] LusCr, P2iJc discrete C atoms
REECy

Y [5,39], Dy|[5],
Ho [5,39]

U-Ho4C7, P21/c

Trimers [G] and
discrete C atoms
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Carbon flat chains

Y*, Nd*, Snt, ,
REEsCy Gd¥, Dy*, Yb* DysCo, P4/mnc and discrete C
atoms
La[5,53], Eu
[5,56], Tb[59], Lu KCN, Fm-3m Dimers [G]
[5,60]
Y [5,57], La
[5,54], Ce[5,58],
Pr[5,61], Nd
[5,62], Sm[5,18],
Eu[5,56], Gd ,
[5.63], Tb 5,63, CaG, 14/mmm Dimers [C]
Dy [5,63], Ho
[5,64], Er[5,55],
REEC, Tm[5,18], Yb
[5,32], Lu[65]
Eu[56] ThC,, C2/c Dimers [G]
Y*, Snr, Dy* 2-DyCa, Immm | Carbon flat ribbons
Nd*, Snt U-NdC,, Pmma | Carbon flat chains
Nonflat distorted
. o naphthalene
= UlaC, C2m | yecalinlike [Cug
entities
Eu[5,66,77] Yb
REECs [5,66,67] EuGs, P6s/mmc Graphene sheets
SmJ[69], Eu
REEsCso [5,76.77] KeCeso, IM-3 Fullerene
REEsC7o Eu[72] EwCro, FM-3m Fullerene
REE2.5LCe0 Eu[68] Ew 8LCe0, Pa-3 Fullerene
REE> 74Ceo STZ[;O;’O]Y O Yy 7Cen, Pbca Fullerene
REEsC7o SmJ71] SmsCro, P2 Fullerene
REExCo,
X~273 Sm[1[$,27]2], Eu SmCro, P1 Fullerene
2.78
REECs: Ce[73] CeG, Pa3 Fullerene
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*This thesis

The structural data for all phases in the table are documented in the existing literature.
In this study, Greek alphabet designations are assigned comprehensively, encompassing all
previously identified phases,everh o se | acking structur-%45 dat a
[7,40)).

Extensive theoretical studigsthelLi-C, CaC, Y-C, and TRC system#iave identified
the tendency of carbon atoms polymerization behavior as pressure in¢f&i8€3. These
calculations haveincovereda structural evolution of carbon arrangements under pressure
resulting in the formation of polydaon fragment§81i 87]. It is noteworthy that the theoretical
predictions for the Y& and ThG structures show resembling manners of structural
transformations as pressure increa$é8,79] Theoretically investigated systems have
demonstrated the potential formation of carbon chains and ribbons, which have not been
experimentally observed in éhLi-C, CaC, Y-C, and TRC systems. Therefore, further
experimental studies are required to examheedxistence, synthesis conditions, and crystal
chemistry of the hypothetical phases.

Literature data overvieyb,11,73,30,36,49,56,692] primarily revealed the forntian
of discrete carbon atoms, JIC[Cs] and fullerene units in rarearth carbides under ambient
pressure, while graphene sheets were observed exclusively itypeCarbidegTablel.1).
Remarkably, the other polyanions types, such as carbon chanibbons, were indicated
only in highpressure highhemperature experimeni®ysCy and2a-DyC; [88], CaC7 andHP-
CaG [89], LisCs [87], and Li2C; [86] are notable examplesmong theseDysCo contairs
deprotonatedis-polyacetylenaype carbon chains and discrete carbon atammile CaCs
consists ofnon-planar chains made of fused distorteth@d G rings, which are isomorphous
to deprotonatedpara-poly-indenoindene(p-PInin) 7 these structuredave never been
theoretically predictetiefore

Thesetheoretical and experimentahdings highlight the rich chemistry and diverse
carbon arrangementbserved in different carbide systems, paving the way for further research
into their unique properties and potential applicatignsomprehensive study encompassing
a wide range of rarearth elements would provide invaluable insights into the underlying
principles and regularitiegetermininghe chemistry of lanthanid=rbidesThis motivatel us
to perform ahoroughinvestigation othe Dy-C systemusing dysprosiumas an example @
rareearthelementpy means of singterystal X-ray diffraction inlaserheated diamond anvil
cells (LHDACS) in wide pressure and temperature ranges: from 20 t@F3b and up to
~2800K. The reprodat i on of t he gy @htainiag carboo timarseando f o
trimers[7] b y-DyCs [88], predictedmmmY C> consisting of flat carbon ribborjg8] i by
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2-DyC> [88], and predictedP4/mbmCaC, comprising carbon dumbbel[82] i by DysC»
[6,88] inspired for thefurther systematimvestigation of rarearth carbidesyhich currently
remain poorly understood

Alkali halides, particularly sodium and potassium chloridesed as pressure
transmitting media and thermal insulators in the predominant part of experiments in the current
thesis are chemically very stable and are usually not considered as precursors for thgisynth
of new compounds in higpressure studies. Indeed, NaCl and KCl| were thought to be
chemically inert over wide pressure (up to Z&Pa) and temperature (up to 3@00ranges
[90]. Therefore, they have often been used as pressure califgaptpressurdgransmitting
media[92], and electrical and thermal insulator$igh-pressurexperiment$92i 94]. Recent
experimental and theoretical studj85i 97] suggest, however, that the behavior of theQlla
and K-ClI systems ahigh pressuress complex, and several compounds with an unusual
stoichiometry (like NaG|NaCl, NaCl, and KCk) have been reported. Still, NaCl and KCI
are considered to be chemically stable uridgh pressureas in the absence of ionization
promoting specieq98,99], reactions are found in the presence of extra chlorine or
sodium/potassium in a diamond anvil cell (DAG%,97]

Formed from highly electropositive anttetronegative elements, NaCl and KClI, with
stable electron configurations, are typically considered unreactive with transition-eardre
metals.Below we report thait is not the case under pressure, as our experimamgally
designed to invegiate the higipressure behasti of metals (Y, Dy, Re, and Ag) in an "inert"
pressure medium (NaCl) within a LHDA®ave revealedinexpectednteraction between
metals and alkali halides loaded in DACs at lower pressuresitttaipated based on existing
literature. This challenges the prevailing notion of their reactivity under pressure.

The primary objective ofhe presenthesis is to explore the chemistry of raath
metal carbide$REE = Sc, Y, La, Nd, Sm, Gd, Dy, and Ybhder HPHT conditions, a fi
that remains insufficiently understood based on existing literaWviee.demonstrated the
prevalence of regularities in the chemistry of raagth elements at high pressuaadobserved
the formation of previously unknowsompoundsvith exotic carbon entitiegiccording to the
previously assumed "chemically inert" nature, NaCl was utilized in most HPHT experiments
in this research as a presstnansmitting medium and thermal insulatburing experiments
conductedn the NaCl presgetransmitting medium, we indicated the chemical reactivity of
NaCl under extreme conditions, which was further investigated in experiments with several
metals M =Y, Dy, Re, and Ag).
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2. Experimental methods

2.1 Generation of the extreme conditions in DACs

High-pressure highemperaturestudies arerucialin material science, unraveling the
intricacies ofphysicsand chemistry within Earth, celestial bodies, and extrasolar planets.
Under extreme conditionssolid-state matter not only undergoes phase ttiamsi but also
reveals unexpected chemistry, including stoichiometry and reactions not observed at ambient
conditions. Investigating the properties, structural transitions, and chemical behavior of
materials undenigh pressures holds great significancerfaaterials science, offering potential

discoveries of novel materials with unique properties for diverse technological applications.
Pressure is clearly defined@s -, whereF represents the force applied perpendicular

to the surface, andl denotes the area of that surfaecording to this relation, there are two
primary methods for applying static high pressure to a sample: either by maximizing the
applied force or by reducing the area on which the force is applied. The former approach is
employed in pistorecylinder [100] and multitanvil apparatusegl01], utilizing large and/or
massive devices focused on maximizing applied force for relatively large samples (ranging
from ~0.1cm to ~1cm in linear dimensions). The alternative approach involves decreasing the
sample's volume, as seen in the diamond anvil cells (DACs) technique, where typical sample
sizes are about 1000um. Invented in 1959102], the DAC has become one thfe most
powerful tools for generating static high pressures. Among variousphégsure devices,
DACs provide the capability to reach the widest pressure range, covering conditibies
Earth's interioracrossthe whole pressure range to the inner d2860GPa[103]. Recently,

the diamond anvil cell has gained popularity as the sole device capable of achieving static
pressures as high adPa[104], simulating conditions found in planetary bodies with masses
significantly exceeding that of the Earth.

2.1.1 Diamond anvil cells

The wide electromagneticdition transparency of diamomaakesthe DAC a highly
valuable tool for investigating materials under extreme conditions using various emission,
scattering, and absorption methods. The fundamental concept behind pressure generation in the
DAC involves compressing the material between the flat tips (culets) of two-geafity
diamond anvils precisely driven against each other. Although various DAC designs have
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emerged over recent decades, the core idea remains consitergnt DAC types sharthe
sameprinciple features.The typical DAC (Fig. 2.1a) comprises a metal body with a pair of
seats, diamond anvils precisely positioned on them, and alimgtsket with a circular hole
placed between the anvils.

Diamond culet #¥

Sample chamber

b Diamond Anvil

Diamond Anvil

Figure 21. BX90-typediamond anvil ck. (a) Exploded view(modified after{105]): (1)
outer cylinder part, (2) inner piston part, (3) diamond supporting plates, (4) diamond anvils,
(5) metallicgasket, (6) M4 (#82) screws for generating loading force, (7) pack of conical
spring washers (Belleville springs), (8) setscrews for diamond anvils alignfment
Schematic diagram @fpressure chambe(c) A microphotograph of the DAC sample
chamber wa taken under an optical microscope through the diamond anvil (top view). The
culet diameter is 250 &m

Seats are typicallpnade out of hardhaterials like tungsten carbide, playing a role in
transferring external load onto the diamond anvilse metallicgasket with a circular hole
compressed between the diamond tips shapes the cylindrical @ggce.1b, ¢). This
configuration enables the confining of the sample position during compression and
redistributes uniaxial stress when filled withpaessuregransmitting medium Generally,
metallic gaskets are made of chemically inert at ambient conditions metals or alloys. In the
studies presented below, all the gaskets were made of rheniumh,tr@nsition metal,
characterized by high bulk (above@5Pa) and shear (above 18®a) moduli and melting
point of 3453K [106,107]

Polished single crystals of diamonds oriented according tp1@-direction of the
highest stregthcommonlyserve as diamond anvilsanimportantpart of DAC. The size of
the diamond anvil culetanrangefrom approximately a millimeter to tens of micrometers,

playing a key role in setting the upper limit of attainable presSmaller culetsexhibiting a
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beveledshapeFig. 2.2), enable the attainment of higher pressures but come witbdtnetion

of the studied sample size.

X 7T

“Normal” shape Beveled shape

Figure 22. Schematic examples of the culet shapes. Diamond anvils with culets diameter
bel ow 1 5uBuallybmvelad: e

The combinationof the diamond cut's geometry, seat shape, and the aperture of the
metallic bodyrepresents criticgdarameters. Standard britilacut anvils and seats are typical
in spectroscopic experiments, where the DAC position remains fixed during measurements
(Fig. 2.3a). However, for experiments involving sample rotation, likea diffraction, larger
aperture BoehleAlmax diamond anvils and seats assentia(Fig. 2.3b).

a b

&300/7

\90°/

Figure 23. Different types of diamond anvils and se&$ Stawlard brilliantcut diamond
and seat for spectroscopic measurements; (b) BeAhteax designed diamonavil and
seat for Xray diffraction experiments.

In this thess, theBX90-type DACswereemployed105]. Diamonds featuringarious
culet diameters (ranging from 80 to 260m) wfeBoahlerAlmax design with a large
aperture[108] for X-ray diffraction studies and a standard brilliaot design for optical
measurements. The selection of culet dizgend®n the targetedrpssure range. Specifically,
anvilswith25e m c u |l et arelusuallweed ®rrpessures upTOGPa, 126 m cul et s

T for pressures below 5Z5Pa, and 8@ m c i forgptessures up th90 GPa.

2.1.2 Pressure transmitting media

By default, he DAC funcions as a uniaxial compression device, leading to high shear
strains and limiting access to pressure as a thermodynamic variable (pressare

thermodynamic variable only under the assumption of hydrostatic conditions). To achieve
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guasthydrostatic condibns and a homogeneous pressure distribudipnessuregransmitting
medum (PTM)isused PTM fillsthe sample chamber, surrounding the sample to ensure quasi
hydrostatic stress transmission from the diamond anvil. Known liquids, including alcohol
mixtures and paraffin oil, solidify at ambient temperature under pressures exceé@ing ~
15GPa[109]. Ideal solid PTM should possess relatively low bulk and shear moduli and,
ultimately, low tensile strength.

Certain materials, such as solid noble gases (He, Ne, Ar), and to some extent, some
alkali metal halidessatisfythese critea and can be employed. Besides facilitating uniform
pressure distribution, PTMs often serve as pressure gauges (e.g., Ne, Ar), participate as
reactants in chemical reactions under extreme conditions (e.g., paraffin, dilz)Oor act as
thermal insulatia layers during laser heating experiments (e.g., NaCl, KClI, LiF). Gases can be
loaded into the DAC sample chamber usaigigh-pressure gas loading apparafi$0] or
cryogenically, while solids and liquid PTMs (at atmospheric pressure) can be loaded manually.

In the presenthesis,threePTMs wereused. Ar wadoadedin a gasloading sysem
[110], where the gas was pumped into the vessel with a DAC up.Bkbar. Uponreleasing
the external gas pressure, the DAC was sealed by manually tightening the screws in the piston
driving mechanismiNaCl andKCl, pre-calcinedat ~200C to eliminate moisturewere loaded

asthermal insulairs in a separate part thie experiments

2.1.3 Pressure determination

The precise determination of pressure within the DAC sample chamberusia c
aspect of any DAC experiment. Common methods involve the use of various pressure
calibrants. A material with a weknownresponse to applied presswan be loaded into the
DAC alongside the sample apdobed using analytical techniques. The pressure dependence
of ruby (Crdoped AbOz) fluorescence is the most widely used technique in the pressure range
up to 100GPa[111].

The DAC sample chamber contains a microsphere of aldng with the sample and
pressure mediumlypically, a micromedr-sized ruby sphere is placed inside the pressure
chamber and its fluorescence induced by laser light is obsefed pressurdependent
relationship between the central position of the Riyspectral peak and pressure is described
by the following equatiofil12]:

500k 6 ==p & = 0N 6 G aE ¢
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In this equationd and® represent the calibration constatits= 1.87(1)10% 6 =5.5),_ is
the position of the R1 peak at ambient pressure 2g), andw _denotes the relative shift of
the R1 peak at pressube

As pressure rises, the intensity of the ruby fluorescence signal significantly diminishes,
becoming absent beyond 1G®a. The presence of ruby within the DAC sample chamber may
posea risk of invoyement in chemical reactions, potentially causing contaminaspecially
in high-temperature experiments.

To avoidthis concernn the experimentgescribed beloywve opted for an alternative
methodfor spectroscopic pressure determination, relying on the pressure dependence of the
first-order Raman mode of a diamond cylEt3]. At the center of the culet, normal stress is
known to corelate with the higlwavenumber edge ¢fie Raman band as follows:

bobe o 2y Py o 20 O 6 & &LmE ¢

0 C v

where0 =547GPa andd =3.75 are calibration constants, is the position of the high
wavenumber Raman edge at ambient pressmew Uis the difference betwegropsitions at
ambient and measured pressuiié® position of the edge is defined as a local minimum of the
first derivativeof the Raman spectrdi@. 2.4). This technique is lesaccuratethan Ruby
fluorescence measurements, primarily because of its empirical nature and the uncertainties
introduced by focusing and positioning the probing laser beam adiagim®ndculet surface.
Nevertheless, it remains preferable in experiments conduttadpressure range exceeding

100GPa or when the use of ruby is undesirable.

Raman spectrum from the center of
a b the diamond culet
—— Ruby fluoresence spectrum| —— 1% derivative of the Raman spectrum|

R1

Intensity (a.u.)
Intensity (a.u.)

1 1 1 1
690 691 692 693 694 695 696 697 1250 1300 1350 1400 1450 1500 1550 1600
Wavelength (nm) Raman shift (cm™)

Figure 24. Indicators of pressure inside the diamond anvil ¢a)IRuby fluorescence
spectral peaks R1 and R2. The position of peak R1 is used as a pressure gauge; (b) Raman
shift spectrum of a diamond anvil under stress. The-Wiavenumber edge position (red
dashed lingis used as a pressure gauge.
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In situ X-ray dffraction stands out as the most precise method for pressure
determination. A small quantity of a pressure calibrant with a-kvelivn equation of state
(EoS) can bdoaded into the DAC along with the sample and probed-ogydiffraction. This
allows fa accurate determination of the ungll parameters of the calibrant, resulting in high
precision in pressure determinatidssually, calibrants are chemically inert compounds with
high crystal symmetry, such as Au, Pt, W, and sometimg®@®#&14,115] The absence of
pressuranduced phase transitions is desirable in the pressure regions of interest. An alternative
approach involves using the PTM itself as a pressure marker: solids like Ne, Ar, NaCl, KClI,
LiF, KBr, and Mg0[90,116 122]have wellestablished equations of state over a wide pressure
range.

The equation of state for a system establishes the relationship among thermodynamic
varialdes such as volume (V), pressure (P), and temperature (T) through parameters like bulk
modulus and thermal expansidn. this thesis, all equations of state were determined at a
constant (ambient) temperature of 203Various types of analytical isotheririgoSes exist
[123,124] with the 3%-order BirchMurnaghan BS (Equation2.3) being one of thenost
prevalen{124]. This equation expresses the presstmleme relationship of matter at constant

temperature through the bulk modulus ( @ — ) and its pressure derivatives,

particularlyvu —. Expressias for the 2-order BirchMurnaghan BS can be obtained by

settingK' = 4 in Equation 2.
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2.1.4 Generation of high temperatures in DACs

The transparency of diamondis a broad range of electromagnetic radiation is a
significant advantage in DAC experiments, simplifying sample observation and probisg.
allows a high-power laser beam tbe focused on the sample while keeping diamond anvils
unharmed[125]. Laser wavelength selection depends on sample absorption characteristics,
with CO-based i nfr &mil26]) dnéNdYAGLMeaionf r ared | ~asers
1064nm [127]) being common. NIR lasers are ideal for heating-tnansparent materials,
while transparent materials are heated by (D@ared lasers.

Since the diamond has one of the best thermal conductivity among all matenmals fou
in naturg/128], intensive heat dissipation through the diamond anvil during laser heating is one
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of the major problemslnsulation using compounds like NaCl, KCI, KBand LiF helps
stabilize temperature during laser heating in DACgortable doublesided lasetheating setup
(Fig. 2.5)[129], enablingin situ temperature determination, was used in the experiments
described in the present thesis.

Power adjustment node Power adjustment node
cal * DAC + Focal
Laser Laser - shaper LDM Objecrlve Objective ,LDM M-shaper Laser _Laser
collimator g collimator
“sow"[L__T S N (|
50w i s5o0w

Zoom objective Zoom objective

FO SPF IsoPlane SCT 320 BSe ' SPFFO
ﬂ_ / spectrometer . = o24i X_”
MWH detector MWH |

CMOS CMOS

\I
lluminator (] l\ Illuminator
LPF Fifters E E =] Fiters:LPF
‘ NF
ND  FOBES Fo ] ND
VIS/NIR Fiber I

Figure 25. Schematic diagram of the douldiled laser heating system for diamamil
cells. LDMs are the longass dichromic mirrors; FOs are the focusing optics; BSS045©
beam splitters; SPFs are the shmass filters with a cutoff at 800 nm; CMOSs are the
cameras for optical observation; MWHSs are the mirrors with a hole; &fefiise longpass
filters with a cuton wavelength of 550 nm; NFs are the notch filters at 1064 nm; and NDs are
neutral density filterémodified after{129]).

2.2 Raman spectroscopy

Raman spectroscopy is a spectroscopic technique based on the inelastic sodttering
monochromatic optical radiation on the irradiated samplee methodhas become an
important analytical and research ta@olmany scientific fields and provides information on
molecular vibrations and crystal structure.

When light interacts with mattethe majority of photons undergo elastic scattering
known as Rayleigh scattering, preserving their ené@y ‘Qy, Fig. 2.6). However, a minute
fraction (~1CP %) of incident light experiences inelastic scattering, resulting in either a loss
(i.e., 0>, Stokes Raman scattering) or gain (i@s O, antiStokes Raman scattering) of
energyIn the case oRayleigh scattering, incident light of enei@yand frequencyo interacts
with a moleculeexciting the cloud of electrons from the grounddkto afivirtuald level. This
fivirtualo state is unstable, leading photons to return to the ground level. Since there is no energy
loss in this process, Rayleigh scattering maintains the same energy and frdfiyeagyas

the incident light, constitutg elastic scattering.

35



Experimental methods

Stokes Raman scatterifappenswhen the electron cloud absorbs a portion of the
incident radiation andalls to a vibrational level (i.e. an excitéglel) instead of the ground
level. In this case, Stokes Raman scattering possésses energy than the incident light.
Anti-Stokes Raman scatterimgcurswhen the incident light encounters the electron cloud
already in a vibrational state. The cloud is excited to the virtual level andathero the
ground level with more energnd higher frequendjan the incident lighfThe intensity ratio
between Stokes and a@tokes scattering relies on the population of vibrational levels
described by Boltzmann's law. Consequently, at ambient temperature, the Stokes component
predominate in the inelastic spectra andcemmonlythe sole consideration. The frequency
of the Raman peak is associated with specific molecular or lattice vibrations, such as symmetric
or asymmetric stretching or bending.

In the presentwvork, Raman analyses ofdhsamples werperformedusing LabRam
systems equipped with a Hde (632 nm) laser source. The-Ne laser operates in continuous
mode with a constant power of 50 mW. Raman spectra were collected in the rangd of 200
4000 cm'* with a resolution of 0.5 crh

Anti-Stokes
Raman
scattering
Stokes -
. EAnﬂ—SI‘OkE's - th + th
Rayleigh Raman
scattering scattering
virtual ERayfea‘gh = hvﬂ ESreres = hvﬂ - hvv
levels
(=]
=
£
I
(=]
w
A 4
2 Vibrational |
"Q, levels —
W
Ground energy level \ J L J
Rayleigh Scattering Raman scattering
(elastic) (inelastic)

Figure 26. Energy level diagram for Rayleigh and Raman scattering prodgsedgied
after[130]). A molecule is excited from the ground level to the virtual state absorbing a
photon ad returns to the ground state emitting a lower energy photon. The excitation energy,
Eo= &is the energy of the incident photén, s Pl anc k 6 svisthefrequermynt , an
corresponding to molecular vibrations.
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2.3 X-ray diffraction in DACs

2.3.1 Basicprinciples

X-ray crystallography stands as a cornerstone in-pighsure science, serving as the
primary method fodetermininghe atomic structure of crystalline solid81,132] It is based
on Braggods | aw, whirayhiffrackcona speci al case of X
X-ray diffraction is the phenomenon whetaay photonsundergo elastic scattering by
the electrons of atoms. The wavelengths eB}{ photons fall within the angstrom range (0.1
i 100 A), a scal relevant to the interatomic distances in a solid's crystal lattice. Consequently,
incident monochromatic-rays that are in phase can be constructively or destructively
interferedwith when scattered from a periodic crystal latti€ae condition for costructive
interference is described by Braggobds | aw
CQOE+ ¢ _ 0On 6 Owx&E ¢
whered is the spacing betwedhe diffracting family of hkl crystallographic planes! is the
angle of the incident Xay, n is an integer numbeanda-is the wavelength of the beam (Fig.
2.7). According to this modelthe scattering entities are electrons associated with atoms,
organized within a 3D periodic framework where interatomic distances are on a scale
comparabléo the Xray wavelength. Presurmg atoms are organized in layers (planes) @aith
constant spacing between thethe Xrays reflected from these atomic planes undergo
constructive interference when thdferencein path lengthof the two wavesqualsto an
integer multiple f) of wavelengthsThe total path difference for two interfering wavegiigen
by 2d sin(d).
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Figure27.Schemati c i nt er p rneotifeed aftea{I83])oldiciddBtrXxaagsg 6 s | a v
approach pallel planes of atoms in crystals and diffracteday beam scattered on the
lower plane traverses an extra lengtl2adsin(d). Constructive interference occurs when the
difference in the path lengths is equal to an integer number of the wavelength.
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The crystalline matter causes incidentrys to diffract in specific directiorgefined
by its structureThrough the measurement of angles and intensities of the diffracted radiation,
it becomespossible to solve the inverse problem: determining the thokemensional
distribution of electronic density within the crystal. Subsequently, this allows for the
identification of atomic positions and the extraction of information regarding interatomic

distances, crystaligraphic disorder, and other significant properties of solids.

2.3.2 Powder and singlecrystal X-ray diffraction in DACs

Traditionally, X-ray diffraction (XRD) is categorized into two approaches: powder and
singlecrystal. Powder XRD involves working wittrystalline material in powdered form,
consisting of random orientations of fine grains. This results in D8bherrer rings in the
diffraction pattern (Fig2.8d). By defining thed-spacings of these diffraction peaks, aoeld
identify the phase and tEmineits lattice parameterddowever, this approacancounters
challengesf there are new phases in the samipi¢he case of powder XRD, a direct structure
solution becomes nearly impossible due to the loss of data related to reciprocal vectors

In contrast, singkerystal XRD is a more advanced technique. Typical singlstal
XRD patterns feature diffraction spots at spediftervals(Fig. 2.8b). As Bragg conditions for
a givend-spacing and wavelength are met only at defidehgles, the crystahouldbe
irradiated in various orientations with respect to the incident beam to ensure proper
measurement of all reflections. The primary advantage of samg&tal XRD over powder
XRD lies in its ability to directly provide infornti@n on the atomic arrangement within the

unit cell, as reflected in the intensities of Bragg reflections.

Figure 28. XRD patterns produced by a powder (a) and a single crystal sample (b). The red
circles mark the positionsfdhe direct beam, where a beamstop is placed to protect the
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detector fromexcessiveadiation. Yellow rectangles show examples of the intense reflections
from the diamond anviPRink arrows point to examples of the reflections from the sample in
the DAC, in this casen enstatite crystal.

In contrast to diffraction studies under normal conditions, appl}R® in DACs
experiments presents challenges. Firstly, the sample envirocorgrbutesadditional XRD
signals,ncludingparasitic scattering originating from diamond anvils, the metallic gasket, and
the solidified PTM. Secondly, the metallic body of a Dalkadowsover 60% of diffraction
reflections, leading to poorer diffractigtatistics in the collected data. Thirdly, in routine DAC
experiments (up to 108Pa) thesample sizes typically aboutl0-20 em, and at multimegabar
pressures, sample dimensialmsnotexceed & pum. Materials synthesized in a DAgterlaser
heating ofen appearas multiphased mixtures of singlaystalline grains,frequently of
submicron size. Consequently, succesgfplerforming XRD experiments in lasdreated
DACs atmegabarpressurerangerequiresa precise motorization system combined with a

micron or submicrossized Xray beam.

2.3.3 DAC alignment ongoniometer

Accurate alignment of the sample within the DAC is crucial for obtaining gty
XRD data. The standard alignment procedure relies emyXabsorption. As the DAC
undergoes movement along fheandz-motors, whichareperpendicular to the direction of the
beam Fig. 2.99), the diode records the intensity of thaa§ beam [ig. 2.9b). The resuling
absorption curve has a characteristidipravhen the beam passes through the indented part of
the gasket and the sample chamfdre center of the gasket isfided from the absorption

curves obtained during andz-scans.

a b
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Intensity on diode, a.u.

Scanning detector

Figure 29. Scheme of theXRD experiment in a diamond anvil cell synchrotron facilities
(a) The experiment geometfyodified afte{134]); (b) an illustration of the absorption
profile acquired during the alignment procedure.
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The positioning of the DAC on the rotation axis is established through triangulation. If
they axis is initially aligned with the primary beam (F@10a, b), alignment along the
direction is achieved by scanning the sample horizontal directionat two differenty

positions {¥ and~).

a b
gasket hole
€ i
@
()
o)
>
c
< — w rotation axis
e
c d
o
— ——

Figure 210. Typical process of sample centering shown in the projection alwwgaxis

(modified aftef134]). (a) Initial statethegasket hole is away from therotation axis

aligned withthe primary beam(b) After several scans in the plane perpendicular to the
primary beandirection the gasket hole is aligned with the beda) Second possible initial
state: both gasket hole amdaxisare away from the primary beafd) After several scans in

the plane perpendicular tbe primary beam directiothe gasket hole is aligned with the
beam the¥ axis is away fronthe beamDAC is rotated around the axis, threehorizontal
scans are performed order to determine the distance between the centers of the gasket hole
at differenty positions correction ofx- andy-motorsshould be appliede) The gasket hole

is aligned with the primary beam and with thewxis

The correction must be applied using xheanslation motor above the-axis with the

formula: ww . In cases where the axis is initially not aligned with the priany

beam (Fig 2.1@, d), additionaly-corrections are necessary. Therefore, a third scan at the

position¥ =0 is required. In this scenario, the correction for tk@osition is defined as:

QW 5 , andy-corrections should bapplied as followsow S ()

ww T for both below and above the rotatiaris The alignment procedure should be
repeated until the absolute value of any correction is less than the size efapdéam. The

ertire alignment procedure should be performed after each possible displacement of the DAC,
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such as after a manual pressure increaseeaser laser heating when the DAC could be

moved during annealing or cooling cycles.

2.3.4 Two-dimensional X-ray mapping of a samplein the DAC

In LHDAC experiments, the sample often comprises a multigrain assemblage of
crystallites, sometimes belonging to different phases. To identify the optimal sjotdier
crystalXRD data collection or to obtain information about th&tribution of different phases,

a 2D map of diffraction images can be generated.

The user sets up a script that moves the sample in small steps alongatitez-
directions. At each step, an XRD image is collected with or witlteoscillations. Laterthis
set of images can be analyzed manually usingptbptasprogram[135]. Alternatively, it can
be imported intahe XDI software[136], which constructs contrast maps based on the intensity
of a selected region of interest defined by a spedipacing(Fig. 2.11) For this, the user

needs to identify the unique nowerlgoping diffraction peaks of the phase of interest.

Counts 10.878°

Laser-heated area Non-laser-heated area
of a sample of a sample

Figure 211 Built 2D X-ray map illustratinghe spatial distributioof synthesized phasand
anonlaserheated area within the pressure chamber. The reconstructadiiage of the
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sample chamber highlights positions featuring the most intense reflections of thefphase
interest(exemplified atl0.878).

2.3.5 Data processing

Since most of the presethesis was based on singlg/stal XRD, and powder XRD
was used aswauxiliarymethod, the focus of this section will be devoted to the data processing
routine of singlecrystal XRD datasetsin the presenthesis, the singlerystal XRD data
analysisinvolving diffraction peak indexing, data integration, frame scaling, and absorption
correction was performedusing the CrysAliSR° software package[137]. A crystal of
orthoenstatite (Mg1.eFe.06)(SirozAloogOs (space group Pbca a=8.8117(2)A,
b=5.18320(10, andc = 18.2391(3)A) servedas a calibration standard foefinement of
the instrumental parameters of the diffractometacompassingdjustments to theampleto-
detector distance, the detectoro6s origin, of
ray beam and the detector around the instrument &ixiscture solution and refinement were
carried outin OLEX2 softwarg/138] with the ShelXT &ucture solution prograrfi39] using
intrinsic phasing and refined with the ShelX140] refinement package using leasjuares
minimization andsome aspects of the processecompleted in JANA200(L41]. Generally,
the processing dfinglecrystalXRD data ncludes several sequential steps:

1) Peak hunting

The peak hunting pr oceduredracing peaktintensitiest h t h
and coordinates from trexperimental diffraction frames Upon speci fying an
angular range, the extraction algorithm must be selettaxptions include automatic,
traditional (where the user defines intensity thresholds and the area size of diffraction peaks),
smart,or 3D. Afterward the software reconstructs the positions of peaks in reciprocal space.
The resulting lisbf peakscan bereviewedusing thedpt edcommand, displaying a table with
Miller indices fkl), xyzcoordinates, and experimental intensities fcheBragg's reflection.
By default, the softwaresesthe orientation matrix of the calibrant to derive Miller indices,
which can be modified in subsequent steps. Informatiboutall diffraction peaks can be saved
using theawd tdcommand in *.tabbin fonat. This peak table can later be imported into an
open CrysAlis project using thied tdcommand.

2) Unit cell finding

The next step involves identifying the unit cell of the phase of interest. This can be

undertakerby manually inspecting all reflections in the reciprocal space viewer, activated
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using the@t ewald command. The standard peak hunting algorithms do not differentiate
between genuine diffraction signals gmarasiticsignals arising from diamonds, thasiet,

dead pixelsof the detector, and powder diffraction arcs originating from the PTM. This
contamination significantly complicates the data processing procedure 2(ERg). The

parasitic reflections can be removed by udimgé Ad v anc e d tibniin GrysAliEnh godo op
with the tolerance typically set to(Big. 2.12b, c)Once the initial cleaning is completed, the

user can manually select reflections that constitutelm@nsional lattice in reciprocal space

and initiate an automatic indexing prdceewith the Awm tttbcommand (Fig2.12d). At this

stage, the software determines the orientation matrix of the singitalline grain, which can

later be obtainedsing thedy uécommand.The resultingunit cell should berefined against

the entire st of reflections using the&imi émmand.

Figure 212. Reciprocal space representsigglecrystalXRD datafrom a sample in a DAC
laserheated at-20 GPa and-2500K. (a) An example ofheinitial datasetn a reciprocal

spa@. (b) Trash signal from the sample enviroc
tolerance of 3. (c) Signatdm the sample. (d) Reflections of group 1 represented albng
axis.

Typically, identifying the starting peaks for unit cell determioatis challenging,
especially for laseheated samples containing numerous crystallitee. latest innovatiom
high-pressure crystallography, DAFi softwafé42], effectively solves the problem of
searching for regular lines of reflections in reciprocal space forming the unit galltingrain

samples.
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3) Data reduction

For the given orientation matrix (UBlat r i x) , the precise extr;
intensities could banitiated withthe &c proffitbtcommandCrysAlis’™ predictsthe positions
of the reflections based on the WBatrix and integrates their intensitiexmitting the
reflectiors 8hape and the background lev&halyzingthe systematic absences, the software
indicatesa space group, and the usbecksthe data quality byaviewingthe frame scaling
curve and confidence values provided by the progtdnrand™© ¥, "O and the quality
of merging intensities of the symmeteguivalent reflectionsY . These values could be
represented through the following eqoas:

Y 0Nn 6 ¢ &KEME &
. B'O 60 O o~ e s
. O : Oon 6 ooEpeé ¢
BSO 60 &
Y ' 0Oon 6 oo ¢
BIO s n &

where summatiomcludes all input reflections for which more than one symmetry equivalent
is averagedO is intensity corrected for Lorenfmlarizationandd0 Ois its average value
over all measured equivalentsis the number ofedundant reflectionsf the integration is of
dissatisfiedquality, it is possible to rerun the procéssadjusting variables that influentee
treatment of detector imagemvolving background correction, masking of reflections,
integration range, etcAfter data reduction, the ware produces a file that lists dikl
reflections with their intensities which is then used by a separate software to solve the structure.

4) Data finalization

The final step in CrysAlf€° includes data finalization, performed once the user has
achieved satisfactory integration quality. The usechecks error factors and systematic
absencesral determines the space group. Following that procedure, Cri&ajiserates files
documentingthe data processing performed. Among these files, the most crucial ones are
standard reflection and instructibles identified by their file extensions: .hkl, .aid, .cif, and
.ins, designed for compatibility with thariousstructuresolution softwargackages

5) Structure solution and refinement

The files produced in the previous step (reflection files and instruction files) are
subsequently imported into structure solution software. In the current thesi®\NA€006
[141] and OLEX2[138] are used.
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The process of structure soluti@momprisesutilizing the intensities of collected
reflectionsfor the computation afitomic positions and thermal parametéditse diffracted X
rays not onlycarryinformationonthe reciprocal vectors but also provide detafgardinghe
electronic density distribution within the unit cell of a samglee Bragg reflections are
charactezed by intensities Igq) proportional to the square of the structure factei)

according to the following formula:

O % 0On o6 oo ¢
wherek is a scale factol,p is the Lorentzpolarization correctionA is the transmission factor.

The structure factor holds the information about the types of atoms and their positions
within the unit cell:

1 0 Moip
QN wn 6 :)OE Nog QB Qo ad 0On 6 woE ¢
where the summing is carried out for the atoms within the unit ¢&kl;is the phase of the
diffracted beamy;, y;, 7z andfj are the coordinates and the scattering factor of'treom,
respectivelyB; is aB-factor directly related to the mean square isotropic displacement of the
j'"atom;d is the scattering angle awds the Xray wavelength.
Therefore the electron densitin an xyz position inside the unit cell} xy) can be
obtainedby applyinginverseFourier transformation, leading to the following equation:
» P R B QD OO & & o~ s e
o B¢ Q@ Qw G a On 6 wacare
whereV is the unit cell volumgthe sum is over all the crystal lattice planes characterized by
Miller indices
In diffraction experiments, the intensities of waves scattered from the lattice planes in
the crystal are measurecdnabling the determiration of the electronic density and,
consequentlypositions of all the atomBased ora setof experimental structural amplitudes,
"0 , the process of structure solutiman be characteed asa calculation of atomic
coordinates andtomicthermal displacement parametd®egrettably, the experimental values
of "O are real numbers, ereasO , essential for the calculation of electronic density, is a
complex function. Hencehe direct determination of the  phase becomes unfeasible,
representingwhatiswed nown as t he [} Oesaningtheqpbakegmladem
is an automated procedurewadays and many phasing methods are implemented in software,

such as the Patterson synilseslirect methods, heavgtom methods, chargépping
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algorithms duatspace methodand other$139,141] Usingany of these methods khecomes
possible to establish the distribution of electronic densitycamdpletethe initial structural
model. At the subsequenstage the structural model undergoes refinement against the
experimental dataset through a lesgtiares minimization, adjuisy parameters such as
atomic coordinates, occupancies, and anisotropic thermal displacement parameters.

The quality of the refined structural model is defined by agreement between the model

and experimental data represented bia&ors:

BSO s €O s e s e s
BSO s onowxPp ¢
BOSO O s o~ e s
B00 OnooxPg ¢

whereFobs is the observed structure factor amplituéfeac is the calculated structure facto
amplitudebased on the modehnd ¥ is the weighting factor individually derived for each
measured reflection based on its standard uncertdihgystructural model is of high quality
if:
1) The Rfactors are small (i.e. R 1-2% is excellent, R=10% is acceptablgnd
R1 > 15% indicateserious problems with the data quality or the model solution).
2) The data to refinedparameters ratio is high (i.e. ratdO is excellent,
10>ratio> 8 is good, 8 ratio> 6 is acceptable if good reasoning is provided,
ratio< 6 is unacceptable).
3) No major positive or negative electron residual densities exist.

4) The model makes sense frahe crystallographic and chemical point of view

2.4 Computational approaches

Density functional theory (DFT[JL44,145]is the method of choice for the calculation
of structureproperty relations of crystalline materialsrstprinciplescalculationsbased on
DFT have emerged as @owerful tool for exploring material properties in recent decades
[146,147] The DFT approach is especially valuable for investigating materials under extreme
conditions, as experiments under high pressure have limitations in directly measuring the
properties of samples in DACEor known structures, computing properties like the bulk
modulus is typically straightforward using established packsgesas VASP148], ABINIT
[149], QUANTUM ESPRESS@150], CASTEP[151], or similar codes.
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From Bl ochos riadic systenes[db2),f or hegpesol uti on of
eguation can be separated into two parts,

Mo Q oi oo oo e
wherel is the wavefunctionQis the wave vectolQ is aplane wave, and i is a periodic
function. This naturally leads to a planewave representation of the electronic wavefunctions.
Periodic boundary conditions are usually used in combination with plane waabsnitio
calculations, which make usé meriodicity to create an infinite system from the unit cell in a
crystal or supercells in aperiodic systeihis3].

In this studythe properties of synthesized compounds are determined through the first
principles calculations usintpe framework of DFT as implemented the Viennaab initio
simulation package (VASP) cod&48]. To expand the electronic wave function in plane
waves we used the Project#xugmentedWave PAW) method[154]. The Generalized
Gradient Approximation (GGA) functional was used for calculating the exchaorgelation
energies, as proposed by PerdBwrke Ernzerhof (PBE])155]. The PAW potentials with the
following valence configurations &s5p6s5d for lanthanides4s4p5s4d for Y, 3p4s3d for Fe,
3s3p for Cl, and 2&2p for C were used to describe the interaction between the core and the
valence electronis frozenf-electrons approximation féenthanide$156]. Convergence tests
with a threshold of ZneV per atom in energy led to an energy cutofftfee plane wave
expansion 0600-750eV for synthesizeghhasesHarmonic lattice dynamics calculations were
performed with the PHONOPY softwafé57] using the finite displacement method for
constructedsupercells with respectively adjustkghoints. The tetrahedron method was used
for Brillouin zone integrationsemploying a mesh o#djustedk-points for investigated
structures[158,159] The tetrahen method replaces the continuous integral over the
Brillouin zonewith a weighted sum over a finite numberkgboints. The weight factors are
determined under the assumption that the function to be integsatettar inside each
tetrahedronTheintegrated values of the crystal orbital bond index (ICQB3P] and Mulliken
charges were calculated using LOBSTER v4.1.0 softfi#&&], wherelCOBI correlates with
thebond order, and on the other hand, represemsasure of the bond ionicitlor instance
strongly covalent molecules such as HI, HBr, and HCI show a bond index very close to the
expected value ofl. While the difference in electronegativity grows, the bond index
continuously approaches smaller valuegil it eventually reaches 0.04 (Csliey the largest
electronegativity difference in the exampl®0]. The Mulliken charges approacha concpt
in molecular physics and chemistry that refers to the distribution of electronic charge within a
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molecule.The Mulliken charges are calculated based on the electronic population analysis
using LCAGMO (Linear Combination of Atomic OrbitdWlolecular Orbial) wave functions
[162' 165]. The charge distribution in the ionic approximatibased on a generadition of
Pauling's concept of bond strength66] was made using CHARDI201H67]. In our
calculations, temperature, condigitional entropy, and the entropy contribution due to lattice
vibrations were neglected

The performed calculations are based on frdzelectrons potentials of lanthanides
instead of those that take into account the contributiblefictronue to tke cluster resources
limitations and appeance ofrelated difficulties in the theoretical calculationis. the
theoretical part of thecurrent study, we are focused on checking of convergence of
experimental results antheoretical calculations in the available approximation, as well as
computing some of the properties such as bulk modulus, type of chemical bonds, and phonon

and electron density of states.
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3. Thesis synopsis

This part provides a short overview of the tespresented in Chaptéias manuscripts
which have been either published or prepared for submission teg@gew journalsFor the
list of the manuscripts please see section3e8tion3.1 is dedicated to the study of hitherto
unknown dysprosium chides fornedunder extreme conditiorsdpresens the study of Dy
C compounds formation at ~BD GPa and temperatures of ~230QmanuscriptiiHigh-
pressure synthesis of dysprosium carbd&ection 4.1), as well abe synthesis of DL
compounds demotrating the more pronounced structural diversity at pressure&Paand
temperatures up to ~2860 (manuscriptfiHigh-Pressure Dysprosium Carbides Containing
Carbon Dimers, Trimers, Chains, and Riblapi&ection 4.2andthe systematic exploration of
rareearth elements carbides chemistry under extreme conditions in a wide pressuiie range
~20-125GPa and temperatures of ~22ZBBO0K (manuscriptiiHigh-Pressure Synthesis of
RareEarth Metas Carbides Featuring Carbon PolyanianSection 4.3)In the course othe
explorationof the Y-C and DyC systems, a number nbvel chlorides Y2Cl and DyClI, and
chloride carbidesy 2CIC and DyCIC, have been synthesd as a result of chemical reactions
of samples with NaCl or KCI pressure media40 GPaand~2000K. We solved and refined
their structures, which are briefly presented in Section 3.2 (manuS8yipthesis of rarearth

metal compounds through enhanced reactivity of alkali halides at high préesSaeson 4.4)

3.1 Structural diversity and systematics of rareearth metalscarbides
syntheskedin LHDACs under HPHT conditions

The lanthanide carbides family shows a large variety of possible phases with different
stoichiometry at ambient pressuREE,Cz (REE = Sc), REEC(x ~ 0.331, REE = Sc, Y, Ce,
SmLu), REECs (REE =Y, GdHo), REEC4 (REE = Sc, Y, TH_.u), REEC3 (REE = LaNd,
SmHo), REEC? (REE = Y, DyTm, Lu), REEG (REE =Y, LaLu), REECs (REE = Eu)[5].
Still, the number of known binary carbon compounds is significantly smaller than the number
of known binary oxygen compoundk3@9vs 4768 according to the ICSD databas&e(sion
5.2.0 (build 20240410029)- Data Release 2024.1Considering thah vast amount of the
data corresponds to ambient conditions, the chemistry of carbides under high pressure has been
poorly studied in principle. The limited knowledge of thethanidesarbides chemistry under
high-pressure conditiongparticularly those containing heavy lanthanides, emphasizes the

importance of enhancing our comprehension of thefravior.
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The demistry of binary compounds drastically changes at high pressures. Recent
striking examples includihe synthesis ohovel plyhalides[97,168] polynitrides[169 176,
polyborides[177,178] and polyhydrides[179i 181]. In contrast to conventional solglate
materials, many of these new compounds comprise various homonuclear chemical species,
such as dimers, trimers, pentagonal hegagonal rings, polymeric chains, atomic layersd
3D networks. Homonuclear chemical bonding between carbon atomtiéhedrt of organic
chemistry andhe numberof arrangements for carbon connections (or catenakioogwn at
ambient pressures enormousTheoretical calculations for metal carbides at high pressure
predict carbon polyanions with unusual geometry and chemioatbihg [79,82,182]
Moreover, recent experimental observations suggest the possible existercaboih
polyanions at high pressures, which were previously unknown under ambient conditions and
were not theoretically predicteld,86,87,183] These predictions and discoveries call for
systematiexperimental studies of higtressure carbides

In sections4.1 and 4.2, the lanthanides carbides chemistry under extreme conditions
was explord using the example &fy-C compoundsDysprosium flakes were loaded between
one of the diamond anvils and the layer of dry NaCl served as a thermal insulator and a
pressurdransmitting medium; diamond anvils were used as a carbon s@agwmles were
conpressed to the desired pressures and-feessted up to 80K. Laser heating of the
samples was carried out using aarhousedoublesided YAG laser (1064m wavelength)
heating setupl29]. The chemical reactions of dysprosium and carbon in diamond anvil cells
at pressures 6f19-95 GPa and temperatures of ~25P800K resulted irtheformationof five
novel dysprosium carbidgsamelyo-DyC> (Immn), DysCgy (P4/mng, 9-Dy4Cs (Cmce), DysC>
(P4/mbn), andDysCs (1-43d), and one compound previously known at ambondition,

Dy2Cs (1-43d) (Fig. 31). The most notable features of new carbidepatgacendike ribbons
in 9-DyC> and cis-polyacetylendype chainsin DysCy. These findings demonstratae

tendency otheformationof carbides with complex polyanions at high pressures.
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Figure 31. Crystal structures ofareearthmetalscarbides synthesized under extreme
conditions: (al}LaC, (b) LaCs, (c)b-LaC (B-NdC, b-SmC), (d)i-NdC; (-SmG), (e)
Dy3Cz (Nd3C2, SmeCo, GaCy), (f) NdsC7 (SmsC7, GACr, YbsC?), (g) DyCo (Y 5Co, NdsCo,
SmsCo, GG Co, YbsCo), (h) 3-SmC, (i) DyCs (Y2C3, SmCs, GCy), (j) o-DyCa (2-YCo, o-
SmQG), (k) 2-Y 4Cs (3-SmuCs, 2-GdsCs, 2-Dya4Cs), (I) DyxC (YxC, GdC, YxC), (m) DyCs
(SaiCs, GAiCs, YhsCs). Yttrium carbidesy2Cz a n dY4Cg were synthesizednd
characterized earlien [7].

In sectiord.3, we show thathe increasing pressure contributes to the formation of more
complex carbonarrangementsprogressing froncarbon dumbbells and trimers to carbon
chains and ribborfer a number of rarearth metai carbon system$/loreover, the tendency
of regularities in the chemistry of raearthmetalscarbides was observed and explored during
thedirect chemical reaan between carbon from diamond anvils and loaded into DACs rare
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earth metals (RE= Sc, Y, La, Nd, Sm, Gd, Dy, and Yb) in the HPHT experiments at pressures
of ~34124GPa and temperatures of ~220000K. The dysprosium carbides have been
studied in the previous sectiorntkis section provides D compounds, accompanied by
relevant réerences, for systematic exploration &RC compounds discussed in the current
work. In mostexperimentsdry NaCl served as a thermal insulator and a pressamsmitting
medium preserving the expei rareearth metgldikeinat r y o f
| ayer of Adouple oferp€riménts were carried out in the Ar pressaresmitting
medium.
The crystal structures sfynthesized RECy (REE = Sc, Y, La, Nd, Sm, Gd, Dy, and
Yb) carbidesvere determined and refined on the basis of siogtstalsynchrotronXRD. The
synt heSmCgiesdosot ruct ur al t o -Yu(s[€] and@aved NeC7lwgre di s c 0
found to be quenchable to ambient conditidtigh-pressurdigh-temperatursynthesis othe
rareearth metals carbidemdtheir structuralcharacterization yielded2 novel compounds,
which belong td.3 structural types, among which 9 were previousknown(Fig. 31). Clear
chemical regularities werevealed by comparirgl therareearth carbides synthesized in this
thesis (Fig. 2).

© mC30 e-LaC,, C2Z/m|--©
mP32 La,Cs, P2,/n|-
® oC16 p-LaC, Cmem |- (b — — —F — —P
V¥ 0C6 5-NdC,, Pmma|- v - -5 :
B (P10 U,Si,, P4/mbm| - - E-- :
O tP48 Nd,C,, Pdlnccl- G SRR SIS NP S PR S S S Q-
@ tP28 Dy,C, Palmnc|- * - - ———
% 0C48 y-SmC, Cmcm |- R 3 .
cl40 Pu,C,, 1-43d| ' :
@ o2 y-DyC,, Immm[- ¢ - ——= .—f—‘
oC72 y-Y,C;, Cmcel- .
cF8 NaCl (defect), Fm-3mf- :
A cl28 Anti-Th,P,, 1-43d|- A A - A A
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1 1
r(REE:’*):103.2 102 99 98.3 97 95.8 94.7 93.8 92.3 91.2 90.1 90.0 89.0 88.0 86.8 86.1 74.5
REE: La Ce Pr NdPmSmEu Gd Tb Dy Ho Y Er Tm Yb Lu Sc

Effective ionic radii in pm for rare-earth elements

Figure 32. Sumnary of the highpressure highemperature experimeng®nic radii of rare
earth elementg§REE") are from[184]). Yttrium carbides ¥Csz a n dY4C3 were synthesized
and characterized earlier[iAy.

Thecarbideswith the highest metab-carbon ratio synthesl in the present thesase
compounds of the 3$i> structural type, first observed in the {0y system at 5&Pa and
described in sectiofl. The carbides REsC, (REE= Nd, Sm, Gd, and Dy) hawgetragonal
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unit cell (space group4/mbm #127,Z = 2) with the following unit cell parameters for G

at 55GPa: a=5.9896(13)A and c= 3.3880(12)A. Rareearth metal carbides of such
stoichiometry have not been previously obsef&#dbut theUsSix-type structure is common
for silicides [185], borides [186], and intermetallide§187]. Sud structure was also
theoretically predicted for a highressure calcium carbide £Ca [82]. The a/c ratio for the
synthesized lanthanidesrbides lies in the range of 1.71.77A, according to the obtained
data at pressures of -B8 GPa. Based on the known at ambient pressure datalctregio for
isostructural compounds varies from ~1..8.87 (forborides TaB:» [188] andsilicidesLasSi>
[189], Ce&Siz [190], and WSi> [191]) to ~1.96i 2.08 (for intermetallic compounds &as
[192], GaPd [193], and LaAuz [194]). In thestructure of DyCo (Fig. 3.1e and3.3) carbon
atoms occupy a singlgdVyckoff position and fornfiC,] dumbbells Two crystallographically
distinct dysprosium atoms occupy the Wyckoff positidagDy1) and 4 (Dy2). Dyl atoms
lie in the sameab plane as th¢C»] dumbbells, forming together the Cairo pentagonal tiling
comprised of Dy1).Cs pentagongFig. 33b). Dy2 atoms are located in a pHel plane,
separated from the described one by @ig. 33c). The Dy2C distancesire of 2.413(9R or
2.574(10)A (Fig. 33d). As seen irFig. 33b, the Dyl atoms are fodold coordinated by C
atoms with the Dy distance equal to 2.519(1&)at 55GPa. The length of the fpdumbbell

is equal to 1.51(34 (Fig. 33e).
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Figure 33. Crystal structure of Dy» at 55GPa and a crosection of thecalculated
ELF. The Hue and brown spheres represent dysprosium and cadspectively. & The
structure viewed along theeaxis (b) the DyXC plane with the highlighted Cairo pentagonal
tiling formed by Dyl and C atoms;)(the projection of the structure along fli€l O]
direction highlighting the DyIC and Dy2 layers stacking in teelirection; ¢) coordination

1.51(3) A 1.51(3) A

53



Thesis synopsis

of Dy2 atoms by carbon atome) {nteratomic distances in the Dy plane; ) the 2D
electron localization functio(ELF) shown inab plane containing carboruchbbells and Dyl
atoms

Rareearth metal arbidesof REE4Cs stoichiometry (FEE = Sc, Gd, Dy, and Yb) were
observed at 184 GPa after laseneating the sample$he compounds hawbe antiThzPs-
type structure (space grouyzt3d, #220,Z = 4) shown inFig. 34, which has been described
for scandium carbide, $C3, butnot observed for other ragarth metatarbideg5,44]. At
19 GPa its unit cell parameter is equahkts 7.4774(8)A for Dy.Cs. In thestructure of DyCs
(Fig. 31m and 34), dysprosium and carbon atoms occupy the dfid 12 Wyckoff sites,
respectivelyThe coordination polyhedron of Dy cations is an irregular octahedron formed by
the six nearest carbon atoms at distances of either® 33 or 2.8240(5)A at 19GPa Fig.
3.4b). Carbon atoms are surrounded by eight Dy atoms forming strongly distorted cubes

(octaverticonsjFig. 34c).

Figure 34. Crystal structure of D{Cz at 19GPaand a crossection of thecalculatedELF.

The blue and brown spheres represent dysprosium and carbon, respgejivéhit cell in

projection along the [1 1] direction (b) Coordination polyhedron of Dyc) Coordination
environment of a carbon atoffa) The 2D BHF shown in thg0 0 1) plane.

Compoundsh-REEC (REE = La, Nd, Sm)obtained at 4568 GParepresent a new
structural typeoC16 b-LaC (space grougcmcm #63,Z = 8) that have not been observed
previously.For instance, the unit cell 6fLaC at 41GPa is described khefollowing lattice
parametersa = 3.2858(8)A, b = 12.0825(19, andc = 5.3937(12)A (Fig. 31c and 35). The
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crystal structure reveatwo crystallographically distinct positions thfe metal atoms d(Lal
andLa2) and one of thearbon atomsf§C1). TheLal atoms have a coordination number
(CN) of 6 with respect to the nearest carbon atoms, four of which belong to thejvdmnp€rs

in a sideon orientatiorwith the La1C distancel(Lal-C1) = 2.507(5)A, and two more atoms
comefrom the two enebn oriented[C;] units with d(Lal-C1) = 2.600(7)A (Fig. 35c). The
La2 atoms possess the highesbrdination numberCN = 8 with the contribution of two
carbon dumbbells [ in a sideon orientatiorwith d(La2-C1) = 2.589(5)A, andfour atoms
from the four enebn oriented[C2] unitswith d(La2-C1) = 2.696(6)A (Fig. 35d). Dimers [G]

are oriented along theaxis (Fig. 35b). The bond length in [ units is ~14 A.

Figure 35. Crystal structure ob-LaC at41 GPaand a crossection of thecalculatecELF.
The green and brown spheres represent lanthanum and carbon atoms, respegéveigw
of the crystal structur€b) The structure viewed alotige a-axis (c) The coordination
environment of Lal atoms. (d) The coordination environment of La2 atonihd€@pD ELF
shownin bc plane containing carbatumbbells

Newly found samarium carbid®C48 o-SmC possesses the orthorhombic space group
Cmcm #63 ¢ = 24). The unit cell parameters are 10.0193(14A, b =9.897(9)A, andc =
4.7921(5)A at 103GPa(Fig. 3.1h and 3.6)Four Wyckoff positions & 8g, 4c, and & are
occupied by samarium atoms, whereas than@ 1 sites host carbon atoms. There &ve
types of carbon entities: carbon dimers formed by C1 atoms araisiidlyacetylene type
deprotonated carbon chains waff-hybridizedC2 carbon atomand conjugated-electron
system These entities are oriented along thaxis (Fig.3.6a, b). The Sm1 atombavethe
highest coordination number, CN = 10, in relation to the nearest carbon atoms, two of which
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belong to the [g unit in a sideon orientationwith d(Sm1C1) = 2.88(3/, while the
remaining eight carbon atoms originate from the wewbon chainswith d(Sm1C2) =
2.361(14)A and 2.389(8A (Fig. 36¢). The Sm2 atoms have an eidbid coordination
environment (CN = 8) comprised of oneJ@imer in a sideon orientatiorwith d(Sm2C1) =
2.48(3)A, two C atoms from two [§ dimers inan endon orientationwith d(Sm2C1) =
2.340(12)A, and four C atoms deriving from the nearby carbon ckaih d(Sm2C2) =
2.350(12)A and 2.490(7R (Fig. 36d). The Sm3 atoms are sfald coordinated (CN = 6) by
two carbon atoms from two exah orientedCz] dimerswith d(Sm3C1) = 2.31(3)A and four
carbon atoms from two neighboring chaimigh d(Sm3C2) = 2.390(14RQ (Fig. 36e). The
Sm4 atoms alshavea CNof 6 with the coordination environment consisting of one-side
oriented [G] dumbbellwith d(Sm4C1) = 2.315(14A and four C atoms stemming from the
two nearest carbon chaimgth d(Sm4C2) = 2.364(16A and 2.558(16Q (Fig. 36f). At
103GPa, the & bond length within carbon fLdumbbellsis equalto 1.360(18)A, while the

distance betweenacbon atoms in theis-polyacetylendype chains alternates between

1.50(4)A and 1.511(144.
0 -
St
. L)
L Coiar O

-
2.48(3)A

2.350(12)A 4
\s /4

Figure 36. Crystal structure ad-SmCat 103GPaand a crossection of thecalculatedELF.
Thepink, red, and browspheres represesamarium, carbon atoms formed dumbbelis]
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carbon atom$ormed chainsrespectively(a) Unit cell in projection along theaxis. (b) The
view of the crystal structure along thexis. (c) The coordination environment of Sm1l
atoms. (d) The coordination environment of Sm2 atoms. (e) The coordination environment of
Sm3 atoms. (f) The coordination environment of Sm4 atom3.hg2D ELF calculated in
thebc plane containingarbon dmbbells [G]. (h) The2D ELF calculated irthebc plane
containingcarbon chains.

Carbides of defect NaCl structure tyjspace groupm-3m, #225 Z = 4) (Fig. 31l) are
known at ambient conditions for Sc, and SmLu [5]. In this study carbides with alterable
stoichiometry EEE.C (REE =Y, Gd, Dy, Yb; x ~ 0.61) were formed at ~346 GPa. Metal
and carbon atoms occupy 4nd 4 Wyckoff positions respectively. The full experimental
crystallographic data of EExC carbides are provided in sectibg3.

0 1
e [ — ]

--1.385(11)A
—--1.432(6)A

2.325(17)A
2.416(15)A

_____

Figure 37. Crystal structure af-DysCs at 65 GPaand a crossection of thecalculatedELF.
The blue brown, and redspheres represent dysprosiuwarbon atoms formed dumbbells, and
carbon atoms formetimers respectively(a) A view of the crystal structur¢b)-(d) The
coordination environment of the Dy1, Dyghd Dy3 atomge) The2D ELF calculatedn the
bc plane containing carbon dumbbells[Qupper figure) or irthe plane containing carbon
trimers [G] (bottom figure).

Recently uncoveredC7 2-Y 45 structure type (space gro@pnce #64,Z = 8)[7] was
observed through HPHT experiments at-6845Pafor severalanthanides: Sm, Gd, Dgnd
Yb. For instance, the unit cell parametersdddy.Cs area = 11.800(6)A, b = 7.2291(154,
andc = 8.416(2)A at 65GPa(Fig. 3.k and 3.7)In the crystal structurdyl, Dy2, and Dy3
atoms occupy the §68d and 8 Wyckoff positions, and C1, C2, C&8nd Gl are at the 8 16g,
8f, and & Wyckoff sites, respectivgl C1 and C3 atoms form pcdimerslying in thebcplane

while C2 and C4 form [€} trimers. Metal atoms are coordinated by carbon atoms from dimers
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andtrimers with varying orientations and have coordination numbers: CN(Dy1déD§1-
C) = 2.278(15)2.431(17)A), CN(Dy2) = 10 ((Dy2-C) =2.609(18)2.381(15 A), CN(Dy3)
= 6 d(Dy3-C) =2.10(3)2.26(2)A) (Fig. 37b-d). FDysCspbondlengths of [G] and[C3]
units are 1.385(11) and 1.432¢) respectively. These values arensistent with @C bond
Il engt hs i-YaGCs[7]ewhiohrsuggests thre nature of synthesized compounds is similar
to the earlier considered yttrium carbide.

Novel structural typetP48 Nd&C; (space groupP4/ncc #130,Z = 4) has been
discovered for Nd, Sm, Gdnd Yb carbides at ~4@0 GPa(Fig. 3.1f and3.8). The tetragonal
unit cell of N&C7 is described bythe following parametersa = 10.2129(17A and c =
5.3143(14)A at 57GPa There are two crystallographically nequivalent metal atoms
occupying Wyckoff positionsa&(Nd1) and 1§ (Nd2). Three Wyckoff positions are occupied
by carbon atoms: I5(C1), & (C2), and £ (C3), with C1 and C2 atoms formingdGrimers.
TheNd1 atoms are surrounded theten nearest carbon atoms (CN = 10), where six atoms are
contributed by two [€] trimers in a siden orientationwith d(Nd1-C1) =2.474(10)A and
2.619(10)A, and four more atoms are from the four-@embrientedCs] unitswith d(Nd1-C2)
=2.480(9)A (Fig. 38¢c). TheNd2 atoms are eigHbld coordinated (CN = 9) by four differently
oriented [G] trimers (d(Nd2-C1) =2.361(9)2.520(10)A, d(Nd2-C2) =2.493(8)3.077(9)A)
and two discrete carbon atorfd§Nd2-C3) =2.607(11)A and2.660(12)A) (Fig. 3.8d). The
C-C distance in trimers, equal to ~B4suppossanoninteger bond order in the range of-1.0
1.5, anal-Ya@Gplusly to o

b

1.392(11) A===1-

0

Figure 38. Crystal structure oNdsC7 at57 GPaand a crossection of thecalculatecELF.
Theorangered and brown spheres represeebdymium, discrete carbon atorasdcarbon
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atoms fornng trimers (a) Unit cell in projection along theaxis. (b) The view of the crystal
structure along the-axis. (c) The coordination environment of Nd1 atoms. (d) The
coordination environment of Nd2 atoms. {dé)e 2D ELF calculated irthe plane containing
carbontrimers [G].

Sesquicarbide REE.C3 (REE = Y, Sm, Gd, Dy), which are known at ambient
conditiong[5,10,33] were found as products of HPHT synthesis in a DAC at pressures-of ~19
57 GPa. Theseompounds belong to a known structural tyeCs characterized by cubic
space group-43d, #220andZ = 8 (Fig. 3.1i and3.9). The lattice parameter &= 7.9208(5)A
for Dy>.Cz at 19GPa The dysprosium sesquicarbide 2By was earlier reported at ambient
conditions with the lattice parameter 8.198(2)A at 1bar[18]. The dysprosium and carbon
atoms occupy the t&nd 241 Wyckoff sites, respectively hesynthesized rarearth carbides
of such structure contain focarbon dumbbells with C-C bond length of1.3A.

Figure 39. Crystalstructure of DyCz at 19GPaand a crossection of thecalculatedELF.
The Hue and brown spheres represent dysprosium and carbon, respedvahit cell in
projection along the [1 1] direction (b) Coordination polyhedron of Dyc) Carbon
dumbbell in a cage of eight Dy aton{d) The 2D ELFshown in thg0 0 1) plane.

The structures dDy.Cz andDysCs (described above) are closely related (Fig.ehd
3.9): they havehe same space group43d), andthe former can be easily derived frahe
latter, as the positions of the centers of] [@mbbells inDy2C3 coincide with the positions of

single carbon atoms in @3, whereas the coordinates of Dy atoms are the same in both
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structures. Thus, the coordination number of Dy atoni¥yutCs increases to nine (Fig. &),
whereas the coordination environment of|[@umbbells (Fig. &c) is similar to that of a single
carbon atom in DyCs (Fig. 34c).

2713) X 2.754(29) A 2.822(17) A

Figure 310. Crystal structure ofasCs at45 GPaand a crossection of thecalculatedELF.

The green and brown spheres represent lanthanum and carbon atoms, respectively. (a) The
projection of the structure along thexis. (b) The structure viewed alotigea-axis (c) The
coordination environment of Lal atomd) The coordination environment of La2 atoms. (e)

Thecoordination environment of Baatoms (f) The2D ELF calculated irtheplane
containing carbomaphthalenalecalirtlike rings.

The structure omP32 LaCs has a monoclinic unit cell (space grde®y/n, #14,Z = 4)
with lattice parameters = 4.869(12)A, b = 10.846(5)4, ¢ = 7.366(4)A, andb = 107.79(13)°
at 45GPa(Fig. 3.1b and3.10) It is comprised of 8 crystallographically distinct atoms, three
La and five C,all of themare at Wyckoff sites & The lanthanum atoms have different
coordination numbers: CN(Lal) = 10N(La2) = 9, CN(La3) = 11. The L@ distances within
the polyhedra vary in the ranged(lLal-C) = 2.46(3)2.754(19)A, d(La2-C) = 2.594(19)
2.86(5)A, d(La3-C) = 2.46(5)2.83(5)A (Fig. 3.10c-e). In the synthesized k@s, naphhalene
decalinlike entities are slightly bent. The distortion of the naphthatlswalirlike rings in
this structure islighttymor e pr onounced HatC desorivgy Gelowdsedon wi t h
the larger angle deviations and unequal ®ond lengthsd(C1-C3) = 1.54(5)4, d(C1-C5) =
1.47(3)A, d(C2-C5) = 1.44(5), d(C2-C4) = 1.44(5A, d(C3-C4) = 1.44(3A, d(C3-C3) =
1.45(6)A (Fig. 3.11a, b). These values lie betweehe bond distance in naphthalene 1GHs
[195] and decalin @H1s[196], supposing the intermediatetstaf the carbon fragments.
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Figure 311 The naphthalendecalinlike entities insynthesizeda), (b)mP32 LaCs and(c),
(d) mC3 0-Lall; at 45GPa. The maximum deviation from taeeraging plane ig)
~0.068A for LasCs and(d) ~0.032A for BLaC,.

The structure of DyCo carbide(Fig. 3.1g and3.12) is unprecedented in the sense that
we were not able to find any structural analogues, and it was not predigigdtructural type
has also been identified as a product of HPHT synthesis in-eNd-C, Sm-C, GdC, and
Yb-C systems, leading to appearance of new compous@s MdsCo, SnCy, GCo, and
YbsCy at ~4268 GPa. The phas®ysCo crystallisesin tetragonal symmetry (spaceogp
P4/mng¢ #128,Z = 2) with lattice parameteis= 7.2218(7)A andc = 4.8618(4)A at 68GPa.
The wit cell contains two types of dysprosium atoms (Dyl and Dy2 occupyiran8
Wyckoff positions respectively, and two types of carbon atoms (C1 anddc2upying 16
and 2 Wyckoff positions respectively. Dysprosium atoms form slightly distorted square
layers inthe (0 0 2) plane with a distance between layers otléach consequent layer rotated
relative to the previous one by ~40° (Fg&12b). Different dysprosium atoms have different
environmentsi Dy2 atoms are located in bicapped square priswita d(Dy2-C1) =
2.358(10)A andd(Dy2-C2) =2.4309(3)A, and Dy1 atoms are in irregular polyhedra with 11
verticeswith d(Dy1-C1) = 2.228(10)2.591(10)A andd(Dy1-C2) = 2.1965(8Q (Fig. 3.12c,

d). The carbon atoms C2 have isolated positions in the structure like the carbon in methanides
(Fig. 3.12). The C1 carbon atoms form zzgg chains with four atoms per repeating element
(Fig. 3.12). Chains are propagating alotige [0 O 1] direction. According to experimental

single crystal Xray datafor DysCy at 68 GPa,the GC distance in the carbon chains is of

61



Thesis synopsis

~1.46A and thé C-C-C angle is of ~132°. All atoms of the chain lie in the spiaae, as the

torsion angle is zer(Fig. 3.12e).

1.459(5) A

132.1(2)°
etk

Figure 312. Crystal structure oDysCo at 68 GPaand a crossection of thecalculatedELF.
All Dy atoms are blue, C atoms formed chains are brawddiscrete C atoms are rg@d) A
view of the crystal structuréb) Arrangement of parallel planes comprised of Dy atoms
rotated relative to each other by ~4().and(d) The coordination environment of the Dyl
and Dy2 atomge) The carbon chain geometry (upper figure) and the electron localization
function calculated ithe plane containing a carbon chain (bottom figu(g)The 2D ELF
calculated irthe (0 0 2) plane containing discrete carbon atoms

The structure of lanthanmu dicarbidemC3 0-Lall; has a monoclinic unit cell (space
group C2/m, #12,Z = 10) with lattice parametersa = 7.883(3)A, b = 5.8534(6)A, ¢ =
6.9388(5)A, and b = 94.010(18)° at 4&Pa (Fig. 3.1a and3.13). It is composed of six
crystallographicallyistinct atoms, Lal, La2, La3, C1, C2, and C3, on thdi24i, g, 49, and
8] Wyckoff sites, respectively. Each of the three lanthanum aisitagelve-fold coordinated
by carbon atoms, CN(La) = 12 (Fi8.13c-e). The LaC distances within the Lal atom
polyhedron range from 2.686(18)to 3.083(15)A, while for the La2 atom polyhedron, the
d(La-C) valuesarefrom 2.419(8)A to 2.785(3)A, and for the La3 atom polyhedron, the metal
carbon distances vary between 2.490@2ind 2.698(94 (Fig. 3.13c-e). Analogously to the
LasCs discussed aboye¢he naphthalendecalinlike ringso f-La( are slightly bent and are
not flat Additionally, there areninor deviatios from theideal angleof 180° within the six
membered rings, where the@bond lengths vargs follows:d(C1-C2) = 1.487(10) Ad(C1-
C3) = 1.429(13) Ad(C2-C2) = 1.48(2) A, and|(C3-C3) = 1.489(15) A (Fig3.11c, d). These
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valuesalso lie betweenthe bond distances in naphthaleneotds [195] and decalin @His
[196], like in LasCs.

2 2597(13)A
zsmus)A
& 2677(11)A

2.578(10) A o o O O O

< z.755(9) A

Figure 313. Crystal structure offLaC; at45 GPaand a crossection of thealculatedELF.

The green and brown spheres represent lanthanum and carbon atoms, resgagtivedy.
projection of the structure along thexis. (b) The structure viewed alotige c-axis (c) The
coordination environment of Lal atoms. (d) The coordination environment of La2 atoms. (e)

Thecoordination environment of Baatoms (f) The2D ELF calculated irtheplane
containing carbomaphthalenalecalirtlike rings.

The novel dicarbidesC6 -NOC; a n dSm@; crystallized in the orthorhombic space
group Pmma #51 ¢ = 2) as a result of HPHT experimendés 4355GPa The unit cell
par ame t-HdCsat 48GPr aréi = 4.9714(12)A, b = 3.1475(5)A, andc = 3.8083(3)A
(Fig.3.1d and3.14) | n-NdC 2fendd Wyckoff sites are occupied tyd1and C atoms,
respectively There are two distinct layers ofetalatoms andcarboncis-polyacetylendype
chains, which are situated within the plane. These layers altetaaalongthe b-axis (Fig.
3.14a, b) Nd1 atoms are twelwold coordinated (CN = 12) by C atoms from nearest carbon
chainswith d(Nd1-C1) = 2.508(82.607(6)A (Fig. 3.14c). The carbon atoms forfiat chains
along thea-axis, featuring alternating interatomic distances between carbon atamg (f)A
and1.501(17)A, andthé C-C-C angl e of -NI@G&43GRa7) A i n U
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Figure 314. Crystal structure ofi-NdC; at43 GPaand a crossection of thecalculatedELF.
Neodymium atoms are given in orange, carbon atoms are shown in brown. (a) Projection of
the unit cell along the-axis emphasizing th@rangement dhyers in thg0 1 O] direction.
(b) The view of the crystal structure afptheb-axis. (c) The coordination environment of
neodymium atoms. (d)he 2D ELF calculated irthe bc plane containingNd atoms. (eJhe
2D ELF calculated irtheac plane containing carbonchain.

The rovel structural typeoll 2 -DyiC, (space grougmmm #71,Z = 4), initially
uncovered for the rarearth metal Dyvith lattice parameteis=2.6355(12)4, b=5.707(3)A,
andc = 6.737(3)A at 66GPa has been successfuligproducedn HPHT experiments with
two more raresarth elements, Y andn® at 62-124GPa, wherecarbide 2-YC> is the
theoretically predicted anpound[78]. The unit cell consists of four dysprosium atoms
occupying Wyckoff site 4 and eight carbon atoms ocatipg two distinct crystallographic
positions: 4(C1) and 4(C2) (Fig. 3.15). In the structure of-DyC,, dysprosium atoms form
distorted slightly buckled closé packed layers itheab plane (Fig 3.15b). Dysprosium atoms
have 12 carbon neighbors arrangetiéxagonal prism with unequal baseth d(Dy1-C1) =
2.403(11)A and 2.411(10R, d(Dy1-C2) = 2.436(4A and 2.570(10Q (Fig. 3.15c). Carbon
atomslie in the (0 0 2) plane in the middle between planes of Dy atoms. (Fitp). They are
arranged in polymerized hexagonal riiigtat onedimensional ribbons propagating alahe
[1 00] direction (Fig 3.15). Thus, the carbon atoms form exotic# onedimensionally
infinite polyanions The GC distances in the hexagons, nefl at 665Pa, are equal to
1.451(9)A and 1.508(5A for the C2C2 and C4C2 bonds, respectively. Two angles in the
hexagon ar&22.5(7y, while the other four angles at&8.8(3y (Fig. 3.15d).
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