Structure determination of piezoelectric

materials at extreme conditions

Dissertation

zur Erlangung des Doktorgrades
der Fakultét fir Geowissenschaften
der Ludwig- Maximilians- Universitét
M inchen

vorgelegt von

Anzhela Pavlovska

M tinchen 2002
eingereicht am 15. April



Structure determination of piezoelectric

materials at extreme conditions

Dissertation

zur Erlangung des Doktorgrades
der Fakultét fir Geowissenschaften
der Ludwig- Maximilians- Universitét
M nchen

vorgelegt von

Anzhela Pavlovska

Berichterstatter: Dr. S. Werner
Berichterstatter: Prof. W. Moritz
Tag der Einreichung: 15. April

Tag der mundliche Prifung: 04.Juli

M Unchen 2002



Zusammenfassung

Diese Arbeit présentiert Ergebnisse an piezoelektrischen Materialien aus der Langasitfamilie,
die unter extremen Bedingungen untersucht wurden. Die Einkristalle aus dieser Familie, vor
dlem LaNbgsGass04 (LNG) und LagTaysGassOs (LTG), sind vielversprechende
Materialien fur Oberflachenwellen (OFW) —Substratmaterialien, die in der mobilen
Kommunikationstechnik der Frequenzsteuerungsgeréte (mobile Kommunikation, Sensoren,
usw.) und bei Hochtemperatur- OFW- Anwendung finden. Mit LNG und LTG OFW-
Sensorelementen konnen physikalische Mef3grofien, wie Druck und Temperatur erfaldt
werden. Aus diesem Grund sind die Strukturuntersuchungen an LNG und LTG be
verschiedenen Drucken und Temperaturen extrem wichtig.

Die Struktur von LNG und LTG ist unter normalen Bedingungen trigonal mit der
Raumgruppe P321.

In der Struktur sind die schweren Atome polyedrisch von Sauerstoffatomen koordiniert. Vier
Polyedertypen bilden decaedrisch-oktaedrische und tetraedrische Schichten. Diese sind in
einer A-B- Stapelfolge senkrecht zur c-Achse angeordnet.

Die Krigtallstrukturen von LNG und LTG wurden mittels Rontgenstrukturanalyse an LNG-
und LTG- Einkristallen in Hochdruck- Diamant -Stempel Zellen unter Druck bis 23GPa
untersucht. Die Proben fir diese Forschungsarbeit wurden von den Forschungsgruppen von B.
V. Mill (Rufdland) und J. Bohm (Deutschland) freundlicherweise zur Verfiigung gestellt. Als
druckibertragende Medien wurden Alkohol und Helium benutzt. a- Quarz Kristalle und die
Rubinfluoreszenzmethode wurden zur Druckmessung herangezogen. Die Experimente mit
Rontgenstrahlung wurden im eigenen Labor und am Hamburger Synchrotronstrahlungslabor
(HASYLAB, Beamline D-3) durchgeftihrt.

Die Gitterkonstanten und Reflexintensitéten von LNG und LTG wurden unter Drucken bis
22,8 beziehungsweise 16.7GPa gesammelt. Innerhalb des erforschten Druckbereichs nimmt
das c/a Verhdtnis von 0,6232 bis 0,6503 fir LNG und von 0,6227 bis 0,6350 fur LTG zu.
Folglich ist die a-Achse die an stérksten komprimierte Richtung in beiden Substanzen. Damit
zeigen LNG und LTG unter Druck ein anisotropes Verhalten, das durch unterschiedliche
Bindungsstéarken in den Richtungen parallel zu den a beziehungsweise c- Achsen bedingt ist.

Unter hydrostatischem Druck ist die Komprimierung der ¢c- Richtung (also zwischen den
Schichten) steif, was wegen der weniger flexiblen Verknipfung der Polyeder (gemeinsame
Kanten) verstandlich ist. Demgegentber ist die Komprimierung innerhalb der ab- Ebene (also



innerhalb der Schichten) grof3er und kann hauptséchlich durch die abnehmenden Volumina
und Verzerrungen der Polyeder erreicht werden.

Well die Kristallstrukturen von LNG und LTG wegen der hohen Symmetrie und der
Polyederkopplungen sehr steif sind, fuhrt die Komprimierung dieser Strukturen zu einer
Zunahme der internen Spannungen und endet bei einem Druck von 12.4(3)GPa fur LNG und
11.7(3)GPa fur LTG mit einem Phasenlibergang in Strukturen mit niedrigerer Symmetrie. In
dem untersuchten Druckbereich sind die Kompressibilitdten entlang der c-Achse fast
identisch fir LNG und LTG. Andererseits sind die Druckabhangigkeiten der a
Gitterparameter dieser Materiadien nur fir die Ausgangsphase ahnlich, wéhrend die
Achsenkompressibilitdten fir die Hochdruckphasen von LNG und von LTG unterschiedlich
sind. Die Volumenkompressibilititen des trigonalen LNG und LTG sind 0.007GPa’, die
entsprechenden Kompressionsmodule sind 145(3)GPa und 144(2)GPa.

Der Kompressionsmechanismus von LNG und LTG kann wie folgt beschrieben werden:

Eine Erhdhung des Drucks verursacht eine Reduzierung der Gittervolumina von LNG und
LTG. Folglich verringern sich die Absténde zwischen den lonen. Auf diese Weise werden die
grofiten Kationen (La®") innerhalb der ab- Flache verschoben, um die Absténde zwischen den
positiv geladenen benachbarten lonen (Ga®*'/Nb**(Ta™*)) zu maximieren. Auf die gleiche
Weise bewegen sich die tetraedrisch koordinierten Ga*-lonen. Wegen der Anionen
Kationenbindungsverkirzung versuchen die Polyeder zu rotieren. Nun werden diese
Drehungen durch die gemeinsamen Ecken und/oder Kanten der benachbarten Polyeder
behindert. AulRerdem werden diese Bewegungen durch die geringe Flexibilitét begrenzt, die
durch die Symmetrie (zwei- und drei- zéhlige Achsen) verursacht wird. So resultiert die
Komprimierung hauptséchlich aus Verkleinerungen der Polyedervolumina. Folglich steigen
unter zunehmenden Druck die Spannungen innerhalb der Polyeder, vor allem innerhalb der
kleinsten Polyeder (GaO,-Tetraeder), wegen deren geringer Flexibilitdt. Bei einem Druck von
12(1)GPa resultiert die Komprimierung von LNG und LTG in einer Transformation aus der
Hochsymmetriephase in eine Niedersymmetriephase. Es kann gefolgert werden, daf3 dieser
Phasenlibergang durch die Zunahme der Spannungen innerhalb der Polyeder verursacht wird.
Die Hochdruckphase ist verzerrter as die urspringliche Phase und beinhatet mehr
Freiheitsgrade fur weitere Komprimierungen.

Die Hochdruckphasen von LNG und von LTG kénnen in Strukturmodellen mit monokliner
Symmetrie (Raumgruppe A2) verfeinert werden. Die Kompressionsmodule sind B;=93(2)GPa
und Bo=128(12)GPa fur die Hochdruckphasen von LNG beziehungsweise von LTG. Die
entsprechenden Kommpressibilitdten der Hochdruckphasen sind 0.011GPa’ fir LNG und



0.008GPa* fir LTG. Somit zeigen die Hochdruckphasen unterschiedliche Kompressibilitét,
die durch eine Nb®" - Ta>* Substitution gut erklért werden kann. Die Kompressibilitat der
Hochdruckphase von LNG ist groRer ads der entsprechende Wert fir das
Hochdruckpolymorph von LTG. Dieses Phanomen kann durch die groféere Verzerrung von
NbOg- Polyedern im Vergleich zu TaOs- Polyedern gut erklart werden, welche durch die
héhere Polarisation der Sauerstoffanordnung bei Nb**-K ationen verursacht wird.

AulBerdem sind die Kompressibilitéten der Hochdruckphasen grofl3er als die entsprechenden
Werte fir die Ausgangsphasen von LNG und LTG. Die Beobachtung einer Zunahme der
Kompressibilitat weis auf zusétzliche Polyederverkippungen hin. In den meisten Fallen ergibt
sich die zusétzliche Freiheit aus dem Symmetriebruch. Das erklért eine (auf den ersten Blick
ziemlich unerwartete) erhthte Kompressibilitdt der Hochdruckphase. Zusétzlich kann sich
durch ein anomales Eladtizitdtsverhalten eine Steigerung der Kompressibilitét der
Hochdruckphase ergeben.

Bel einer Zunahme des Druckes Uber 22GPa hinaus wird die Komprimierung der monoklinen
Kristallstruktur von LGN vermutlich zu einer drastischen Strukturdnderung fuhren, die von
Anderungen der Korrdinationszahlen begleitet ist. Wahrscheinlich werden dhnliche Prozesse
auch im LTG statt finden, jedoch unter hdherem Druck.

Im folgenden Teil dieser Arbeit wird die thermische Expansion der Gitterparameter von LNG,
LTG und LasShZnsGeOy4 (LSZG) dargestellt. Die Hochtemperaturmessungen wurden mit
dem Pulverdiffraktometer im HASY LAB an der beamline B2 durchgefihrt.

Die Temperaturabhangigkeit der Gitterparameter von LNG und von LTG wurde an
polykristallinem Material bei Temperaturen von Raumtemperatur bis 850°C durchgefihrt.
Die thermischen Expansionen der Gitterparameter von LNG und LTG sind in diesem
Temperaturbereich  fast identisch. Die thermischen Expansionskoeffizienten des
Gittervolumens ay (24°C- 850°C) von LNG und LTG betragen 22.563(7)x10%C*
beziehungsweise 20.651(7)x10°°C™. Deutliche Veranderungen der Temperaturabhéngigkeit
der Gitterparameter werden fur die a- Richtung beobachtet. Folglich ist das Verhalten dieser
Materialien bei thermischer Expansion ebenso wie bel Komprimierung anisotrop. Fir einen
Vergleich des Einflusses von Druck und Temperatur auf die Gitterparameter von LNG
beziehungsweise LTG wurden die Druck und Temperatur- Abhéngigkeiten des c/a
Verhdtnisses gemeinsam aufgetragen. Es zeigt sich, dass eine lineare Abhéngigkeit besteht.
Daraus |&% sich ableiten, dass die Anderung der Gitterparameter von LNG (LTG) wéhrend
der Abkiihlung von 850°C auf Raumtemperatur einer Anderung der Gitterparameter von LNG
(LTG) unter Zunahme des Drucks um 1.4GPa entspricht.



Die Substanz LSZG, welche in dieser Arbeit untersucht wurde, ist ein weiters Mitglied der
Langasitfamilie. LSZG kristallisiert in der monoklinen Symmetrie, Raumgruppe A2.

Die Temperaturabhangigkeit der Gitterparameter der monoklinen Phase von LSZG wurden
mittels der RoOntgenbeugung an polykristallinem LSZG bel Temperaturen von
Raumtemperatur bis 800°C untersucht. Bei Temperaturen oberhalb 250(50)°C wurde ein
Phasenibergang erster Ordnung festgestellt, welcher sich in Springen der
Temperaturabhangigkeiten der Gitterparameter des LSZG aul3ert.

Die monokline Struktur der bei Raumtemperatur und Normaldruck stabilen Phase des LSZG
entspricht der der Hochdruckphase von LNG beziehungsweise LTG. Es ist bekannt, dal die
Anderungen der Kristallstrukturen bei steigenden Drucken und Temperaturen gegenlaufig
sind. Aus diesem Grund wird vermutet daf3 sich die monokline Kristallstruktur des LSZG bei
Temperaturen oberhalb von 250(50)°C in eine trigonale Kristallstruktur (Raumgruppe P321)
umwandelt, welche der Normaldruckphase von LNG beziehungsweise LTG entspricht. FUr
eine detalliertere Beschreibung des Phasenibergang von LSZG bel  einer
Temperaturerh6hung tber 250(50)°C hi naus werden weitere Experimente bendtigt.

Zum Vergleich von strukturellen und physikalischen Eigenschaften seien auch die
physikalischen Eigenschaften von LNG und LTG zusammenfassend dargestellt:

1. LNG- und LTG- Kristalle der enantiomorphen Kristallklasse 32 konnen im Gegensatz zu
GaPO, mittels Zichtung nach der Czochralski- Methode mit ausreichend hoher
struktureller Perfektion hergestellt werden.

2. DTA- Messungen von LNG und LTG zeigen keine Anderungen des thermischen
Verhaltens bis zu Temperaturen von 1400°C [5]. Da LNG und LTG vermutlich keine
Phasentibergénge bis zu ihren jeweiligen Schmelzpunkten bei ungeféhr 1470(30)°C
haben, sind sie fUr piezomechanische Anwendungen bel hohen Temperaturen gut geignet.

3. DieHartevon LNG beziehungsweise LTG ist vergleichbar mit der von Quarz.

4. LNG und LTG sind chemisch inert und unléslich in Sduren beziehungsweise Laugen.



5. Die Breite des Bandpassfilters von LNG oder LTG ist ungefahr dreimal grof3er als die von
Quarz. Folglich sind LNG und LTG fir Filter besser geeignet als Quarz.

Im Lichte der Ergebnisse aus dieser Forschungsarbeit kénnen folgende Empfehlungen

gemacht werden:

1. Bezuglich der hoher Qualitét dieser Materialien (die Halbwertsbreite der Reflexionen
betragt 0.0008°) und wegen des grof3en Streuvermogens, kann empfohlen werden, diese
Kristalle als Test- Kristalle fur die Justage an Einkristall- Diffraktometer und fur
Experimente mit harter Rontgenstrahlung zu benutzen.

2. Ebenso wie a-Quarz- Einkristale [ 58 ], konnen diese Kristalle als interner
Druckstandard in Einkristallhochdruckexperimenten benutzt werden, weil diese Kristalle
eine grofRe Anzahl von starken unabhangigen Reflexen besitzen. Andererseits kann die
niedrigere Kompressibilitdt von LNG beziehungsweise LTG, im Vergleich zu a- Quarz,
zu einer niedrigeren Druckmessungsprazision fuhren. Dieser Nachtell wird wiederum
durch grof3e Streuvermégen kompensiert.

3. LNG oder LTG konnen as Materialien fur Drucksensoren bis zu sehr hohen Drucken

verwendet werden. Wegen des Phaseniibergangs von LNG und LTG ist der Einsatz
lediglich auf 12(1)GPa begrenzt.

4. Die Temperaturabhangigkeit der Gitterparameter dieser Materialien zeigt keine Anomalie
innerhalb des untersuchten Temperaturbereiches (24°C - 850°C). Somit wurde die
thermische Stabilitdt von LNG und LTG bestétigt. Auf diese Weise konnen LNG und
LTG im Austausch fir Quarz als Substratmateridien fir Temperatursensoren sehr

empfohlen werden.
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1. INTRODUCTION

1.1. Background

The evolution of electronic technology towards higher frequencies and larger baud rates leads
to an interest in finding new piezoelectric materials, which enable filters with large pass band
widths and oscillators with larger shifts or larger frequency stability. To achieve the above-
mentioned technical features, necessity has arisen to discover new piezoelectric crystals
having superior properties to quartz, lithium tantalate or niobate (LiTaO; or LiNbOy), etc. The
crystals from the langasite family are current candidates for satisfying those requirements due
to their unique acoustic characteristics [3].

As single- crystalline material, the langasite family, first of al langasite (LazGasSiOy4, LGS)
langanite (LasNbgsGas 5014, LNG) and langatite (LazTagsGass014, LTG) are of great interest
because of the combination of a number of useful properties such as high piezoelectric
coupling coefficients, temperature compensation and low acoustic loss. There are many
publications providing information about crystal growth, crystal structure at normal condition,
elastic and acoustic properties of compounds from this family [2-12]. Up to the present,
especially LNG and LTG are taking a leading position in current research interest since they
possess the best technical characteristics of al compounds in the langasite family.

Another very important property is that the compounds constituting the langasite family melt
congruently so that large single crystals can be produced by the corventional Czochralski
melt pulling technique. At present time, the production of high quality single crystals of these
compounds is very reproducible. Otherwise, the crystals can form a number of defects such as
twinning and domain structure. It requires goecia effort to optimize the growth condition in
order to achieve the high quality single crystal growth. At present time, there is till a lot of
problems to supply the material in production quantity with consistent crystal quality for mass
production [4].

The possible use of langasite- type materials as temperature or pressure sensors, places a
crucial importance on the investigations of the behaviour of these compounds under extreme
conditions (such as pressure and temperature). Therefore this thesis contains two parts.

The first part of this thesis describes the high pressure structures of LNG and LTG crystals
utilising diamond anvil cells. The investigations of the compression mechanisms of LNG and

LTG at pressures up to 25GPa were undertaken in order to characterise the structural stability



of these compounds under pressure. Structure determinations of piezoelectric compounds
should provide data to understand the influence of atomic arrangements on the piezoelectric
effect. In contrast to investigations of compounds with different chemical compositions,
varying pressure enables us to accomplish continuous structural changes within one
experimental run.

The second part of this study was undertaken to analyse the changes of the lattice parameters
of LNG and LTG under thermal expansion in order to confirm the structural stability under
elevated temperature [11]. Furthermore in this part of study was investigated the changes of
|attice parameters of another member of langasite family, LasSbhZn;Ge,Oy4 (LSZG).

1.2. The crystal structure of inorganic compounds in terms of polyhedral

approach

The crystal structure of inorganic compounds can be described in terms of cations (positively
charged ions), which are surrounded by anions (negatively charged ions, most commonly
oxygen). The cluster formed by a cation and its surrounding anions is usually quite regular in
shape, with anions (most commonly oxygen) corresponding to the corners of atetrahedron, an
octahedron, a cube or some other simple polyhedral forms [24]. The representation of ionic
clusters as cation-centered polyhedra simplifies the description of the complex crystal
structures. Arrangements of many different atoms, which are difficult to depict if every atom
is shown, are reduced to simple geometric forms. Common binary compounds, such as the
oxides of asingle metal, can be represented by a packing of one type of polyhedron. Silicates
and multiple-metal oxides can be similarly treated, athough they often call for two or more
types of polyhedron.

Cation- centred polyhedra are more than just visua aids. Each type of polyhedron has its own
distinctive set of properties, which can be helpful in predicting the behaviour of acrystal. This
also depends on how the polyhedra are linked. In general, two polyhedra can be joined by a
shared corner (one common anion), a shared edge ( two common anions) or a shared face
(three or more common anions). Furthermore, two polyhedra can be joined by weak atomic
forces (no anions are shared). In the following, the example of crystal structure will be
described by polyhedra approach of multiplee-metal oxides LasNbysGassO,4 and
LazTap5Gas 5014.



LNG and LTG crystalise in the CasGa,Ge,O,4 trigonal structure-type(space group P321).
This structure type was discovered in late 70's by Professor B. B. Mill and his associates [1].
There are 4 cation sites in this structure. The largest cation La®" at position 3e is coordinated
by 8 oxygen anions. Ga(1)*" and Nb** for LNG or Ta>* for LTG share the octahedral site 1a.
Another two cations Ga(2)*" and Ga(3)*" are positioned at tetrahedral sites 2d and 3f,
respectively. The oxygen atoms O(1), O(2) and O(3) at positions 2d, 6g and 6g are
coordinated by 4,4 and 3 cations, respectively.

Fig.1.1: Crystal structure of LNG aong b-axis, GaO, and Ga/NbOg polyhedra are

shown.

Figure 1 displays a projection of the crystal structure of the LNG or LTG, which can be
described as a mixed framework consisting of polyhedron layers. In other words, the structure
of LNG or LTG consists of tetrahedral (GaO,) chains arranged in layers perpendicular to the c
axis, the layers being connected by octahedra (Ga/lNbOg or Ga/TaOs) and decahedra (LaOy).
Accordingly, tetrahedra are joined with decahedra and octahedra by shared edges or shared
corners. Thus, the smallest of the two kind of tetrahedra at the 2d position is sharing half of its
edges with decahedra. The other tetrahedra (position 3f), surrounding the octahedra according
to the triple axis law (Fig. 2), are joined with the octahedra and decahedra by shared corners.
Within tetrahedron layers the tetrahedra are joined by shared corners. Most probably, the
compressions of the tetrahedron layers (the layers of the smallest and strained polyhedra) will
lead to possible phase transitions. Thus most likely, the 2d-tetrahdera are the structural
element triggering a phase transition, whose central atoms are surrounded by one oxygen O(1)



(at 2d position) and by three oxygen O(2) according to the threefold axis, that will limit the
flexibility of 2d-tetrahdera under extreme conditions. Finally, the octahedra are sharing three
of their edges with decahedra. The largest polyhedra LaOg are sharing ailmost half of their
edges with other polyhedra: one with octahedra, two with 2d-tetrahdera and four with
neighbouring decahedra.

Fig.1.2:  Crysta structure of LNG aong c-axis; (GaO,) and (Ga/NbOg) polyhedra are

shown.

Thus both compounds, LNG and LTG are isostructural. The only difference between both
substances is the substitution of Nb>* against Ta®" ions. This gives rise to a slight deviation in
cell and structural parameters. According to the literature [14-21], due to the Nb>* Ta*
substitution many compounds under extreme conditions (high- low temperature or high
pressure) show comparative but characteristic behaviour, despite similar material properties.
The differencein crystal chemical behaviour between niobium and tantalum lies in the greater
polarisation of Nb>* ions by neighbouring oxygen anions. This causes larger distortions of
NbOg octahedra as compared to TaOg[14]. Actually, the polarisation of the oxygen
environment around the atoms Nb or Ta was observed for several compounds. However, the
high-temperature phases were always observed without any polarisation of the oxygen
arrangements of these cations. In the case of LNG and LTG, the positions of the central
cations of the octahedrons are shared by Nb>* or Ta>* with Ga®" in aratio 1:1. Furthermore, at
normal conditions a characteristic polarisation of the oxygen arrangement was not observed
neither for LNG [22] nor LTG [23]. A possible conclusion is that the tendency towards a

4



greater polarisation of the oxygen arrangements of Nb°* as compared to Ta** will appear at
certain pressures. This can lead to a phase transition with reduction of the symmetry and (or)
to differences between the compressibilities of LNG and LTG.

1.3. Crystals at extreme conditions

A profound understanding of the crystalline state at extreme conditions of temperature and
pressure is an integral part of solid state physics. The development of theoretical and
experimental techniques is driven by the need to measure the equation of state of inorganic
compounds, and to understand the mechanisms of isobaric changes under temperature or
isotherma changes under pressure in crystals. However, studies of phenomena at high
pressure, which are often technically demanding, usualy follow detailed high-temperature
investigations [40]. In contrast, this study is mainly focused on the high pressure behaviour of
the structures of LNG and LTG. Complementary high-temperature investigations of these
compounds were undertaken in order to characterise the temperature dependencies of the
lattice parameters. Therefore a limited literature research has been focussed on high pressure

investigations of analogous structures.

The first point in question was the change in the atomic structure of a crystal when external
pressure isincreased.

1.3.1. Crystalsat high pressure

In the broadest sense the answer to this is obvious: the individual
atoms move closer together, reducing the crysta’s volume [24-
26]. Studies of atomic arrangements of crystals are replaced by
more detailed investigations of chemical bonding and electron
distribution in order to describe the compression mechanisms.

Three kinds of changes and (or) their combination in the

structural geometry of most crystals under compression can be

distinguished: bond shortening, which is observed for polyhedra



with predominantly ionic types of bonding, tilting and distortion of polyhedra with covalent
(atomic) kinds of bonding. Intermolecular compression is the principal response to increased
pressure in condensed molecular substances. The compression mechanism is often complex
and depends on how the polyhedra are linked.

Variations of polyhedral distribution in the structural geometry lead to differing behaviour in
crystals under pressure. In the context of our study, the greater interest was placed in the
investigations of compounds with GaO,, or NbOg, or TaOg, or LaOg polyhedra at high
pressure. In such a way, the behaviour of GaPO, under pressure, whose structure consists of
tetrahedral (GaO, and PO,) chains, will be described in the following.

1.3.1.1. Compression mechanism of compounds with GaO, tetrahedra

Single-crystalline GaPO,, gallium phosphate, is a piezoelectric material
which is very similar to quartz in its crystal structure but has a much
higher thermal stability, a higher piezoelectric effect, larger
electromechanical coupling constants etc. It is a promising material for

sensor applications in the temperature range up to 900 degrees C. The first
products are already on the market: uncooled pressure sensors for combustion engines, with
sensitivity and stability surpassing those attainable with quartz [31].

The crystal structure of the low- quartz modification of GaPO;, is trigonal in symmetry (space
group P3;21) and can be described as a holotetrahedral framework. Thus the tetrahedral
chains consist of the two kinds of tetrahedra (GaO, and PQO,), sharing each corner with a
neighbouring tetrahedron.

Like other quartz-type structures, GaPO, exhibits anisotropic behaviour under pressure [28].
The lattice parameter a is more compressible than ¢. The compression mechanism can be
explained due to cooperative tilting and distortion of tetrahedra, because the tilting of GaO,
and PO, requires much less energy than the shortening of covalent bonds (Ga-O or RO).
Accordingly, the compression in a-axis direction is dominated by corner sharing tetrahedra,
which allows high flexibility (tilting of polyhedra). The c-axis compression is restricted due to
the rather inflexible interconnectivities along the chains. At pressure around 9GPa GaPO,
undergoes a phase transition, due to the stronger distortion of the GaO, tetrahedra. From
powder diffraction diffraction studies it can be concluded that GaPO, becomes amorphous at
about 9(2)GPa [28,32]. Contrary to this results, the investigations of GaPO, using Raman

6



spectroscopy clearly indicate that the high-pressure phase is crystalline and not amorphous
[30]. A transformation of the quartz-type GaPO, to a monoclinic high-pressure phase was
observed in a molecular dynamic simulation at 7GPa (experimental value is 9GPa). The same
phenomenon was observed for the isostructural compound GaAsO, [37]. Thus at pressures
about 12GPa GaAsO, is predicted to undergo a phase transition with changes in the

coordination number, most likely for the Ga** cations.

1.3.1.2. Decrease of the volume of LaOg decahedra under pressure

As a typical example, the crystal structure of LaNbO, (monoclinic
distorted scheelite structure) can be used, which consists of LaG; and
NbO, polyhedra [33]. The high-pressure behaviour of LaNbO, is very

anisotropic due to differing bond strengths in different axis directions.

The monoclinic distortion increases with increasing pressure. The eight-
coordinated La polyhedron undergoes significant compression under pressure, whereas the
NbO, tetrahedron is comparatively incompressible. Thus the volume of LaOg decreases under
pressure due to the lower bond strength of La-O (predominantly ionic character bonds),
whereas the distortion of the neighbouring NbO, increases due to stronger Nb-O bonds
(predominantly covalent character).

It may be concluded that large LaOg decahedra almost aways decrease in volume with
increase of pressure to alarger extend as compared to smaller polyhedra, due to shortening of

La-O bonds with predominately ionic character.

1.3.1.3 Compression of NbOg and TaOg octahedra

Ferroelastic compounds of ABOstype containing Nb°>* and Ta>*
ions may serve as an example of crystal structures with linked NbOg
and TaG; octahedra [15, 19, 20]. According to the literature, bond

types within these polyhedra can not be purely ionic and exhibit a

large covalent part. Nb ions should be more polarizable than the Ta

ions, which leads to the ferroelastic instability under temperature in compounds containing Nb



ions [36]. On the other hand, the compressions of NbOg; and TaOg octahedra under high
pressure are amost the same [14, 34]. Thus the compressions of these octahedra can not be
described only in terms of polyhedral distortions, also changes in cation-anion distances
(bonding shortening) must be taken into account. For example, in case of LiINbO; and LiTaO3
crystals under anisotropic pressure, the deformation of the octahedral framework
(neighbouring octahedra rotate in opposite directions) was observed as well as decreasing
bond lengths and distortion of the octahedra. At pressures around 14(2)GPa both compounds
undergo a phase transition [15].

It can be concluded from the above appointed investigations that the different bonding
strengths within and between anion-cation polyhedra cause a varying crystal structure
behaviour under pressure.

The second point of interest lies in the question of how the atomic structures of crystals
change under thermal expansion in terms of the variation of cation-anion bond distances
within polyhedra

1.3.2. Crystals at high temperature

Information on the variation of the structural dimensions with temperature or pressure is
deduced from two distinct types of studieg68]. Complete three-dimensional structure
refinements are the most obvious sources of data, but it is also possible to derive this
information from unit-cell dimensions alone in many constrained or simple structures. The
structures of NaCl, CsCl, etc. are all fixed in that there are no variable positional parameters.
Thermal expansion data on materials that crystallize in these structures thus provide
information on bond thermal expansion as well. Other simple structures, including those of
rutile (TiO,), corundum (Al,Os), etc., also have bulk expansions that are similar to expansions
of cation-anion bonds.

Hazen & Finger (1982) calculated from several dozen studies of structures at high

temperature linear expansion coefficients, a,, for individual cation-anion bond distances, d,

and the mean linear expansion coefficient, a_1 °a for the average bond length, d, of all

poly

cation-anion bonds within a given polyhedron:



a, =—&X0 (1.1)

(1.2)

The thermal expansion coefficient for each type of polyhedron is assumed to be independent
of the structural linkages of the polyhedron, presuming the site composition and topology of
the structure do not change with temperature. Thus, for each type of cation-oxygen
polyhedron there exists a value for an expansion coefficient that may be used to predict the
behaviour at high temperature [83]. A second generaization is that all oxygenbased
polyhedra with the same bond strength (cation charge divided by coordination number) have

the same a_l . Therefore, if the bond strength is zero between two atoms, as in an inert gas,
then thermal expansion is infinite. If bond strength is very large, then thermal expansion
approaches zero. Thus the polyhedral volume thermal expansion is inversely proportiona to

bond strength of the cation —anion bonds within the polyhedra.

1.3.3. Features of polyhedral thermal expansion and compressibility

In general, the changes in the crystal structure under thermal expansion or compression, do
not result only in changes of cationranion distances[68]. The changes in angles between
polyhedra must also be considered.

As pointed out above, two cation polyhedra may be linked by a shared face, a shared edge, a
shared corner or Van der Waal’ s forces. The type and distribution of these polyhedral linkages
are the most important factors in determining the influence of thermal expansion or
compression on a given crystal structure [84].

The most rigid polyhedral linkage is one in which polyhedra share faces or edges in three
dimensions. In this case, any change in the crystal structure must be accompanied by a change
in metal-oxygen distance because of rigid polyhedral linkages. Therma expansion or
compression of these compounds is consequently small because it is similar in magnitude to

the thermal expansion or compression of metal-oxygen polyhedra.



In contrast to these structures, some materials such as a-quartz consist of corner-linked
polyhedra. In these structures volume changes may be effected by changes in angles between
tetrahedra, without altering cation-anion bond distances. Thus the crystal structure of silica
have relatively large thermal expansion and compressibility, even though individua
tetrahedra may undergo no volume change with temperature or pressure. The tilting of
polyhedrain expansion or compression of corner-linked materials may be treated as primarily
metal-oxygen-metal angle bending, as opposed to metal-oxygen bond expansion or
compression.

In addition, in most structures, including layer, chain, etc., all polyhedra share edges with
some adjacent polyhedra, link corners with other, and may have only weak Van der Waals
attraction to still others. In these materials expansion or compression is due to a combination
of polyhedral (metal-oxygen) bond distance variations and bond bending, and the net
expansion or compression is greater than that of component polyhedra.

It may be concluded, that the cation polyhedron, a basic building block of most crystal
structures, has physical properties, which are independent of structural linkage. These
polyhedral properties include volume, shape, etc. The consistency of these parameters for a
given polyhedron in different structures indicates the great influence of nearest-neighbour
interactions in determining the atomic-scale properties of ionic compounds. Therefore,
polyhedral volume changes with temperature or pressure may be predicted from the single
bonding parameters. cation-anion bond distance, cation coordination number, cation radius
etc. On the other hand, a knowledge of polyhedral expansion and compression does not lead
directly to an understanding of crystal structure changes under extreme conditions. Additional
information, such as how the polyhedra are linked and bond bending forces, is needed [44].

1.3.4. Strain and elasticity of crystalline materials at extreme conditions

In general, the compression or heating of the inorganic materials lead to structural changes,
which may result in a phase transition. Many criteria (kinetic, thermodynamic, structural etc.)
are used to classify phase transformations. However, the phase transition is a process
consisting of shifts of atoms relative to each other, occasionally coupled with changes of size
and direction of magnetic and electric moments and of electric charges of atoms. Almost any
changes in the structure of a crystal, due to atomic displacements, atomic ordering etc., is

usually accompanied by changes in lattice parameters. The different types of phase transitions
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found in inorganic compounds include displacive phase transitions, reconstructive phase
transitions, cation ordering transitions, and orientational order-disorder phase transitions [43].
As arule, the crystals turn to lower symmetry under pressure driven phase transitions with
excess of free-energy. The heating of these compounds increases the energy of the crystals,
and structures undergo phase transitions to higher symmetry, which is energetically more
favourable.

The crystal structure which undergoes phase transitions under pressure or temperature
displays lattice-parameter variations that are subjected to constraints of symmetry, order
parameter, etc. Lattice parameter variations can be described quantitatively as a combination
of linear and shear strains [38-40]. Conversion from a purely geometrical description, in terms
of lattice parameters, to a thermodynamic description, in terms of strain, leads through to the
elastic properties. Thus variations of the elastic constants accompany phase transitions in
many materials. And the elastic constant variations themselves also provide unique insights
into the mechanisms of phase transitions. It must be expected that the elastic properties of

crystals will display large variations if there is any possibility of a structural phase transition
when pressure or temperature is applied. The dependencies of the elastic properties of LGS
from temperature and from mechanical stresses are reviewed in order to predict the behaviour
of isostructural materials (LNG and LTG), which were investigated in this study.

Sil’vestrova et a. (1986) and Sorokin et al. (1994) have obtained temperature and pressure
dependencies of elastic properties of LGS. The elastic properties show no anomalies in the
temperature range 77-373K [41]. Thus temperature dependencies of the elastic constants of

LGS single crystal are monotonic and linear, this indicates the absence of phase transitions. It
can be expected that other members from the langasite family such as LNG and LTG are
thermally stable, and show no anomalies of elastic properties and no phase transition in the
investigated temperature range (77-373K).

In contrast, anomalous elasticity under conditions of homogenous mechanical stressesin LGS
single crystal was observed [42]. Thus, the application of pressure parallel to [100] and [010]

direction lowers the effective symmetry of the LGS crystal to monoclinic (symmetry class 2)
and triclinic symmetry, accordingly. In contrast, the application of pressure in [001] direction
does not change the original symmetry of the crystal and results in quantitative changes of

acoustic properties. Therefore an anomalous elasticity of LNG or LTG crystals under
hydrostatic pressure can be expected. Furthermore, an anisotopic behaviour of LGS, LNG,

LTG crystas under pressure can be predicted, due to anisotropic character of changes of

elastic constants of LGS under homogenous mechanical stresses.
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It can be concluded, that the behaviour of crystals under pressure or temperature can be
described by the results of geometrical and thermodynamic anaysis. Thus atomic
arrangement or lattice parameters data provides essentially only geometrical properties,
whereas the elastic properties can be related directly to thermodynamic quantities. In this way,
this study represents the results of geometrical properties of LNG and LTG under extreme

conditions (high pressure, high temperature).
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2. EXPERIMENTS

2.1. Single crystal or powder diffraction?

Two kinds of experimenta methods were applied in this study. The high-pressure
experiments were performed by single crystal X-ray diffraction. The high-temperature
experiments were performed by X-ray powder diffraction. The selection of the kind of
experimental method can be explained in terms of expected results.

Some advantages and disadvantages of single crystal and powder diffraction methods are

summarised in the following.

The advantages of the single crystal X-ray diffraction method:

1. The better peak to background ratio is advantageous in the single crysta method, as
compared to powder diffraction technique. Thus the scattering intensity of areflection is
focused in a small ensemble of points, while for the same reflection the intensity (for a
volume-same powder sample) is distributed on a diffraction ring (Debye ring).

2. The three-dimensional separation of individua reflections, which are symmetrically
equivalent, makes it possible to record more independent observations (according to
number of the reflections) using single crystal X-ray techniques. Therefore the intensity of
the individual reflections can be determined more precisely. This gives an opportunity to
refine or determine a large number of free parameters with high accuracy. On the other
side, the structural refinement of powder-diffraction data can also give information about
atomic positions under pressure or temperature. But this is possible with high accuracy
only for a limited number of free parameters. Problematic are also uncontrolled and
changing texture effects which are produced during pressure loading. Therefore the single
crystal method is the more suitable for detailed investigations of complex structures.

3. The reflections from pressure standard, diamonds, etc. can be easily excluded from the
collection of the reflections intensity data using single crystal X-ray diffraction method,
whereas during X-ray powder diffraction experiment all possible reflections are

registered, in most cases this leads to an overlap of diffraction lines of different phases.
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The disadvantages of the single crystal X-ray diffraction method:

1. The experimental time for one data collection of reflection intensity by single crystal
method is several times longer as compared to the duration of one X-ray powder
diffraction experiment.

2. The high pressure crystal method is technically problematic as compared to powder
experiment, because a large opening angle of the cell is necessary, but at the same time
the stability of individual comporents is decreased under compression. Thus the stability
and functionality of the cell may be affected. In this regard the X-ray powder diffraction
experiment is advantageous. Thus, for example, the cell used in energy dispersive powder
diffraction experiments does not require a large opening angle, therefore stable cell
constructions are possible.

3. In the case of twinning domains due to phase transitions to lower symmetry, the crystal
structure refinement using single crystal data can cause difficulties, whereas Rietveld
refinements (provided excellent resolution) cause no troubles.

4. Inthe case of low symmetry, a given orientation of the single crystal in the diamond anvil
cell does not allow a measurement of all symmetrically equivalent points of the reciprocal
lattice (limited by the high pressure cell). Thus only one part of information is measured,
depending on the orientation of crystal. In contrast, the powder diffraction measurements
usually are limited only by the maximum diffraction angle. On the other hand, for the
single-crystal experiment two or more single crystals can be used with different
orientations, this can allow a measurement of al symmetrically equivalent reflection
points of the investigated material.

Generdly, it may be suggested, that X-ray powder diffraction method is the more preferable

method for determination of the crystal structure changes under extreme conditions. On the

other hand, the single crystal X-ray method gives an opportunity to refine or determine alarge
number of free parameters with high accuracy under extreme conditions. Therefore, for
determination of the temperature dependencies of the unit cell parameters of LNG, LTG and

LSZG the X-ray powder diffraction method was selected. For the detailed investigation of the

complex crystal structures of LNG and LTG under pressure the single crystal X-ray

diffraction method was selected.
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2.2. High pressure single crystal experiments

The single crystals of LNG and LTG from a Czochralski-pulled boule were produced and
kindly provided by research group of B. V. Mill (Moscow State University, Russia).

2.2.1. Preparation and loading of the diamond anvil cell

Figure 2.1 shows a schematic drawing of the diamond anvil cell (DAC) used in this
experiments. The DAC consists essentially of a steel construction consisting of two halves,
each containing a beryllium plate with conical hole in the centre. This allows visual inspection
of the single crystal through the diamonds. The diamonds are pressed to beryllium plates by
springs. Between the two diamonds, a metal gasket, with round hole in the centre, encloses
sample and pressure standard. This pressure chamber isfilled by a suitable pressure medium.

D
, 7 "
a— &4
F——1
) 7]
E C
Fig. 2.1: The principle of a diamond anvil cell: A-steel matrix; B-beryllium plates, C-

gasket; D-diamonds; E-pressure chamber for sample; F-support for beryllium
plates.

In this study modified Merrill-Basset DACs [47]with opening angle 45°, specially designed to
reach pressures above 20GPa [48, 49] utilising single crystals were used. Because diamonds
are transparent to X rays, the crystals can be exposed to a narrow beam of X-rays, and the
diffracted components of the beam can be measured by standard X ray detection equipment.
All experiments under pressure were performed on a four-circle diffractometer (CAD4)
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utilising monochromatized MoKa radiation (home laboratory) or at HASYLAB (beamline
D3) using synchrotron radiation (0.55<| <0.65A).

The preparation of the DAC consists of two procedures:

1) adjustment of diamonds;

2) preparation of the gasket.

At first, the cell is closed without the gasket until the diamonds faces contact. Testing is
simple to carry out visually by use an optic microscope. When the faces of diamonds are
nearly in contact, the interference rings appear. One of the diamonds must be shifted relative
to the other until full overlap the facets of their surfacesis reached. The next step is the tilting
of the diamonds until their faces are positioned parallel to each other. The result can also be
controlled by the distribution of interference rings. The faces of diamonds have a parallel
position, when one of the rings covers the whole surface of diamonds.

The next step is the preparation of the gasket. As gasket material, spring steel (200nm) or
wolfram alloy (250mm) were used. In order to prevent leakage of pressure fluid under
compression, the gasket is pressed by diamond after the centring before a hole was drilled for
the sample [50]. The thickness of the gasket between the faces of the diamonds is decreased
down to about 60mm. After the pre-indentation, a perfect round hole was made in the centre of
the indentation by utilising a spark-eroding machine [49]. The hole must be placed in the
centre or close to the centre of indentation, because the hole even after deformation should not
contact with border of diamond surfaces, which will lead to |eakage of pressure medium.
Before the gasket is mounted on the diamond, a crystal of LNG or LTG and pressure standard
were put in the centre of the diamond face. Then the gasket was mounted. When this
procedure is finished, the high pressure cell is prepared for loading the pressure medium and
closing (Fig. 2.2).

Fig. 2.2 Schematic diagrams showing the closed diamond anvil cell.
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The size of the crystalsis limited by the volume of the pressure chamber, which is formed by
the faces of diamonds and the wall of the hole of the gasket [50]. In general, the hole must be
at least three times sample crystal diameter in order to prevent shielding of X-rays at high
inclination angles. The ratio of hole diameter to diamond face diameter depends on the
stability of the gasket material used under compression. The size of the faces of the diamonds
is selected according to pressure level. Therefore about 10 carefully selected crystals of LNG
or LTG with different orientations and sizes of approximately 80x80x50mm® were used in
experiments at pressure range from atmospheric up to 10GPa Accordingly, for the higher
pressures (above 20GPa) tiny crystals were used, one crystal of LTG and two crystals of LNG
with sizes about 20x30x30mm®. These experiments were performed in the pressure range from
3GPaup to 16(1)GPa (for LTG) and up to 23(1)GPa (for LNG).

As afinal preparation, the selected pressure medium was loaded into the gasket hole and the
two halves of the high pressure cell were put together and were pressed together by screws
until an expected pressure was achieved.

2.2.2. Pressurecalibration

The pressure calibration has been performed by using a—quartz as an internal pressure
standard [58] or by the ruby- fluorescence method.

For single crystal diffraction at high pressures in DACs, the common solution is the ruby
fluorescence technique presented by Forman et. al. [55] to determine the pressure. It utilises
the fact that the wavelength for the ruby (Al,O; with ~0.5wt% Cr3+) R; fluorescence
wavelength shifts almost linearly with pressure up to about 15GPa [56]. For higher pressures,
up to 80GPa, the dependence of wavelength shifts on pressure shows a more complex
character [57]:
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where A=19,04 Mbar;
B=7,665;
| oisthe wavelength of the R; at atmospheric pressure;

DI wavelength shift of the ruby fluorescence spectrum.
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The ruby fluorescence technique is ideal kecause of its speed and ease of application [93].
Furthermore the ruby crystal used for pressure measurements needs only to be a few microns
in size. Therefore it occupies only a very small proportion of the limited sample volume in a
diamond-anvil cell. However, athough the pressure induced wavelength shift can be readily
measured to a precison equivalent to approximately 0.03GPa. On the other hand, an
alternative calibration procedure of far greater potential precision is the use of interna X-ray
dandard single crystal. Thus the use of the oriented quartz single crystals improves the
precision of pressure measurements (precision equivalent to approximately 0.009GPa) [58].
That iswhy a—quartz crystals were used as an internal pressure standard, in experiments with
alcohol mixture as pressure transmitting medium, which allowed a volume of the pressure
chamber large enough for samples. Accordingly, the ruby- fluorescence method was applied
in investigations with helium pressure medium, because of the limited sample space in a
diamond-anvil cell.

The measurements of the pressure by the ruby- fluorescence method were performed using a
25mW Argon laser installed at |aboratory of beamline F3 (HASYLAB).

2.2.3. Pressuretransmitting media

The pressure generated in a DAC must be transmitted to a single crystal hydrostatically (that
is, uniformly in al directions) by immersing the crystal in a fluid, which is confined by the
metal gasket between the diamonds. It is possible to use many types of pressure media, such
as gases, liquids or even solids [51]. For single crystals, a fluid pressure-transmitting medium
is commonly used.

In this study experiments with four different pressure media were performed. The first one
was the most widely used compressing medium, an acohol mixture (methanol, ethanol and
water in volume ratios 16:3:1). Alcohol was used in experiments within a pressure range up to
10GPa. Above this, it transforms into a very hard glass which leads to pressure gradients of
3GPa over 100mm. Thus above 10GPa the use of acohol mixture as pressure transmitting
medium results in non-hydrostatic conditions. Therefore the pressure range for experiments

with alcohol mixture as pressure medium is limited to 10GPa.
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Experimentally, four potential ways of studying the degree of hydrostaticity of a pressure

medium are as follows [53]:

1) measuring the pressure at various points using ruby chips distributed within a pressure
chamber and relating, if possible, the pressure gradient to the non-hydrostatic stress
component;

2) knowing the effect of the non-hydrostatic component of stress on the full width at half
maximum (FWHM) of the ruby fluorescence profile and measuring FWHM;

3) measuring the lattice parameter of, say, a cubic crystal within the medium, as a function of
angle relative to the loading direction and relating this to the stress components,

4) knowing the effect of deviatoric stresses on the splitting between the ruby R, and R,
fluorescence lines and measuring this shift.

The resultant pressure gradient can be related to the non-hydrostatic component of the stress
[94]. Some pressure media, so far reported to be quasi-hydrostatic above the alcohol mixture
limit ( 10GPa) are solid rare gases (Xe, Ar, Ne, and He), solid nitrogen, and solid hydrogen
[53, 54, 95, 96]. Therefore for the following investigations under pressures above 10GPa
argon, xenon and helium were selected as possible pressure transmitting media.

According to experiments of Kim-Zajonz [49] argon, which was loaded cryogenically, was
successfully used for investigations of crystal structures of quartz and ruby under pressures up
to 19(1)GPa and up to 30(1)GPa, respectively. On account of this, the high pressure cell was
prepared in home laboratory with argon as pressure transmitting medium for the experiments
with LNG [49]. It was observed, that reflections did not show significant changes up to
9(1)GPa, a broadening began to be noticeable with further increase in pressure. For example,
the average value of the initial full width at half maximum (FWHM) for all reflections was
about 0.008°, reflecting the extremely high crystal quality of our specimens. At pressures
above 9GPa the FWHM increased fifty times, thus at a pressure of 9.5(5)GPa the FWHM of
(h k 1) reflections were about 0.4°. This effect can be well explained with nont hydrostaticity
of the pressure medium, since no broadening was detectable under such pressures in
experiments with alcohol pressure medium mixture. Thus argon can be applied as a
hydrostatic pressure medium only up to 9GPa, the following increase in pressure (above
9GPa) |eads to non+hydrostatic conditions [52].

For the following experiments xenon was selected as possible pressure medium. It was
observed [53] that the splitting (peak-to-peak) between the R, and R, fluorescence lines of

ruby within xenon pressure medium is almost constant up to 55GPa [53]. Furthermore the
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FWHM of diffraction peaks of ruby, in case of xenon pressure medium, did not increase up to
33GPa [97]. These results indicate that xenon can be used as hydrostatic pressure medium up
to 33GPa. In cooperation with R. Boehler at MPI of Chemistry (Mainz, Germany) we were
able to load the DAC cryogenically with xenon as pressure medium. Our experiments with
xenon as medium show, however, that already at pressures around 3(1)GPa, a broadening of
reflections is observed. Thus at pressure 3.5(2)GPa the FWHM of (h k |) reflections were
about 0.5°. It may be concluded that strains in the xenon matrix lead to non-hydrostatic
conditions at even lower pressures than with argon.

For the next experiments helium was applied, which is known as the best hydrostatic pressure
medium. Observations by single crystal X-ray diffraction suggest that the hydrostatic limit of
Helies at around 35GPa at room temperature [54, 70]. On the other hand, the hydrostaticity of
a helium-pressure medium has been evaluated with powder X-ray diffraction techniques up to
77GPa at room temperature. Unfortunately, it is also the most difficult gas to pressurize
because of its high compressibility, and it is the most difficult to contain since its leak rate is
the highest of all gases. The number of laboratories with respective gas-loading systems is
very limited.

Luckily, in cooperation with R. Boehler at MPI of Chemistry (Mainz, Germany) the high
pressure cells with single crystals of LNG or LTG and a pressure standard (ruby) were
prepared. Helium was loaded to the DACs at room temperature at a gas pressure of 0.3GPa
with the use of a gas-loading system [71]. The analysis of the profiles of reflections does not
show any changes at pressures above 10GPa. This indicates that helium is the best of the
tested pressure media. At pressures above 11(1)GPa helium crystallises. The noble gas atoms
are held together by weak quasi Van-der—Waals bonds, therefore hydrostatic conditions are
maintained at high pressures. Even though helium is known to provide perfect quasi-
hydrostatic conditions at these pressures (above 11GPa), to exclude possible systematic
errors, two differently orientated very small crystals of LGN were used in subsequent high
pressure runs. The angle between the zaxis of these crystals was 32°. The full width at half
maximum of the reflections of both crystals did not show significant changes up to 14(1)GPa.
Above this pressure an equal broadening of reflections of both crystals of LGN was observed,
which increased with further increase in pressure. This phenomenon was connected with
structural changes in the LGN and will be described in the following. Thus helium was
successfully applied as hydrostatic (or close to hydrostatic) pressure medium in pressure
range from 3(1) up to 23(1)GPa.
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2.2.4. Equation of state

The equation of state (EOS) of a system describes the relationships among the following
thermodynamic variables. pressure, energy, temperature, and density, including changes of
phase. Theoretical EOS studies are also concerned with the chemical bonding and atomic
ordering of each phase encountered in the pressure-temperature phase diagram. These
properties can be directly related to the forces between atoms by the methods of quantum and
statistical mechanics [59].

The application of pressure offers a means by which the lattice constant or density may be
varied, thus resulting in changes in properties, including transitions to new structures or
phases and modifications in electronic configurations.

The EOS used in this study describes simply the pressure-volume relationship at constant
temperature (commonly room temperature). Thus for our calculations we have used the semi -
empirical Birch-Murnaghan EOS [60]:

3_&¥,6° do U 3, Mo W
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Vo: volume at atmospheric pressure;
V: volume at pressure p;

Bo: isothermal bulk modulus;

B, : pressure derivative of the isothermal bulk modulus.

By fitting this equation to the experimental pressure (p) and unit cell volume (V) or unit cell

parameters (a, ©) data, two constants were determined: isothermal bulk modulus (By) and its
derivative (B,). These constants were used as a measure of the compressibility of the

structure. A low value of the bulk modulus, By, corresponds to higher compressibility of the

structure or axis, and a high value indicates a higher stiffness.
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2.2.5. Reflection intensity data

All measurements were carried out on an Enraf - Nonius automated four-circle diffractometer
(CAD4) using monochromatized MoKa radiation (I = 0.7107A) at our own laboratory or on
a Huber-diffractometer installed at beamline D3 at HASYLAB (0.55<| <0.65A). The
adjustments of high pressure cells were controlled by the profile of the primary X-ray beam,
which was measured in six different positions, two positions for each freedom of movement
of the pressure cell on diffractometer (X, y, z). The difference between intensities or centres of
gravity of two profiles, with regard to the diffractometer axes, indicated how the position of
the pressure cell must be changed. When the adjustment was completed, the orientation
matrix of the crystal in the high pressure cell was determined.

L attice parameters of a number of crystals of LGN and LGT were obtained by a least-squares
fitto g values (20°< |2q| < 36) of automatically centred 16-24 reflections.

Conditions for the data collection for LGN and LGT can be seen in Table 2.1 and 2.2,
respectively. The crystals with different orientations are appointed by letters A;, B,, etc. for
LNG and A2, B,, etc. for LTG single crystals.

With the help of a program of S. Werner (*Miss’) according to the orientation matrix and
required value of 20,a angles, all accessible reflections were calculated and sorted taking into
account necessary movements of diffractometer circles. Therefore measurement time could be
optimized. For measurements on the CAD4 program all accessible reflections were cal culated
for space group P321 utilising the “Miss’ program. Due to limited time for measurements at
HASYLAB, the suitable reflections were calculated for higher symmetry (space group
P3l), that required less time for one data collection. The maximum value of 2q angle was
usually set at 60°. For some experiments with helium as pressure transmitting medium under
pressures below 15GPa this value was 80°, for 60°<2q<80° only the strong reflections were
measured. The reflection list for data collection on LGT under pressure 16.7GPa was
calculated for 2g=40°, and all reflections were measured. Thus the different numbers of

reflections for measurements were calculated with regard to experimental conditions.
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Table2.1.

Details of data collection for LNG

p[GPa] |0.8 18 33 45 4.8 52 6.8 7.8

X-ray MoKa | synchrotr | synchrotr | Synchrot | synchrotr | MoKa | MoKa MoKa
r

pressure |acohol |acohol |[helium |Alcohol |helium |acohol |acohol |acohol

medium | mixture | mixture mixture mixture | mixture | mixture

CryStaJ Aq B, = B, E; C, Aq C

sing/l ma | 0.74 0.71 0.74 0.65 0.99 0.74 0.74 0.66

N measured | 1602 837 1667 528 1563 1602 1608 1553

N averaged: | 424 403 425 344 759 412 408 400

Table2.1. Details of data collection for LNG (continued)

p [GPa] |9.67 9.9 11.7 13.1 15.6 185 21.85 22.85

X-ray synchrotr | synchrotr | synchrotr | synchrotr | synchrotr | synchrotr | synchrotr | synchrotr

pressure |helium |helium |helium [helium [helium |helium |helium | helium

medium

CryStaI D, D, E; E; D, D, D, D,

sing/l ma | 1.04 0.80 0.81 0.81 1.02 0.90 0.90 0.88

N measured | 1406 1027 1146 1090 702 445 485 435

N averaged- | 656 456 508 473 419 305 283 218

Table2.2. Details of data collection for LTG

p[GPa] |0.7 2.3 3.3 34 51 6.1 6.64

X-ray |MoKa |synchrotr | MoKa |synchrotr |MoKa |MoKa |MoKa

pressure |acohol |acohol |acohol |helium |acohol |[acohol |acohol

medium | mixture | mixture |mixture mixture | mixture | mixture

CryStaJ Ao B, G, D, Ay As G

siNQ/| e | 0-66 0.74 0.74 0.69 0.74 0.74 0.74

N measured | 1967 790 1624 1784 1737 1685 1685

N averaged- | 367 412 433 759 438 424 427

Table2.2. Details of data collection for LTG (continued)

p[GPa] |7.7 8.15 95 11.57 13.2 14.4 16.7

X-ray synchrotr | MoKa synchrotr | synchrotr | synchrotr | synchrotr | synchrotr

pressure |helium |alcohol |helium [helium [helium | helium | helium

medium mixture

CryStaI D, A, D, D, D, D, D,

sing/l ma | 0.69 0.74 0.69 0.69 0.69 0.69 1.05

N measured | 1208 1208 1212 1210 1297 1131 1659

N averaged- | 449 449 426 434 483 450 841
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During data collection, w-scans were performed and the y -angles were optimised according
to the geometry of the DAC so that the beam path through the beryllium backing plates and
diamonds is minimised [61]. In each data collection, four symmetrically equivalent sets of
reflections were collected in order to eliminate diffractometer calibrations and to compensate
for crystal-offset effects.

2.2.6. Data reduction and structurerefinement

Data reduction was carried out with program REDA [62]. The absorption caused by the cell
components (diamonds and beryllium backing plates) was taken into account. During the data
reduction the measured blocks of reflections (from one standard reflections to next one) were

accepted with trend factor £15%. Symmetry equivalent reflections were averaged as follows:

=8 (w*1)/qw (2.3);
R, =& [10)- 1) &l (2.4);

where | istheintegral intensity of areflection.

Absorption corrections were accounted for by the program Jana98 [63]. Anomalous atomic
scattering factors and X-ray absorption coefficients were taken from references [64] and [65],
respectively.

Structure refinements were carried out with program SHELXL97 [66]. All refinements were
based on |F (structure factor). Details of data reduction and structure refinement of LGN and
LGT can be seen in Tables 2. 3 and 2.4. The weighted and nonweighted values of R1 and
WR2 as well as goodness of fit (GooF) were calculated in SHELXL97 with regard to
following equations:

wr2={8 [w(Fz- F2)2i & [wir2)? }'? 2s);

Ri=a |- [F]/alFd (26);

Goor =s={8 uFz - 2P Jin - P @)
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where F, and F. are the structural factors of measured and calculated integral intensity of
reflections, respectively. N is the number of reflections and P is the total number of
parameters refined.

For the high pressure phases of LNG and LTG all data were transformed from trigona to
monoclinic Laue-symmetry group with the program Jana98. The following refinements of the
structures of the high pressure phases of LNG and LTG were carried out with the program
SHEL XL97.

Table 2.3. Details of the data reduction and structure refinements of LNG

p [GPa] 0.8 0.8 18 33 45 4.8 5.2 6.8
o.0r. |(P321) |(A2) |(P321) |(P321) |(P321) |(P321) |(P321) |(P321)

N used 424 937 403 425 344 759 412 408

Rav.- 5.5 2.8 5.2 5.0 3.5 5.0 6.3 4.2
P 39 75 39 39 30 39 39 39
R1,% |39 4.1 3.3 3.0 3.3 4.4 3.9 31

Flack x |0.04(11) | 0.00(8) |0.02(4) |0.02(7) |0.06(5) |0.07(7) |0.19(11) | 0.01(7)

WR2, % | 11.02 12.57 7.30 8.90 8.90 13.15 12.86 8.00

GooF 11 12 0.9 1.0 1.0 1.0 1.0 1.0

Table 2.3. Details of the data reduction and structure refinements of LNG (continued)

p[GPa] 7.8 967 967 |99 117 117 [131  [131
.9, |(P321) [(P321) [(A2)  [(P321) |(P321) |(A2)  |(P321) |(A2)

N ysed 400 656 848 456 508 708 473 661

Rav.. 6.2 5.3 5.0 5.5 5.2 4.26 6.0 4.9
P 39 39 75 39 39 75 28 74
R1,% |45 3.9 4.3 4.1 3.8 4.0 4.5 5.0

Flack x |0.06(11) |0.01(7) |0.02(7) |0.09(9) |0.10(9) |0.03(8) |0.00(11) |0.07(10)

WR2, % | 10.81 8.86 12.20 11.22 11.57 10.80 13.08 12.97

GooF 1.0 0.9 1.0 1.0 1.0 1.0 11 11

TWIN, % | - - 44.23:23 | - - 34:32:34 | - 38:31:31
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Table 2.3. Details of the data reduction and structure refinements of LNG (continued)

p [GPa] |15.6 15.6 185 |185 21.85 |21.85 22.85 |22.85

sp.or. |(P321) |(A2) (P321) | (A2) (P321) | (A2 (P321) | (A2)

N used 419 481 305 393 283 341 218 295

Rav.- 7.1 6.2 6.1 5.4 7.3 7.2 9.2 7.1

P 38 74 28 75 28 67 28 67

R1,% |70 6.2 94 7.8 14.9 12.5 140 |123

Flack x |0.12(18) |0.11(14) | 0.1(3) |0.1(3) 0.0(6) [0.1(4 0.3(5) |0.4(5)

wWR2, % | 18.36 15.44 24.05 |19.62 35.60 |29.99 34.86 |30.00

GooF 14 12 1.7 15 2.34 2.1 2.6 2.4

TWIN, % |- 35:37.28 |- 49:37:14 |- 75.11:14 |- 35:40:25
Table2.4. Details of the data reduction and structure refinements of LTG

p[GPa] [0.7 0.7 2.3 3 3.3 51 6.1 6.64 7.7

. or. (P321) | (A2 (P321) |(P321) |(P321) |(P321) |(P321) |(P321) |(P321)

N used 367 795 412 759 433 438 424 427 449

Rav.- 7 3.7 6.8 4.4 5.6 6.0 55 55 4.6

P 39 75 39 39 39 39 39 28 39

R1,% (4.2 4.9 39 4.0 3.8 34 4.1 4.0 4.7

Flack x |0.10(5) | 0.30(7) |0.13(7) |0.16(7) | 0.01(6) | 0.00(4) | 0.03(6) | 0.08(5) |0.1(2)
wWR2, % |9.71 1192 |10.69 |1364 |10.88 |7.38 9.84 10.75 |13.90
GooF 0.9 1.2 1.0 11 1.0 0.7 0.9 1.0 1.2
Table2.4. Details of the data reduction and structure refinements of LTG (continued)

p[GPa] |8.15 |95 9.5 1157 |1157 |132 |132 (144 |144 |16.7 |16.7
Sp.or. (P321) | (P321) | (A2) (P321) | (A2) (P321) |(A2) (P321) | (A2) (P321) | (A2)
N used 449 |426 |577 |434 |667 |483 |757 |450 |700 |841 1265
Rav.. 4.6 6.6 407 |57 5.3 6.9 6.9 3.8 4.3 54 4.06
P 39 39 75 39 75 39 75 39 75 28 75
R1,% |55 4.7 4.8 4.9 4.9 4.6 4.7 4.9 4.6 8.9 7.3
Flack x 10.0(1) |0.1(2) [0.2(2) |0.2(2) [0.0(1) {0.1(2) {0.0(1) |0.2(1) [0.1(1) |0.3(2) |0.2(1)
wR2,% |12.67 [12.92 |13.31 |15.00 |12.30 |13.18 |12.66 |15.26 |13.18 |25.73 [21.23
GooF 11 13 1.2 1.3 12 1.2 11 13 11 1.7 15
TWIN,% - - 49:30:21 | - 22:31:47 | - 23:31:46 | - 26:37:37 | - 29:33:48
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The crystal structures of LNG and LTG were refined by the full-matrix method (using
SHEL XL97), which gives good convergence per cycle, and allows esd’'s (errors) to be
estimated. In order to obtain good esd's on al geometric parameters [66], the final cycle was
performed with no applied shifts (for reducing the number of parameters, the anisotropic
displacement parameters were held fixed).

Geometrical calculations were performed with the program “VOLCAL” of Hazen et al. [67].
This program calculates polyhedral volumes for all coordination groups, but polyhedral
distortion indices are generated only for tetrahedral and octahedral cases. The distortion
parameters characterise the deviations of polyhedra from regular geometrical forms. Two
kinds of polyhedral distortion indices were calculated, such as quadratic elongation (Q. E.)
and bond angle variance (B. V.), which are based on vaues of bond distances and bond

angles, respectively [68].
Quadratic elongation, (I ), is defined as:

(1y=alim)m| (2.8);

i=1

where | is the centre-to-vertex distance of a regular polyhedron of the same volume, n is the
coordination number of the central atom, and |; is the distance from the central atom to theith
coordinating atom. A regular polyhedron has a quadratic elongation of 1, whereas distorted
polyhedra have values greater than 1.

Bond angle variance, s?, is defined as:
s?=4 [a -0, (n- 1) 29)

where q is the idea bond angle for the regular polyhedron (e.g. 90° for an octahedron or
109.47° for atetrahedron), n is the coordination number, and g is the ith adjacent bond angle
from outer, to central atoms. Angle variance is zero for a regular polyhedron and positive for

adistorted polyhedron.
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2.3. High temper atur e experiments

The LNG and LTG samples used in this part of study were produced and kindly provided by
research group of J. Bohm ( Freiberg University of Mining and Technology, Germany). The
LGSZ samples was produced and kindly provided by research group of B. V. Mill (Moscow

State University, Russian).

2.3.1. X-ray powder diffraction experiments

The high temperature measurements were carried out on the powder diffractometer at the
beamline B2, HASYLAB [85]. A STOE-high-temperature-chamber for Debye- Scherrer
geometry was used [86, 87]. The diffraction patterns were recorded with an image plateina?
range of 7-38°. The wavelength of 1.1200(2)A and the step size of 0.01° were employed,
which were determined by current technical conditions at measuring place B2. For
determination of ? the reflection positions of Si powder standard was recorded at first and last
references for each temperature experiments. The obtained image patterns were read by image
plate scanner (Fig. 2.3) and by software image program “ Quart”.

We have used a temperature program with steps of 60° for investigation of the expansion of
the unit cell parameters of LNG and LTG. In case of LSZG this step was set at 100° in
temperature range from 24°C (room temperature) up to 400°C. Above these temperatures the
step was decreased to 50°C in order to detect a possible phase transition at temperatures

around 500°C [88].
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Fig. 2.3: The image plate recorded for mixture LNG, NaCl and diamond powder in ratio
1:1:3 at different temperatures. The first and last records correspond to Si
powder standard at room temperature.

The samples powder mixed with NaCl powder and diamond powder in ratio 1:1:3 was
contained in a 0.3mm diameter quartz capillary which was inserted into the heating element.
NaCl was used as internal temperature standard [90]. The diamond powder was applied in
order to minimise the absorption effects.

The cell parameters were refined by use of the PC-Rietveld package WYRIET3 [87, 89]. The
atom positions and isotropic temperature factors were set accordingly to refinements at room
temperatures for LNG [22], LTG [23] and LSZG [88], respectively. The agreement index
Reragg Shown in Tables 2.4, 2.5 and 2.6 is defined as
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o

la sl

RBragg = é. J‘Io,] - ch (210)1

where |, and | are the observed and calculated integrated intensities of reflections |,
respectively. Although the program minimizes the quantity é W, (Y, - Yg)? Where ?,=1/y,
and y,; and y,; designate the observed and calculated intensities of data points i, respectively.

Reragg 1S much more sensitive to subtle differences of the refined structural models. Thisis due

to the fact that the usual profile R-factor
(2.12);

RNp :[(é iWi (yoi " Y )Z/é. iWiyti )]1/2

also includes background data points outside the reflection profiles.

Table 2.5. Results of Rietveld refinements of LSZG X-ray data at different temperatures
T[] Reragg Rup a b C B

24 27.73 2.16 5.1272(9) |8.249(2) 14.259(4) |90.18(2)
100 25.90 2.26 5.1310(9) |8.257(2) 14.264(4) |90.16(2)
200 26.23 2.34 5.135(1) 8.262(3) 14.24784) |90.16(2)
300 29.80 257 5.1386(12) |8.248(3) 14.345(4) |90.08(5)
400 25.99 2.96 5.1431(12) |8.254(2) 14.345(4) | 90.06(6)
450 25.03 3.03 5.1456(12) |8.257(2) 14.354(4) |90.04(8)
500 25.27 3.02 5.1479(12) |8.263(2) 14.362(4) |90.08(5)
550 26.43 291 5.1514(11) |8.266(3) 14.372(4) |90.11(3)
600 25.73 2.83 5.1542(11) |8.270(2) 14.380(3) |90.11(3)
650 42.42 2.86 5.1564(13) |8.279(3) 14.379(5) |90.07(7)
700 26.38 2.92 5.1581(11) |8.280(2) 14.392(4) |90.12(3)
800 34.52 2.97 5.162(3) 8.296(6) 14.400(11) |90.11(8)

30



Table 2.6.

Results of Rietveld refinements of LNG X-ray data at different temperatures

T[] Reragg Rup a C
24 8.99 2.33 8.2274(5) |5.1261(4)
60 10.03 2.30 8.2291(5) |[5.1270(4)
120 10.60 240 8.2321(5) |5.1284(4)
180 11.20 2.27 8.2356(5) |[5.1298(3)
240 10.90 2.26 8.2392(5) |[5.1311(4)
300 10.45 2.30 8.2422(5) |5.1325(4)
360 9.98 2.38 8.2469(5) |5.1348(4)
420 11.18 2.53 8.2513(5) |[5.1365(4)
480 9.05 2.49 8.2543(5) |[5.1380(4)
540 10.23 2.59 8.2591(6) |[5.1402(5)
600 8.94 241 8.2634(5) |[5.1421(4)
660 7.24 221 8.2663(5) |[5.1434(6)
720 8.12 2.45 8.2705(6) |5.1452(5)
780 7.68 215 8.2760(5) |[5.1421(4)
850 12.29 2.28 8.2827(6) |5.1522(5)
Table 2.7. Results of Rietveld refinements of LTG X-ray data at different temperatures
T[] RBragg pr a C
24 12.73 2.40 8.2322(5) |5.1254(4)
60 10.98 2.28 8.2330(5) |[5.1258(4)
120 12.00 2.36 8.2372(5) |5.1268(4)
180 11.42 2.39 8.2395(5) |[5.1278(3)
240 12.25 2.57 8.2436(5) |[5.1295(4)
300 12.16 253 8.2473(5) |[5.1313(4)
360 13.23 2.57 8.2511(5) |[5.1336(4)
420 12.67 2.64 8.2543(5) |[5.1348(4)
480 12.77 2.45 8.2582(5) |5.1368(4)
540 11.54 2.68 8.2126(6) |5.1384(5)
600 12.22 2.95 8.2672(5) |5.1406(4)
660 11.94 2.87 8.2690(5) |[5.1420(6)
720 11.68 3.28 8.2758(6) |5.1449(5)
780 9.46 3.59 8.2799(5) |[5.1460(4)
850 12.21 2.48 8.2836(6) |5.1480(5)

The large values of Rgagq and Ry, are due to fixed atom positions and large absorption effects

in the whole temperature range.
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2.3.2 Thermal expansion coefficients

When heat is added to a material so that there is a change in temperature, Ty to Ty, thereis a
corresponding change in volume, V, to V,. To describe this change the mean coefficient of

volumetric thermal expansion of the meterial is defined by

o= VimVo (2.12).
Vo (Tl - To)

The coefficient of therma expansion is not measured directly but it is either calculated

directly from consecutive observations of expansion or by differentiating an equation that

represents the expansion. The mean thermal expansion coefficient [91]:

L, - L,
T-T,

1
a, =—* 2.13 ;
L LO ( )

is used throughout this study to characterize thermal expansions of selected parameters. The
term Lo and Ly are the values of cell parameters at room temperature (or some initial

temperature) and at some higher temperature T.
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3. RESULTS AND DISCUSSION

3.1. Compression mechanismsof LNG and LTG single crystals

In this part the influence of hydrostatic pressure on lattice parameters and crystal structures of
asingle crystals of LazNbgysGags 5014 and LazTag5Gas 5014 Will be reported.

The unit cell and structural parameters of LNG and LTG at normal conditions were reported
by Molchanov et al. (2001) and Takeda et al. (1997), respectively (see also APPENDIX A).

3.1.1 Axial compressibilities

Figure 3.1 and 3.2 depict the dependencies of the lattice parameters a and ¢ of LNG from
pressure. To maintain a simple description of these dependenciesit is necessary to divide each
of data sets into two parts. This leads to the assumption of the existence of a phase transition.
Thus the changes in the lattice parameters of LNG under pressure revead that a phase
transition occurs at pressure 12.4(3)GPa. It can be seen that in a- direction the high-pressure
phase of LGN is even more compressible than for the low-pressure polymorph. In contrast, a
decrease of compressibility of the lattice parameter ¢ after phase transition pressure is
observed. Furthermore at pressure about 12.4(3)GPa there is a small but significant
discontinuity in the c parameter evolution, that is characteristic for the first-order nature of the
phase transition. The c¢ cell edge change at the phase transition is rather small and has been
estimated to Dc=0.16%.

The lattice parameter dependencies from pressure of LTG single crystals are represented in
Figure 3.3 and 3.4. In this case the division of the data sets into two parts were needed, again.
This must be caused by phase transition of LTG at pressures around 11.7(3)GPa. As it can be
seen in Figure 3.1 or 3.3, the a parameter of LNG or LTG decreases continuously across the
phase transition pressure, this can demonstrate the second order character of transition. At the
same time, discontinuity in the ¢ parameter evolution of LNG or LTG may indicates a phase
transition of the first-order. The change of the ¢ unit parameter of LTG Dc=0.11% is
calculated at pressure about 11.7(3)GPa.
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Fig. 3.1: Unit —cell parameter a of LNG at pressures. The colour of the symbols

corresponds to the used pressure medium (black-alcohol mixture, grey- He).
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Fig. 3.2: Unit —cell parameter ¢ of LNG at pressures. The colour of the symbols
corresponds to the used pressure medium (black-alcohol mixture, grey-He).

34



a[A]

Fig. 3.3

c[A]

Fig. 3.4:

83
82 -
81
8,0
79 N
7.8

0 5 10 15 20

p[GPa]

Unit —cell parameter a of LTG at pressures. The colour of the symbols

corresponds to the used pressure medium (black-alcohol mixture, grey-He).

Unit —cell parameter ¢ of LTG at pressures. The colour of the symbols

corresponds to the used pressure medium (black-alcohol mixture, grey-He).
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In addition, the precision and number of measurements of the cell parametersof LNG or LTG
at pressures about 12GPa are not enough for conclusion about a nature of phase transition.
Therefore it can be suggested rather a first order nature of the phase transition of LNG or
LTG, in respect with the pronounced discontinuity in the ¢ parameter evolution of LNG or
L TG across the pressure of phase transition.

To smplify the analysis of the axial compressibilities of LNG and LTG the dependencies of
the relative lattice parameters (@/ap and c/c, ) from pressure are plotted in Fig.3.5. It can be
seen that the compressibilities along ¢ axis are amost the same for LNG and LTG in the
whole investigated pressure range. In contrast, the pressure dependencies of a axis of these
materials are similar for low-pressure form, whereas the compressibilities in a-axis direction
for the high-pressure polymorphs of LNG and LTG are significant different to each other.

1,00 4
dc, of LTG
0.99 a/a, of LTG
a/a, of LNG
c/c, of LNG
0,98
TAa
s 097
IS}
<
B 096
N
Q
0,95
%
0,94
&)
Q
0,93 —
0 5 10 15 20 25
p[GPa]
Fig. 3.5: The variations of a/ag and c/cy as functions of pressure for LGN and LGT
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The isothermal bulk moduli and their derivatives (B, and B,) were calculated by fits of Birch-

Murnaghan equations of state to the data for a and ¢ parameters of LNG and LTG under
pressure. Accordingly, axial compressibilities were obtained as b=1/B,. The results are listed
in Table 3.1.

Table 3.1. The compressibilities of the a and ¢ parameters of LGN and LGT

Compound Low- pressure phase High- pressure phase

b, [GPal] b [GPa’] b, [GPal] b [GPa’]
LNG 2.61x10° 1.87x10° 4.69x10 1.26x10°
LTG 2.71x10° 1.97x10° 1.89x10° 1.12x10°

Thus the values from Table 3.1 indicate that compressibilities of LNG and LTG in c-axis
direction are similar in whole pressure range, and decrease after pressures phase transitions.
The compressibilities of a axis of these compounds are comparable for low pressure phase,
whereas after pressure phase transition these values increases for LNG and decrease in case of
LTG.

These results for axial compressibilities can be well explained in terms of crystal structures of
LNG and LGT, which are similar in the pattern of their cation arrangement. As it can be seen
(Fig. 3.5 and 3.6), the a axis is the most compressible direction for both compounds. The
compressional anisotropy is typical for alayered structure, and can be explained through the
differing character of interconnectivities across and within the layers. The increase of the c/a-
ratio (Fig. 3.6) under pressure indicates that the compression mechanism of LNG and LTG
operates mostly on the ab-plane. Thus within the layers (in the ab plane) these structures can
compress more readily due to cation-anion bond shortening, that causes a decrease of volume
of large polyhedra (first of al the largest LaOg dodecahedra with predominantly ionic
character of bonding). This is accompanied by dlight tilting and distortions of corner sharing
tetrahedra within the tetrahedral layers. On the other hand, the compression in c direction is
more rigid due to less flexible interconnectivities of polyhedrally coordinated cations (shared
edges etc.) between the layers. The differing behaviour of c/a ratio under pressure between
high pressure polymorphs of LNG and LTG can be well explained due to Nb>* and Ta™*
substitution. Presumably, the polarisation of the oxygen arrangement by Nb°* ion is increased

within the high pressure polymorph of LNG, whereas TaOg octahedra still stay almost regular.
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The compression mechanism of this compounds will be described more detailed in the

following.
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Fig. 3.6. Axial ratios c/ag of LGN (triangle up) and LGT (circle) vs. pressure.

Since LNG and LTG belong to the same crystal class as quartz (trigonal symmetry), it will be
of interest to compare the effect of high hydrostatic pressure on the lattice of LNG, LTG
single crystals with a—quartz and isostructural materials like GaPO, [28]. These compounds,
LNG or LTG and a—quartz or GaPO,, are to be described in enantiomorphous acentric space

groups. Otherwise, the quartz structure is ssimple and can be described by consideration of
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tetrahedral chains, whereas the structure of LNG or LTG has a mixed framework consisting of
polyhedron layers. It is well known, that under hydrostatic pressure the a axis of quartz-type
structures is more compressible than the ¢ axis. Thus a—quartz [58] or GaPO, [28] display an
anisotropic behaviour as afunction of pressure, aswell asLNG or LTG. In spite of the similar
compressional anisotropy of these materials under pressure, the mechanism of the axial
compression has to be explained by various concepts.

Thus the higher compression in the a-axis direction of a—quartz or GaPO, is dominated by
tilting of corner sharing tetrahedra along the tetrahedral chains. Contrary to this, the tilting of
Ga0, tetrahdera within the tetrahedral layers of LNG or LTG (along a-axis) are hampered due
to shared edges and (or) corners with other polyhedra. Therefore the compression within the
polyhedral layers is dominated by cationranion bond shortening. The lower compression of
the crystal structure of a- quartz or GaPO,4 along c—axis is caused mainly by less vacancies
between the tetrahedral chains. Thus the compressibility along ¢ axis direction isrigid due to
repulsive interaction between these chains. Similar to this the compression in c-axis direction
in the case of LNG or LTG is rigid interaction between the layers and by less flexible
interconnectivities between the layers (shared edges of polyhedrally coordinated cations €etc.).
Furthermore the reduction of cell volume of the LNG or LTG crystals can only be explained
through complex changes in the structural geometry, whereas the compressions of a- quartz
and GaPO, mainly lead to tilting of the tetrahedra [28]. Especially, the existence of
octahedral-dodecahedral layers in the crystal structure of LNG or LTG causes the difference
to the compression mechanisms of a- quartz type structures.

On the other hand, the anisotropic behaviour of the crystals can be predicted by anomalous
elasticity, which is characterized by variations of elastic constants [38, 39, 46]. As pointed out
above (chapter 1.3.4.), nonlinear behaviour of elastic constants under homogenous
mechanical stresses of LasGassSiOy (LGS) crystals was observed, which are a structural

isomorph to LGN or LTG [42]. Thus, the application of pressure paralel to a- and c-axis
causes differing effects on the crystal symmetry of LGS. Therefore the extraordinal behaviour
of a axis as compared to c in case of LNG or LTG under hydrostatic pressure can be well

explained with regard to anomalous elasticity.
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3.1.2 Bulk moduli

The pressure dependencies of the relative volumes of LNG and LTG are shown in Figure 3.7.
To find a simple description of these dependencies, the division of the data sets of LNG as
well as of LTG into two parts is necessary. This fact provides further evidence for the
assumption of a phase transition at pressures above 12.4(3)GPa for LNG and 11.7(3)GPa for
LTG. Furthermore, no well pronounced discontinuities, characteristic for a first order phase
transition, can be observed for the pressure dependencies of the relative volumes of LNG and
LTG at pressures around 12(1)GPa. This phenomenon can be well explained due to differing
axial compressibilities. As pointed out above (chapter 3.1.1.), the decreasing of the a
parameter of LNG or LTG across the phase transition pressure suggests second order
character of transition. The first-order character of phase transition, indicated by a jump of the
c-axis across pressures around 12(1)GPa, presumes reconstructive changes between
polyhedral layers with possible changes of the coordination number. The dominant influence
of the second-order nature on the phase transitions of LNG and LTG could be expected,
which manifests the absence of a significant volumes jumps of LNG or LTG at pressure phase
transition. In terms of these phenomena, the phase transitions of LNG and LTG presumably
will have displacive character.

For the analysis of the volume compressibilities of low- and high pressure phases of LNG
and LTG, the bulk modulus By and pressure derivative By were obtained by fitting Birch
Murnaghan equations of state. In the pressure range from atmospheric up to 12(1)GPa the
pressure contraction of LNG and LTG are almost the same and close to linear, demonstrated
by the extraordinarily small value of By (1.4(8) for LNG and 0.5(5)for LGT). Compression is
uniform up to this pressure, with calculated bulk modulus of 145+3 GPa and 144+2 GPa for
LNG and LTG respectively. Accordingly, the calculated compressibilities of low pressure
phases of both compounds are around 0.007GPa. Thus the substitution of Nb®* against Ta**

causes almost no difference of compressibilities of low pressure phases of LNG and LGT.
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Fig. 3.7: Relative volume compressions of LGN (triangle up) and LGT (circle) vs.
pressure

The initial phase of LNG or LTG crystals is less compressible as compared to a- quartz and
GaPO, with bulk moduli 37.12(9)GPa (By'=5.99(4)) and 39.9(9)GPa (B, =3.7(3)),
respectively. This difference might be explained by closer packing of the layered structure.
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Thus, the packing coefficients (¢;) can be estimated by means of the following equation [74]:

c=aV./V., (3.1),

where é V, isthe sum of volumes of the atoms or anions contained in the elementary cell of

volume V..

Thus the packing coefficient of LTG aswell as of LNG is 0.63, due to the equal ionic radiuses
of Nb and Ta (0.64A). The ¢; calculated for a- quartz and GaPO, at ambient conditions are
0.41 and 0.32, respectively. Whereas within a- quartz or GaPO, the space is filled only to
about 40% at normal conditions, the structure of LNG or LTG is filled about 60%. Thus the
less filled space within unit cell of a- quartz or GaPO, alows higher compressibility of these
materials as compared to LNG or LTG. Nevertheless, the different compression mechanisms
of appointed compounds do affect the different compressibilities.

On the other hand, the difference between bulk moduli of a- quartz structures and LNG or
LTG can be well explained by different interconnectivities of polyhedra of these structures.
As pointed out above the crystal structure of a- quartz or GaPO, consist of corner sharing
tetrahedra. This allows the higher compression of low quartz structures as compared to that of
LNG or LTG, which compression isrigid due to sharing edges of tetrahedra.

The high-pressure phase of LNG has a bulk modulus of 93(2)GPa (By'=1.9(9)). The cell
constants of the high pressure polymorph of LTG were investigated in a considerably smaller
pressure range (11.7-16.7GPa) as compared to experiments with LNG (from pressure phase
transition up to 23GPa). Thus with six data points, the fitting of the data of LTG resulted in
large errors, making it difficult to get meaningful results for By and By . Furthermore, the
hypothetical V, of the high-pressure phases were calculated. Thus the determination of the
pressure derivative of the bulk modulus or hypothetical V, of high pressure modifications
from compression experiments are hampered by the fact of correlation of these two variables
in the P-V equation of state, and by extrapolation over a large pressure range (from pressures
of phase transition 12(1)GPa to atmospheric conditions). Therefore the bulk modulus By for
high pressure phase of LTG was calculated by fits of Birch-Murnaghan equations of state to
the data sets with By constrained to 1.9, with respect to the high-pressure phase of LNG. The
obtained bulk modulus for high-pressure phase of LTG is B,=128(12)GPa. Accordingly, the
calculated compressibilities are 0.011GPa*® for high pressure polymorph of LNG and
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0.008GPa for LTG, respectively. Thus a difference between compressibilities of investigated
compounds appears only above pressures of the phase transitions.

Nevertheless a higher compressibility of the high-pressure polymorph of LNG, as compared
to the low-pressure phase, is clearly observed. In contrast, the compressibility of LTG after
pressure phase transition slightly increases. Furthermore, whereas the hypothetical V, of high
pressure phase of LNG is 4(2)% larger than the initial one, the value of V, of high pressure
phase of LTG stay amost the same within the error (0.9(8)%).

Generaly, an increase in compressibility is typical for polyhedra tilt [25, 26]. In most cases,
the additional freedom due to the symmetry breaking and thus increasing flexibility of
individual structural rigid units within framework- type structures gives sufficient explanation
for the (in first glance rather unexpected) higher compressibility of the high pressure
polymorph. In contrast to LNG, in case of LTG it can be assumed that a high pressure
polymorph does not obtain enough degrees of freedom for a pronounced increase of
compressibility due to soft Ta-O bonding. Presumably, the difference between behaviours of
high pressure polymorphs of LNG and LTG is caused by increase of polarisation of the
oxygen arrangement by Nb>* ions, whereas the octahedra forming by Ta>" still stay almost
regular.

On the other hand, for various compounds, a higher compressibility of the high-pressure
phase has been characterised through anomalous elasticity [46]. Most recent experiences with
high-pressure phase transitions using high-resolution single crystal measurements reveal the
occurrence of nonlinear elasticity on approaching the critical pressures for severa
independent systems [38,77]. In particular transformations of displacive structural transitions
can show, with respect to the given structural flexibility quite large anomalies. Thus, due to
elastic softening the evolution of both lattice parameters and unit-cell volumes can be affected
over aquite broad range in pressure, showing atypical and more pronounced softening for the
low-symmetry form [38]. According to this, the increase of compressibility of high pressure
polymorph and extraordinal behaviour of a axis as compared to c in case of LGN crystals
under hydrostatic pressure can be well explained in terms of anomalous elasticity. Probably,
the Nb —Ta substitution causes a stronger effect on elastic constants of high pressure

polymorphs (lower symmetry phases) of LNG and LTG as compared to theinitial ones.
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3.1.3. Compression mechanisms

The crystal structures of LNG and LTG have following variable positional parameters:
La(x; 0; 0), Ga(2) (U3; 2/3; 2), Ga(3) (x; 0; ¥2), O(2) (U/3; 2/3; 2), O(2) (x; y; 2) and O3) (X;
y; 2). Ga(1) and Taor Nb share the position (0; O; 0) inratio 1:1. The results from refinements

in trigonal symmetry using intensity data collected for LNG and LTG at investigated

pressures are listed in Tables 3.2 and 3.3

Table 3.2 Structural parameters of LNG refined in the trigonal space-group P321
p[Gpa] | La3e | Ga(2-2d | Ga(3)-3f | O(1)-2d 0(2)-69 0(3)-6g
(x0,0) | (U32/3,7) | (x;0,1/2) | (U3,2/3;2) (x;y;2) (x:y:2)
X z X z X y z X y z
0 42459(2) 53124(7) 76176(4) .1784(5) 4563(3) .3088(3) .3054(3) .2188(3) 0773(3) .7627(3)
0.8 .42528(12) | .5307(8) .7624(2) .182(5) 4557(14) | .3083(14) [.300(3) .2128(13) | .0708(18) [ .760(3)
1.8 42575(18) | .5310(2) .76283(17) | .177(2) .4548(8) 3082(10) [ .3064(10) | .2186(8) 0765(10) | .7621(11)
33 42652(8) .5308(5) .76405(16) | .181(4) .4546(9) .3067(9) .302(2) .2145(9) .0720(9) 759(2)
45 .42700(11) | .5305(3) .7644(2) .179(2) 4570(13) | .3093(13) [.3052(15) | .2205(10) [.0735(11) [ .7613(14)
48 42746(10) | .5307(4) .76376(19) | .182(3) 4542(13) | .3089(14) [.3023(18) | .2201(11) |.0750(12) | .7602(19)
5.2 42755(14) | .5298(9) .7647(3) .182(7) 4533(18) | .3083(13) | .304(4) .22159(11) | .0691(15) | .760(4)
6.8 .42868(8) .5291(6) .76526(18) | .184(4) 4574(10) | .3072(12) | .308(3) .2180(11) | .0722(11) | .759(3)
7.8 42902(13) | .5294(6) .7657(3) .173(4) 4535(17) | .307(2) 317(3) 217(2) 0721(14) | .757(3)
9.67 43162(9) .5252(5) .76729(16) | .173(3) 4537(16) | .306(2) .311(3) .2180(11) | .0714(15) | .760(3)
9.9 43207(11) | .5250(5) .7672(2) 171(3) 4538(18) | .305(2) .309(3) 2196(13) | .0719(18) | .760(3)
11.7 | .43306(11) | .5231(4) .7679(2) .168(3) 4530(16) | .3045(18) [.310(2) 2191(17) | .0698(19) [.761(2)
131 | .43418(15) | .5190(6) .7666(3) .168(4) A47(2) .295(2) .302(3) .2200(19) | .069(2) .761(3)
15.6 | .4361(3) .5125(9) .7661(4) .160(7) 445(4) .295(7) .319(5) .221(4) .074(4) .766(4)
185 | .4390(5) 5075(17) .7650(8) .168(8) 439(8) .279(8) .332(8) .228(7) 074(7) .765(6)
21.8 | .4372(8) .505(3) .7681(13) .15(3) 435(7) .287(9) .379(13) .239(7) .072(7) .760(14)
22.8 | .4405(10) .501(2) .7652(17) .118(17) 443(14) .29(2) .355(17) .247(12) .067(13) .784(12)
Table 3.3. Structural parameters of LTG refined in the trigonal space-group P321
P La3e Ga(2)y2d Ga(3)-3f O(1)-2d 0(2)-69 (X;Y;2) 0O(3)-69 (X;Y;2)
. (x;0;0) (13;2/3;2) (x;0;1/2) (U3;2/3;2)
X z X z X y z X y z
Gpa
0 A2492(7) .4689(2) .7617(1) .822(2) .4568(7) .3089(8) .694(1) .2194(8) .0787(8) .241(1)
0.7 .42586(11) | .4687(6) .7618(2) .824(4) A4518(14) .3056(16) .704(3) .2172(13) .0731(14) .243(2)
1.4 .4260(2) .4698(12) .7622(5) .838(7) .460(2) .307(2) .693(3) .215(2) .077(2) .235(3)
23 42651(11) | .4691(3) .7628(3) .824(2) .4566(16) .3095(16) .6958(14) .2195(13) .0766(16) .2389(11)
3 .42713(10) .4694(4) .7634(2) .822(2) .4568(12) .3077(15) .6969(17) .2188(13) .0749(14) .2404(14)
33 42707(11) | .4696(7) .7636(2) .833(5) 4536(13) | .3064(11) [.704(3) 2188(12) | .0742(12) [ .239(2)
51 42799(8) .4693(5) .76424(15) | .827(3) .4539(9) .3052(9) .703(2) .2183(8). .0736(9) .2426(18)
6.1 .42883(14) | .4695(6) .7643(3) .834(4) .455(16) 3062(18) | .694(3) 2166(16) | .0719(18) | .239(2)
6.64 | .42912(10) | .4709(6) .7649(2) .832(4) 4575(14) | .3059(14) | .703(3) 2209(12) | .0749(13) | .243(2)
77 .43055(13) | .4742(6) .7656(3) .828(4) A454(2) .304(3) .697(4) .2178(18) | .072(2) .242(3)
8.15 | .43038(17) | .4715(8) .7651(4) .840(6) 455(2) .302(3) .683(3) .2165(2) 071(2) .239(3)
95 43218(15) | .4738(5) .7668(3) .838(4) 451(3) .300(3) .685(4) 2170(17) | .071(3) 241(2)
11.57 | .43463(19) | .4795(5) .7659(4) .838(3) .453(4) .296(3) .691(3) .225(2) 077(3) .238(2)
13.2 | .43528(17) | .4800(4) .7660(3) .834(3) 452(2) .293(4) .695(3) .225(2) .076(3) .238(2)
144 | .4362(2) .4810(6) .7660(3) .837(4) 443(4) .277(5) .698(4) .220(3) .071(3) .235(3)
167 | .4381(2) .4879(9) 7661(4) .831(6) .459(6) .303(9) .689(6) .226(4) .077(5) .234(5)
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Compression mechanisms of LNG and LTG are quite complex and can be described as
follows. The changes of bonding distances and angles under pressure are caused by the
reduction of the unit cell volume, by the variation of the c/a-ratio and by shifts of atomic
position parameters. Thus with increase of the pressure, the distances between cations
decrease. The cations are shifted in order to maximize the distances between the positively
charged centres. Thus the largest cation La*" is shifted within the ab plane (Fig. 3.8). This
leads first of al to adisplacement of tetrahedrally coordinated Ga(2) ions, which share half of
their edges (02-02) with LaOg dodecahedra. Accordingly, neighbouring Ga(3) ions try to
shift in similar manner. These displacements within ab-plane are hampered because the
polyhedra share corners (first of all due to shared corners with octahedra, which are surrouned
by Ga(3)O, tetrahedra according to the triple axis law). Therefore the following compression

leads to a decrease of anion-cation bonds.
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Fig. 3.8. Changes of variable coordinates of the cations vs. pressure of trigonal LNG

(black symbols) and LTG (grey symbols).

Selected interatomic distances (bond lengths) and polyhedral volumes are listed in Table 3.4
for LNG and in Table 3.5 for LGT.
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Table 3.4. Interatomic distances [A], polyhedral volumes [A%], quadratic elongation
(Q. E.) and angle variance (A. V.) for polyhedra of LGN.

Pressure |0 |18 [33 [5.2 | 6.8 [7.6 |9.67 [117

L a-3e decahedron

La-O3x2 |2.413(3) [2411(6) |2.420(8) |2.392(14) [2.393(8) |2404(10) |2.392(9) |2.375(10)
La-O1x2 |2.6189(9) |2.603(3) |2.598(7) |2.587(12) |2.579(8) |2.554(7) |2.535(5) |2.516(5)
La-O2x2 | 2.464(2) |2.455(7) |2.436(8) |2.418(16) |2.424(9) |2.446(14) |2.410(11) |2.398(12)
La-O2x2 | 2.882(2) |2.877(6) |2.847(8) |2.859(17) |2.843(11) |2.874(14) |2.842(17) |2.827(17)
Volume |287 28.4 28.0 27.7 275 27.7 26.9 26.4
Ga-laoctahedron

Ga-O3x6 [1.994(2) |[1.988(5) |[1.970(8) |1.972(13) [1.977(9) |1.976(11) |1.964(9) |1.964(10)
Volume |10.20 10.11 9.76 9.70 9.86 9.83 9.67 9.40
Q.E 1.02 1.02 1.03 1.03 1.03 1.03 1.03 1.03
A.V 75.0 793 102.0 110.7 1005 107.8 104.4 1111
Ga-2d tetrahedron

Ga-01 1.809(3) |[1.811(9) |1.79(2) 1.77(3) |1.75(2) |1.80(2) 1.780(14) | 1.784(16)
Ga-02x3 |1.840(2) |1.840(6) |1.842(7) |1.846(15) |1.798(9) |1.802(12) |1.813(10) |1.812(10)
Volume |3.10 3.08 3.04 3.04 2.84 3.03 2.92 2.90
Q.E 1.02 1.02 1.02 1.02 1.02 1.01 1.02 1.01
A.V 782 74.0 90.6 82.3 84.4 56.6 80.8 78.0
Ga-3f tetrahedron

Ga-O3x2 |1.838(2) |1.831(6) |1.827(9) |1.840(16) |1.815(10) |1.799(12) |1.805(9) |1.812(11)
Ga-O2x2 |1.873(2) |1.859(6) |1.873(8) |1.853(16) |1.865(9) |1.815(13) |1.832(12) |1.830(10)
Volume |3.11 3.00 3.09 3.07 3.03 2.87 291 2.94
Q.E 1.04 1.04 1.03 1.03 1.03 1.03 1.04 1.04
A.V 154.1 158.2 139.0 1445 153.1 1455 165.5 176.2
Table3.5.  Interatomic distances[A], polyhedral volumes[A?], quadratic elongation

(Q. E.) and angle variance (A. V.) for polyhedraof LGT.

Pressure |0 23 33 5.1 7.7 8.15 95 1157

L a-3e decahedron

La-03 2.428(7) |2.404(9) |2.412(8) |2.403(8) |2.407(16) |2.398(15) |2.403(12) |2.376(14)
La-0O1 2.618(3) |2595(4) |2.567(8) |[2.569(5) |2.547(7) |2.528(9) |2.516(6) |2.499(5)
La-02 2.464(6) |2.436(10) |2.436(12) |2.411(8) |2.401(11) |2.453(15) |2.45(2) |2.430(19)
La-O2 | 2.885(6) |2.868(9) |2.832(12) |2.818(8) |[2.82(2) |2823(19) |2.82(2) |277(2)
Volume |288 28.0 273 27.2 269 269 27.0 26.0
Ga-laoctahedron
Ga-03 2.007(6) [1.993(8) |1.979(11) |1.993(7) |1.976(13) |1.959(13) |1.959(11) | 1.979(16)
Volume |10.45 10.17 10.06 10.11 9.80 957 957 10.02
Q.E 1.02 1.02 1.03 1.03 1.03 1.03 1.03 1.02
A.V 74.2 79.7 88.8 96.9 103.1 103.1 106.6 80.7
Ga-2d tetrahedron
Ga-01 1.810(8) |1.804(12) |1.88(2) 1.821(15) [1.79(2) |1.86(3) 1.836(18) |1.801(17)
Ga-02 1.836(6) |[1.830(9) |1.846(11) |1.846(8) |1.826(16) |1.790(15) |1.800(17) |1.793(16)
Volume |3.06 3.04 3.18 3.08 2.97 2.72 2.97 2.88
Q.E 1.02 1.02 1.02 1.02 1.02 1.05 1.01 1.02
AV 74.2 83.9 1083 108.9 74.3 144.3 64.8 110.7
Ga-3f tetrahedron
Ga-03 1.819(6) |[1.825(9) |1.826(11) |1.812(8) |1.858(17) |1.821(14) |1.800(13) |1.793(12)
Ga-02 1.874(6) |1.872(11) |1.864(11) |1.876(8) |1.805(12) |1.838(17) |1.812(18) |1.835(15)
Volume |3.07 3.06 31 3.06 2.99 31 2.87 2.86
Q.E 1.03 1.04 1.04 1.03 1.03 1.04 1.03 1.04
A.V 1584 160.4 160.3 155.3 153.3 174.9 150.2 190.4
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As it can be seen, the volume changes of polyhedra are quite the same for LNG and LTG. The
LaOs; dodecahedra undergo the largest decreasing of volume (Fig. 3.9). The volumes of
polyhedra forming by Gaions (GaOs and GaO,) decrease obviously less as compared to that
of dodecahedra
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Fig. 3.9 Changes of the volume of polyhedra of LNG as afunction of pressure

Otherwise, percentage changes of volumes of polyhedra indicate the following (Fig. 3.10).
The volumes of dodecahedra and octahedra decrease in similar nanner and almost regular
within the investigated pressure ranges, whereas the volumes of tetrahedra start to decrease
significantly only at pressures above 6GPa. Thus at pressures around 5(1)GPa the volumes of
dodecahedra and octahedra decrease by 6(1)%, whereas the volumes of tetrahedra stay almost
the same. These phenomena can be well explained by differences in bonding strengths in
cation-anion polyhedra. Thus, the largest La®" ions are coordinated by eight oxygen, which
are forming the dodecahedra with a predominantly ionic character of bonding. The volumes
of these weakly bonded dodecahedra decrease rapidly due to La-O bonds shortening.
Accordingly, the bonding types within octahedra (Ga(1)/NbOg or Ga(1)/TaOg) are partly ionic
and covalent. Therefore, compressions of these octahedra could result in bond shortening as
well as in dlight polyhedral distortion. Finaly, the smallest polyhedra (GaO, tetrahedra) are
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rigid due to the strongest cation-anion (Ga-O) bonding types with apparently covalent
characteristics. For this reason the compression within tetrahedral chains (layers of corner
sharing GaO, tetrahedra) at pressures up to 5(1)GPa may lead to tilting and distortions of
tetrahedra, because the tilting requires much less energy than the shortening of a covalent
bond. Nevertheless, the further compression (above 5GPa) causes also decrease of the
covalent Ga-O bonds. Thus in case of LNG at pressure 11.7(3)GPa the volume of
dodecahedra and octahedra decrease around 8%, whereas the decreasing of volume of smaller
tetrahedra reaches 6%.
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Fig. 3.10: Percentage changes of the volume of polyhedra of LTG as afunction of
pressure. The line styles appropriate to following polyhedra:
grey dash — 2d tetrahedra;
black dash — 3f tetrahedra;
black solid — 3e dodecahedra;
grey solid — 1a octahedra.

To compliment the analysis of compression mechanisms of investigated crystals, afigure will
be useful, which demonstrates the typical representation of the crystal structures of LNG or
LTG at different pressures. Thus FHgure 3.11 shows the crystal structure of LNG aong ¢- and
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b-axis at pressures 1.8, 9.67 and 11,7GPa. As it can be seen, despite of increasing
compressions, the crystal structures at different pressures look like nearly identical. This
phenomenon can be well explained through high symmetry of the crystal structures of LNG
and LTG. As pointed out above, al polyhedra are sharing several corners or(and) edges with
neighbouring polyhedra, that limits the flexibility of these structure. Because geometrical
changes within these layered structures are hampered, internal strains are increasing.
Therefore the tilting of tetrahedra and distortions of polyhedra are rather small and could not

be observed by visual analysis.

4

Fig. 3.11: Projection of the unit cell of LNG aong the c- and b- axis at different
pressures; the GaO, and Ga/lNbOg polyhedra are shown:
a) p=1.8GPa; b) p=9.67GPg; c) p=11.7GPa.
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From all these observations it follows that the compressions of crystal structures of LNG and

LTG cause the increasing internal strains and must result in break of high symmetry. The

nature of these transitions can be understood in terms of changes of ionic arrangement within

and between polyhedral layers of LNG and LTG under increasing pressure:

1)

2)

The increasing pressure up to 5GPa causes decreasing of the unit cell volumes of LNG or
LTG. Accordingly, the distances between ions are decreasing. The largest cations La®* are
shifted within the ab plane in order to maximize the distances between the positively
charged neighbouring ions Ga*/Nb>(Ta"). This leads to displacements of tetrahedrally
coordinated Ga*" ions. Due to anion-cation bonds shortening polyhedra try to rotate, these
rotations are hampered because of shared connectivities (corners or/and edges) with
neighbouring polyhedra. Thus the compressions leads mostly to decrease of volume of
weakly bonded polyhedra, such as La(Q; dodecahedra with a predominantly ionic
character of bonding and Ga/NbOg (GalTaOe) octahedra with partly ionic and covalent
types of bonds. With regard to behaviour of these polyhedra, the neighbouring tetrahedra
try to tilt and distort.

The following compressions (at pressures above 5GPa) cause more significant changes of
the crystal structures of LNG and LTG. The volumes of the largest polyhedra continue to
decrease in similar manner, with these the volumes of the smallest polyhedra (GaO,
tetrahedra) also start to decrease. Thus the covalent Ga-O bonds within tetrahedra
significantly decrease at pressures above 5GPa. Moreover the distortion of polyhedratries
to increase, despite of small flexibilities, which are imposed by two- and three-fold axis
laws. The least flexible polyhedra are 2d-tetrahedra. As pointed out above, the central
cations Ga(2)* of these tetrahdera are surrounded by oxygen O(1) (at special 2d position)
and by three oxygen O(2) (at genera position) according to the threefold axis law.
Therefore, due to rigid flexibility the strains within Ga(2)-tetrahedra increase with
increasing pressure. This leads to redistribution of Ga-O bonds at pressures above
12(1)GPa. Thus at pressures around 12(1)GPa it was observed for LNG as well as for
LTG, that oxygen O(2) takes a split position (021-022). Figures 3.12 and 3.13 show the
pressure dependencies of the positional parameters of oxygen O(2) with regard to
determined split positions at pressures above 11(1)GPa for LNG and LTG, respectively.
These positions (021-022) are approximately 0.8A apart. With increasing pressure the
distance between 021 and O22 increases (Fig.3.14). This phenomenon may be explained
as a result of breaks in the high symmetry of the crystal structure of LNG or LTG,
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presumably the three-fold axes (according to the triple axis law the oxygen O2
surrounding the Ga2- tetrahedra).
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Fig. 3.12: Variations of position parameters of oxygen O(2) of LNG with pressure. At
pressures above 11(1)GPa the coordinations of split positions are depicted.
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Fig. 3.13: Variations of position parameters of oxygen O(2) of LTG with pressure. At
pressures above 11(1)GPathe coordinations of split positions are depicted.
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Fig. 3.14: Distance 021-022 in split position vs. pressure, refined in trigonal space group
for LGN (triangle up) and LGT(circle), respectively.
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It may be concluded that the hampered flexibility of tetrahedra, especially at pressures above
7GPa, are the main driving forces for the transformation from higher-symmetry to lower
symmetry, which is necessary for increase of compression capability within tetrahedral layers.
Thus the strong polyhedral distortions (first of all GaO, 2d-tetrahedra) under high pressures
cause the transformation to a higher distorted low-symmetry form, which involves more
degrees of freedom for subsequent compression.

Similar to GaPO,4 or a-quartz, the crystal structures of LNG and LTG under pressure undergo
a phase transition, whereas the driving forces for these transitions are differing. Thus the
compression of GaPO, leads to tilting and distortion of tetrahedra [28]. At pressures above
7GPa (experimental value 9GPa) the GaO, tetrahedra are so strongly distorted (the O-Ga-O
angle distribution shows two maxima) that a phase transition to lower symmetry occurs. The
existence of octahedra and dodecahedra, which are sharing edges and (or) corners with
neighbouring tetrahedra, causes the main difference between compression mechanisms of the
crystal structures of LNG or LTG and of GaPO,. Thus the compressions of LNG and LTG are
mainly achieved by decreasing volume of polyhedra. The tilting and distortion of polyhedra
are hampered due to shared interconnectivities and high symmetry. This leads to increasing
internal strains (especially within the layers of GaO, tetrahedra with atomic bonding). Finally,
thisresultsin break of high symmetry of the crystal structures of LNG and LTG.
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3.1.4 High pressure phasesof LNG and LTG

As pointed out above (chapters 3.1.1. and 3.1.3), the changes of the lattice parameters of LNG
and LTG, as well as the structures refinements indicate the existence of phase transitions in
both cases at pressures around 12(1)GPa. The maxima non-isomorphic subgroups for P321
are the space groups P3 and C2. The refinements of the crystal structures of LNG or LTG in
the space group P3 did not yield satisfying results. Thus choose of trigonal symmetry without
two-fold axis for high pressure polymorph (space group P3) does not lead to significant
improvement of the refinements parameters, moreover the split position for O(2) oxygen was
still observed. This leads to assumption of break of three-fold axis in the crystal structure of
LNG and LTG under pressures above 12(1)GPa. Therefore all reflection intensity data of
LGN and LGT was transformed to monoclinic symmetry with the help of the program Jana98

by following transformation matrix:

The monoclinic angle was set b=90° in both cases due to the fact that possibly existing small
(about 0.02°) deviations from this value could not be sufficient determined (see aso chapter
3.1.5.). The refinements of the crystal structure of LNG and LTG in monoclinic symmetry
(space goup A2) alowed to improve the R factors and, in contrast to the attempts to refine
the crystal structures in P3, no split positions for oxygen were observed. The details of these
refinements, including appropriate treatment of twinning following the former triad in trigonal
symmetry, are listed in Table 2.3 and 2.4 for LNG and L TG, respectively. The twin law with
respect to broken triad axisis following:

1 O 0
0 -05 -0.
0 15 -0

As usua, twin domains, which are characteristic for transitions from high to low symmetry,
causes complications of the determination of positional parameters of light elements from
intensity data collected on single crystals (especially the refinements of parameters of

anisotropic displacements are problematic). For this reason, only isotropic temperature factors
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for oxygen of the crystal structures of LNG and LTG were refined, whereas the
determinations of anisotropic displacement parameters were still possible in case of cations.
Correspondingly, the standard deviations of positional parameters of oxygen are more
essential then those of La®*", Ga®* or Nb**/Ta>* cations. Positional parameters of cations and
anions in monoclinic symmetry arelisted in Table 3.6 and 3.8 for LNG aswell asin Table 3.7
and 3.9 for LTG. There are two kinds of coordinations listed at each pressure in these tables.
The first one are the positional parameters, which were transferred to monoclinic cell from
results of refinements in trigona symmetry (space group P321). The next are the

coordinations refined in monoclinic symmetry (space group A2).

Table' 3.6. Positional parameters of cations for monoclinic crystal structure of LNG at

different pressures

p[GPa] Lal La2 | Ga/Nb Ga(2) Ga(3) Ga(4)
(x;y:2 (G;y;0) | (G;y;0) (x;y:2 (05,y;0) (x;y:2
131 0 2171 | 7829 | 4342 0 4808 5 1667 | 2334 | 05 | .3833 | .3833
.002(2) | .217(1) | .783(1) | .434(1) | .002(3) | .481(1) | .498(2) | .166(1) | .233(4) | .502(3)] .381(2) | .384(1)
156 0 2182 | .7818 | .4363 0 4874 5 1667 | .2332 5 3834 | .383%4
.004(2) | .217(1) | .781(1) | .436(1) | .002(4) | .488(1) | .498(2) | .166(1) | .236(6) | .500(3)| .384(2) | .384(1)
185 0 2195 | .7805 | .4390 0 4925 5 1667 | .235 5 3825 | .3825
.008(3) | .219(2) | .779(1) | .438(2) | .009(4) | .491(3) | .498(4) | .165(2) | .236(5) | .512(4)] .385(2) | .384(1)
21.85 0 2186 | .7814 | 4372 0 495 5 1667 | .2319 5 384 | 384
.001(5) | .220(1) | .782(2) | .439(3) | .005(6) | .496(5) | .491(3) |.168(3) | .235(3) | .500(7)| .379(3) | .385(3)
22.85 0 2203 | .7797 | .4405 0 499 5 1667 | .2348 5 3826 | .3826
.003(4) | .220(2) | .779(2) | .439(4) | .011(6) | .498(3) | .498(4) | .168(3)| .230(7) | .50(1) | .384(6) | .383(3)
Table* 3.7. Positional parameters of cations for monoclinic crystal structure of LTG at
different pressures
p[GPa] Lal La2 | GaTa Ga(2) Ga(3) Ga(4)
(Y2 (00 | (Oy;0) (xy:2 (05y,0) (y:2)
1157 |0 7827 [.2173 | 4346 |0 4795 |5 1667 |.7659 |05 6171 |.3829
.002(1) [ .783(2) | .218(1) | .434(1) | .002(3) |.480(1) [.499(4) |.167(1)|.763(3) |.496(3)].618(3) | .385(1)
132 |0 7824 [.2176 |.4353 |0 4800 |5 1667 |.7660 |5 6170 |.3830
.000(2) [ .781(1) | .218(1) | .433(1) | .003(3) | .480(1) |.497(3) |.166(1)|.763(4) |.495(3)].616(3) |.383(1)
144 |0 2181 [.2181 [.4362 |0 4810 |5 1667 |.234 5 617 |.383
.002(2) [ .781(2) | .219(1) | .433(1) [ .000(2) |.482(1) [.496(3) |.165(2)|.771(2) |.495(5)] .615(3) | .381(1)
167 |0 2191 [.2191 [.4372 |0 4879 |5 1667 |.2340 |5 617 |.383
.005(3) | .219(2) | .220(1) | .437(1) | .005(2) |.497(2) [.500(3) |.166(2)| .230(4) |.500(2)] .616(1) | .381(1)

"The first row at each pressure appropriate to transformed coordinates from trigonal symmetry, the second row
lists positional parameters refined in monoclinic symmetry ( space group A2)
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Table” 3.8.

Positional parameters of anions for monoclinic crystal structure of LNG at

different pressures

pI[GPq] oD 0(2) (o])) (o]
(x:y;2) (x:y;2) (x:y;2) x:y;2)
131 | .168 5 1667 3 .37 076 3 o7l | 777 3 299 | 147
167(5) | .51(1) [.172(6) | .28(1) |.372(8) [.092(3) | .39(1) [ .14(1) |.761(6) | .290(8) | .286(5) | .145(3)
156 | .170 5 1667 | 312 | 3645 | 0765 | 312 [ 0675 | .7795 | 312 | 297 | 144
A7(0) | 51(2) [.173(8) | .29(2) | .38(1) | .078() | .30(2) [.051(8) |.717(5) | .40(3) | .27(2) | .20(1)
185 | .168 5 1667 | 332 | .359 08 | .332 | .0595 | .7805 | .332 | .2995 | .1395
A16(2) [ .50(2) | .17(1) | .35(3) | .35(2) [ .06(1) | .30(3) | .05(2) | .74(1) | 41(2) | .27() [.219(9)
2185 | .15 5 1667 | 379 | 3595 | 0725 | 379 | 071 | .784 | 379 | .2885 [ .1435
A7(3) [.53(1y) | .18(1) | .39(3) | .33() [ .10(1) [ .37(3) | .13() | .79(1) | 434 | .31(1) | .13(1)
2285 | 118 5 1667 | 355 | .3665 | .0765 | .355 | .0685 | .7785 | .355 | .298 | .145
142 [ 532 | 17(2) | .31(3) | .33(2) [ .08(1) | .38(4) | .17(2 | .75(1) | .36(4) | .33(2) | .16(1)
Table* 3.8. Positional parameters of anions for monoclinic crystal structure of LNG at
different pressures (continued)
p[GPa] 0(5) O(6) o(7)
(xy:2) (x:y:2) (xy:2)
131 762 1444 9246 238 .0409 1099 762 1853 9655
746(9) | .123(6) | .914(3) | .207(8) | .006(6) | .115(3) | .736(18) | .191(13) | .967(8)
156 768 1525 9215 232 0415 1155 768 193 963
75(2) | 125(14) | 917(9) | .21(3) 032 | .112(12) [ .80(3) 20(2) .938(13)
185 765 151 923 235 .040 114 765 191 963
764(17) | .132(11) | .952(10) | .235(17) | .029(12) | .129(10 | .81(3) [ .205(18) | .996(13)
21.85 760 1555 9165 240 0475 1195 760 203 965
79(3) | .136(10) | .935(15) | .23(3) | .057(11) | .124(14) | .69(4) | .233(10) | .910(16)
22.85 784 157 910 216 .0565 1235 784 2135 9665
82(3) | 117(18) | .897(13) | .21(4) [ .050(17) | .129(15) | .7A(3) | .197(17) | .926(17)

"The first row at each pressure appropriate to transformed coordinates from trigonal symmetry, the second row
lists positional parameters refined in monoclinic symmetry ( space group A2)
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Table” 3.9.

different pressures

Positional parameters of anions for monoclinic crystal structure of LTG at

p[GPa] 01 0(2 0(3) 04
(x:y;2) x:y;2) (x:y;2) (x:y;2)
1157 | 162 0 3333 | 309 | 6255 | .0785 | 309 [ .0695 | 7735 | .309 [ .305 | .148
164(5)[ .01(1) [.334(8) | .29(1) [ .64(1) |.089(7) | .30(1) | .06(1) |.776(5) | .38(2) | .28(2) |.182(9)
132 | 1660 | © 3333 | 305 | 6275 | .0795 | 305 | .0670 | .7730 | .305 | .3055 | .1465
167(6)[ .01(2) |.326(7) | .28(1) [.648(8) | .093(4) | .30(1) |.073(9)|.779(5) | .36(1) | .29(1) |.192(6)
144 | 163 0 |.3333 ] 302 | 640 | 083 | .302 | .0555 | .7795 | .302 | .3045 | .1385
.166(8)[ .01(2) [.330(9) | .30(3) [ .64(2) |.079(4) | .30(2) |.043(9) | .78(1) | .35(2) | .28() | .19(1)
167 | .168 0 3333 | 309 | 629 | 077 | 309 | 070 | .776 [ .309 | .301 | .147
A7(0) [ .01(1) [.336(9) | .35(4) | .64(2) | .08(1) | .39(2) | .16(1) |.756(6) | .28(4) | .31(2) | .14(D)
Table* 3.9. Positional parameters of anions for monoclinic crystal structure of LTG at
different pressures (continued).
p[GPa] 05 0(6) o(7)
(x.y;2) (xy;2) (xy;2)
1157 238 849 926 238 9645 1125 238 1865 9615
254(15) | .857(15) | .920(9) | .206(8) | .986(9) | .120(4) | .26(2) 18(2) .978(8)
132 238 8495 9255 238 9635 1125 238 1870 9620
266(12) | .885(10) [ .921(6) | .198(9) [ .989(11) | .118(4) | .249(11) [ .191(11) | .964(4)
14.4 235 8545 9255 235 961 110 235 1845 9645
276(14) | .896(10) [ .917(6) | .204(13) | .988(8) | .120(4) | .226(16) | .194(11) | .968(5)
16.7 232 847 926 232 9655 1135 232 1875 9615
233) | .847(13) | 919(9) | .19(4) [ .991(18) | .129(10) [ .27(3) | .175(14) | .975(8)

As it can be seen, the crystal structures of the high pressure phases of LNG and LTG reveal,

as expected, the pseudo-hexagonal nature. Thus the positional parameters of cations in high
pressure polymorphs of LNG (Tab.3.6) and LTG (Tab. 3.7) only slightly deviate from the
values obtained in trigonal symmetry. The large errors for positional parameters of oxygen

complicate sufficient analysis of their behaviours. Therefore, for more detailed description of

the high pressure polymorphs of LNG or LTG ongoing investigations are necessary.

To compliment the description of high pressure polymorphs of LNG and LTG the illustration

of monoclinic crystal structures will be useful. Figure 3.15 shows two kind of projections of

the monoclinic cell of LNG along a-axis at pressure 15.6GPa. The first part of this figure

"The first row at each pressure appropriate to transformed coordinates from trigonal symmetry, the second row
lists positional parameters refined in monoclinic symmetry ( space group A2)
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demonstrates trigonal structure transformed to monoclinic cell (a) and the second one shows

monoclinic cell of LNG with refined structural parametersin space group A2(b).

Fig. 3.15: Projection of the monoclinic unit cell of LNG aong the b axis at pressure
15.6GPa, the GaO, and Ga/lNbOg polyhedra are shown:
a) crystal structure refined in trigonal symmetry represented in monoclinic cell;

b) crystal structure refined in monoclinic symmetry (space group A2).

As it can be seen, the distortion of polyhedra, first of all the distortion of tetrahedra
significantly increases for monoclinic high pressure polymorph. The tilting of tetrahedrais
clearly observed too. This can be well explained due to decreasing symmetry of high pressure
polymorph as compared to the initial phase. Thus the crystal structure obtains more degrees of
freedom. This results in increasing distortion and tilting of polyhedra. The crystal structure of
L TG undergoes amost the same changes under pressure. Otherwise the Nb>* Ta™* substitution
causes some difference between high pressure polymorphs of LNG and LTG, whereas the
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initial phases of these compounds are similarly compressible. This phenomenon is caused by
decreasing symmetry during the phase transition. Thus the central cations of octahedra of the
initial phases of LNG or LTG are surrounded by oxygen according to three- and two- fold
axis laws. Therefore all bonding distances Ga(1)/Nb-O or Ga(1)/Ta-O are the same. Due to
decrease of symmetry (brake of three-fold axes) the bonding distances within the octahedra of
monoclinic high pressure phase of LNG and LTG are containing three pairs. Therefore due to
more degrees of freedom the bonding distances within the octahedra can deviate from each
other. Accordingly, the polarisation of the oxygen arrangement of Nb>" ions increases,
whereas the TaOg octahedra stay almost regular. Figure 3.16 shows the NbOg and TaOg
polyhedra of high pressure phases of LNG and LTG. The higher distortion of NbOg octahedra
can be clearly seen. The bonding distances within octahedra are listed in Tables 3.10 for LNG
and 3.11 for LTG. At pressures around 16(1)GPa, the variation of bonding distances within
NbOg is from 1.88(6)A to 2.03(6)A, whereas the bonding distances Ta-O are about 1.98(5)A
within the errors. As pointed out above the difference in crystal chemical behaviour between
niobium and tantalum causes the greater polarisation of Nb>* ions by neighbouring oxygen
aniong[ 14]. Therefore the larger distortion of NbOg octahedra as compared to TaOg in high
pressure polymorphs of these compounds is clearly observed. In this way the compressibility
of monoclinic structure of LNG is significartly higher as compared to the initia trigonal

phase of LNG or low- and high- pressure phases of LTG. Obvioudly the further compression

(at pressures above 18GPa) of LTG could lead to similar phenomena.
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Fig. 3.16: Projection of the monoclinic unit cell along the b axis, the GaO, and Ga/NbOs
or GalTaOg polyhedra are shown:
a) crystal structure of LNG at pressure 18.5(3)GPa;
b) crystal structure of LTG at pressure 16.7(3)GPa.

Table3.10.  Interatomic distances [A] within octahedra of high pressure polymorph LNG

P[GPa] | Ga(1)/ND-O(")x2 | Ga(1)/ND-O(5)x2 | Ga(1)/Nb-O(6)x2

13.1 1.97(6) 2.03(6) 1.96(2)
156 2.03(6) 1.97(4) 1.85(6)
185 1.80(8) 1.74(7) 2.12(6)
21.85 2.63(14) 1.75(14) 2.07(10)

22.85 2.37(11) 1.83(13) 2.02(11)
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Table3.11. Interatomic distances [A] within octahedra of high pressure polymorph LTG
p[GPa] |Ga(l)/TaO(7)x2 |Ga(l)/TaO(B)x2 |Ga(l)/TaO(6)x2

11.57 1.97(6) 2.03(6) 1.96(2)

13.2 1.95(4) 2.04(3) 1.91(3)

14.4 1.96(4) 1.97(4) 1.94(3)

16.7 1.98(4) 1.97(5) 2.00(5)

It addition, the phase transitions of LNG and LTG from trigonal to monoclinic symmetry
under compressions are in agreement with expected results [73]. Thus Eysel et a (1992)
described a structural family with the summarizing formula Ms_,T4.,O014 With p=0 or p=1,
which comprises the structure types | (P321, trigonal phases isostructural to LNG or LTG), 1l
(12/a, monoclinic symmetry) and I11 (P2,, or P2,/m, or Pm, monoclinic symmetry). The basic
unit of all structures is a folded tetrahedral single chain with Ge or Ga as predominant
tetrahedral ions. Thus the crystal structures of these materials are comparable, the differences
between their structures lie in different sizes of the cations M. The substitutions of different
sized cations at structural positions cause rearrangement of the oxygen atoms and accordingly
some changes in the positions and coordination of the cations. For example, for compound
Pb;CuGes0,4, @ monoclinic structure was determined, and its structural relation to langasite
was described [73]. Moreover, the monoclinic structure was determined for the high-pressure
phase of CasMn,Si 4014 [ 78], which structure is trigonal at normal conditions and isostructural
to langasite [2]. Thus it may be assumed that LNG and LTG under high pressures undergo
similar polymorphic transitions and the further compression of these structures can lead to
more dramatic reconstructive transformations.

In addition, the trigonal-monoclinic structural transformations was observed for a-quartz and
GaPO, as well as for LNG and LTG. Thus a-quartz, which has been reported to undergo
pressure-induced amorphisation [80, 81], was found to transform to a monoclinic, crystalline
phase when compressed to 45GPa at room temperature in a close to hydrostatic condition
(with helium pressure medium) [79]. Likewise, the investigation of GaPO, using Raman
spectroscopy clearly indicates that the high-pressure phase is crystalline [30], whereas the
powder diffraction or X ray diffraction studies it can be concluded that GaPO, becomes
amorphous at about 9(2)GPa[28,32]. However the theoretical study of a transformation of the
guartz-type GaPO, leads to monoclinic high-phase [29,37].
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3.1.5. Broadening of reflections

In addition to all described phenomena, it was observed that the reflections of LNG aswell as
L TG broaden with the increase in pressure after the phase transition, in spite of perfect

trigonal metric within the whole pressure range (no deviations from trigonal lattice parameters
could be observed within the experimental errors). The triclinic latti ce parameters at selected
pressures after pressure phase transitions (above 12(1)GPa) are listed in Tables 3.12 and 3.13
for LNG and LTG, respectively.

Table3.12. Thevariations of the lattice parameters of LNG at pressures.

p[GPa] |a[A] b [A] c[A] a[°] b[°] g[°]

15.6(3) | 7.8662(84) | 7.8626(103) |5.0066(54) |90.009(97) |90.019(87) | 119.997(72)
18.5(3) | 7.7854(50) | 7.7813(57) |4.9943(33) |90.036(57) |90.007(53) | 119.966(43)
22.8(3) | 7.6631(53) |7.6553(70) |4.9844(40) |89.973(70) |90.074(61) | 120.030(54)
Table3.13. Thevariations of the lattice parameters of LTG at pressures.

p[GPa] |a[A] b [A] c[A] a[°] b[°] g[°]

13.7(3) | 7.9475(49) |7.9441(78) |5.0134(39) |90.006(72) |89.991(57) |119.988(51)
14.8(3) | 7.9263(51) |7.9253(81) |5.0080(41) |90.000(76) |90.001(60) | 119.995(53)
16.7(3) | 7.8729(49) | 7.8715(78) |4.9990(40) |90.007(73) |89.995(59) | 119.995(52)

The full width at half maximum (FWHM) of areflection is known to be afunction of a

number of different effects, for example, the divergence of the beam, the deviation of the

wavelength and size of the aperture of the detector [82]. Given that experimental parameters

are not changed, the tendency for areflection to become broader might well be explained by
structural changes of LNG and LTG. Figures 3.17, 3.18 and 3.19, 3.20 show the profiles of
reflections (50 2) and (4 00) of LNG and LTG, respectively.
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Fig.t3.17:  Theprofiles of reflection (5 0 2) of LNG at different pressures.

! The different reflection intensity could be caused by different X-ray intensity at the beam-line D3
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Fig.?3.18:  The profiles of reflection (50 2) of LTG at different pressures.

2 The different reflection intensity could be caused by different X-ray intensity at the beam-line D3
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% The different reflection intensity could be caused by different X-ray intensity at the beam-line D3
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Figure® 3.20: The profiles of reflection (4 0 0) of LTG at different pressures.

* The different reflection intensity could be caused by different X-ray intensity at the beam-line D3
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As it can be seen, the full width at half maximum (FWHM) of the reflections does not show
significant changes up to 14(1)GPa, the broadening increases with further increase in
pressure. As pointed out above, the lattice parameters of LNG and LGT were found to obey
trigonal symmetry constraints within the experimental errors in whole pressure range.
Therefore the tendency for a reflection to become broader might well explained by deviations
of the b angle from 90° or (and) deviation from a=b in monoclinic domains, which have
directly after trangition from trigonal to monoclinic symmetry b»90°. A broadening of
reflection profiles due to non-hydrostatic conditions can be excluded, as the same broadening
effect was observed for two single crystals with totally different orientations. Furthermore the
broadening of reflections does not dependent on diffractometer angles (Fig. 3.21). This

confirmes assumption of deviations of the b angle from 90°.
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Fig. 3.21: The dependencies of FWHM of reflections of LNG from inclination angles.

The profiles of the reflections (h00), (h0l) and (hkl) ((400), (502), (1 —2 1) and (1 1 -1)) of
trigonal LNG were measured at 10 different pressures. Fig.3.22 presents the dependence of
FWHM of the reflection profiles as functions of pressure as a simple horizontal step plot.

Each step corresponds to the FWHM observed at first-step pressure. The average value of the
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initial FWHM for al reflections is 0.008° pointing out the extremely high crystal quality of
our specimens. The FWHM of the reflection profilesincrease at pressure 22.85GPa by factors
of 15, 24 and 31 for reflections (h0l), (h00) and (hkl), respectively. Final average values of the
FWHM for reflections (h0l), (h00) and (hkl) are 0.13°, 0.2° and 0.26°, at pressure 22.85GPa.
For example, adeviation of the b-angle of monoclinic domains from 90° by approximately
0.02° might cause such a broadening of reflection profiles. Dueto still narrow (0.2°) FWHM
of reflection profilesit was possible to record integral reflection intensities assuming trigonal

symmetry.
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Fig. 3.22: FWHM of reflection profilesin w-scans vs. pressure.
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3.2Temper atur e dependencies of the unit cell parametersof LNG, LTG and
LGSZ

3.2.1. Thethermal expansion of LNG and L TG lattices

The variations of unit cell parameters as function of temperature for LNG and LTG are
depicted at Figures 3.23 and 3.24 [98]. Asit can be seen the behaviour of unit cell parameters
is amost the same for both compounds and do not display any anomalies. The Figures 3.25
and 3.26 show the thermal expansion of the cell dimensions Da/ay Dc/cy and DV/V,. A least
squares fit of a second order polynomial DL/L, = a + bt + ct® to the experimental thermal

expansion data yields the following parameters:

for LNG ax 10 bx 10° cx 10°
Da/a, -1.7(5) 6.2(3) 2.1(3)
Dc/c, -5.4(7) 3.7(4) 2.5(4)
DV/V, -4.0(11) 1.6(1) 7.0(11)
for LTG ax10* bx 10° cx 10°
Da/a, -2.2(10) 6.2(5) 1.7(6)
Dc/c, -2.1(10) 4.2(7) 1.5(6)
DV/V, -7.6(13) 1.72(8) 4.8(9)
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Fig. 3.23: Thevariation of a cell parameter of LNG (black symbols) and LTG (grey
symbols) with temperature
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The mean thermal expansion coefficients are presented in Table 3.14. As it can be seen the
mean thermal expansion coefficients of unit cell parameters of LNG and LTG are similar. The
thermal expansion of these compound is dlightly anisotropic within the investigated

temperature range, as the increase of the c-axis direction is dightly lower than that in the a-

axisdirection in both cases (see also Fig. 3.25 and Fig. 3.26).

Table 3.14.

700

800 900

The variation of ¢ cell parameter of LNG (black symbols) and LTG (grey

Mean thermal expansion coefficients of unit cell parametersof LNG and LTG

a, [°C*x 107 LNG LTG
(24-850°C) (24-850°C)
q 8.141(4) 7.563(6)
ac 6.162(5) 5.344(7)
ay 22.563(7) 20.651(7)
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It may be concluded that thermal expansions of trigonal cell parameters of LNG and LT G are
the same in the investigated temperature range. Compared to the high pressure experiments
the most prominent changes are again observed for a-axis (see Fig. 3.5). Therefore the
behaviour of these compounds, which structures consist of polyhedra layers, under thermal
expansion is anisotropic as well as under compression. This can be well explained by
differing bond strength between (along c-axis direction) and within (along a-axis direction)

the layers.
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On the other side the heating and the compression cause differing changes within the crystal
structures. In general the heating of inorganic compounds increases the energy of the crystals
and structures may undergo phase transitions to higher symmetry. Due to high symmetry the
crystal structure of LNG and LTG are very stable under elevated temperature, no phase
transition was detected up to melting point (T,,~ 1460(10)°C) [11, 93]. The heating of these
structures leads to increase volumes of the unit cell, which is probably accompanied by
increase of volume and regularity of cation-anion polyhedra, whereas the compression of the
crystal structures of LNG and LTG leads to decrease of the unit cell volumes and
consequently results in decrease of volume of polyhedra. At pressures above 12(1)GPa both
compounds transform to lower symmetry structures with excess of free-energy. Thus the high
pressure polymorph of LNG or LTG is energetically more favourable at pressures above
12(1)GPa.
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Fig. 3.27: The changes of the c/a ration as compared to theinitial value versus pressure.
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In general the structural changes under increasing temperature and under increasing pressure
are converse. It can be assumed, that the behaviour of the unit cell parameters under
compression corresponds to that one under cooling. For comparison of the influence of
pressure and temperature on the lattice parameters the linear fit to the data of the changes of
c/a ratio of LNG under pressure and temperature was obtained (Fig. 3.27). Therefore, it can
be suggested that the change of the unit cell parameters of LNG or LTG after cooling from
850°C down to room temperature corresponds to that one under increase of pressure of about
1.4GPa.

3.2.2. Thermal expansion of L SZG lattice

The compound LazShZns:Ge 014, Which was investigated in this part of study, is a new
member of the langasite family. The present structure model was proposed by B. Maximov
[88]. It was proposed that LSZG crystallises in monoclinic symmetry, space group A2.
Furthermore it is expected, that the crystal structure of this compound will turn to trigonal
symmetry at temperature about 500° [88].

The temperature dependencies of the unit cell parameters of monoclinic crystal structure of
LSZG, as determined by Rietveld analysis, are shown in Figure3.28 [98]. As it can be seen,
the changes of the unit cell parameters of LSZG with temperature reveal that a phase
transition occurs at temperatures between 200°C and 300°C. Within this temperature interval
there are significant discontinuites in the cell parameter evolutions, which suggests the first-
order nature of phase transition. The b cell edge change at the phase transition has been
estimated to Db ™ 0.28%, whereas the change of the c cell edge at the phase transition has
been estimated to Dc ™ -0.28%. Thus the changes of b- and c- axis parameters at 250(50)°C
are the same in values but opposite in direction. This leads to the assumption that similar but
reverse changes of the b- and c- axis parameters indicate the phase transition to trigonal
symmetry with b equal to c. The a cell edge change at the phase transition is rather small and
has been estimated to Da™ 0.01%. The change of the monoclinic angle 3 at the temperature of
phase transition (250(50) has been estimated to 7?3~ 0.10%.
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Examination of the mean thermal expansion coefficients of the monoclinic cell parameters at
temperature ranges below the phase transition (Tab. 3.15) reveas dlightly anisotropic
behaviour of cell parameters. Thus a,>a,>a. in temperature range from room temperature up
to 200°C.

Table3.15. Mean thermal expansion coefficients of unit cell parameters of LSZG

a, [°C'x 107 LSZG
(24-200°C)
8.201(3)
8.471(5)
6.216(6)
23.40(6)
1.362(4)

22 |& &P

Pointed above phenomena suggest, that under elevated temperature the crystal structure of
LSGT undergoes the phase transition to higher symmetry.

The crystal structure of LSZG at normal condition is represented in Figure 3.29. Asiit can be
seen the crystal structure of LSZG is similar to that one of monoclinic high pressure
polymorph of LNG or LTG. Probably the substitution of Ga and Nb/Ta cations of LNG or
LTG by large cations of Sb, Ge in case of LSZG leads to lower symmetry of the crystal
structure of LSZG at normal condition as compared to that of LNG or LTG. The hesating of
the crystal structure of LSZG, leads to an increase of unit cell volume, combined with an
increase of volume and regularity of polyhedra. This results in phase transition to higher
symmetry at temperatures above 250(50)°C, which is similar to low pressure phase of LNG or
LTG.

On the other hand, the compression of the crystal structure of LNG or LTG leads to
decreasing of the unit cell volumes. Therefore the crystal structures of LNG and LTG under
pressure turn to lower monaoclinic symmetry, which is similar to the crystal structure of LSZG
at normal condition. It can be assumed, that the low temperature structure of LSZG is
equivalent to the monoclinic high pressure phase of LNG or LTG and conversely the high
temperature phase of LSZG is equivaent to the low pressure phase of LNG or LTG.
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Fig. 3.29: Projection of the monoclinic unit cell of LSZG aong the b (a) and a (b) axis at
normal condition, the GeO,, ZnO4 and SbOg polyhedra are shown:

The Figure 3.30 depicts the observed and calculated patters for monoclinic structure of LSZG
at room temperature @), at 300°C (b) and at 800°C (c) for monoclinic crystal structure of
LSZG. Fortunately, the Rietveld analysis allows to obtain with good accuracy the temperature
dependence of the cell parameters also from observed patterns with unfavourable backgound
to reflection intensity ratios (Fig. 3.30, Fig. 3.31). This does not allow sufficient determination
of atom positions. Furthermore the precision of the high temperature experiments with image
plate (the scan stepnin, ~ 0.01°) does not alow the analysis of separate reflection profiles at
different temperatures (Fig. 3.31). Therefore for the more precise determination of the
structural change (or changes) of LSZG at temperature the further experiments are required.

77



W

bl ELU nn

LX)

1588 am,

.

i
B |
t - |
| { | |
T~ “ :
| | ] | 1] wu v ® PR rEme pnnromonEni |. WEL W Wan Wm0 WO N RN PR R |||I|!|
- |
e s A . |
a)

I I I | | | I lll Lt v e em rpin I RWERNN | OES @ men owmon |1|I|||I | :||||l||| D o Ry
. \ |
b)

|
! |
i i
1
14 I ___-_ﬁ__-_
} | | | }
| ] | 1 i ([ T LW v rreen ) me v Imnun iIIIII!I!I:".I T IR0IRE 0 O min Pur pemmin wnn
T — : |

c)

Fig.>3.30:  Observed and calculated difference pattern at room temperature (@), at 300°C
(b) and at 800°C (c) of atwo phase Rietveld refinement. The indicated reflection positions in
first line belong to the diamond and the second one belong to the LSZG. The y-direction

corresponds to Intensity, the x-direction corresponds to 2?.

® The diamond powder was applied in order to minimise the absorption effects
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the x-direction corresponds to 27?.
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As pointed out above, according to the low pressure phase of LNG it was suggested that the
monoclinic crystal structure of LSZG (space group A2) at temperature above 250(50)°C
transforms to trigonal crystal structure (space group P321), the corresponding space groups
beibg maximal non-isomorphic subgroups. Thus the monoclinic crystal structure of LSZG

was transformed to trigonal crystal structure by following matrix with program Jana98:

0 0 1
1/2 1/2
-1/2 1/2

The refinements by Rietveld analysis of the trigonal cell parameters of LSZG (the atom
positions were set accordingly to the transformed atom positions of monoclinic structure at
room temperature) are represented in Table 3.16. As it can be seen, he refinements of the
crystal structure of LSZG in trigonal space group P321 do not improve the refinement
parameters. This can be probably explained by unfavourable experimental conditions. In
addition, the temperature dependencies of trigonal cell parameters of LSZG are depicted at
Fig. 3.32.

Table3.16. Results of Rietveld refinements of LSZG X-ray data at different temperatures

T[] Reragg Rup SQRT GOOF
A2 P321 A2 P321 A2 P321

300 29.80 35.44 2.57 2.78 0.47 0.51

400 25.99 29.15 2.96 3.05 0.55 0.57

500 25.27 30.63 3.02 3.17 0.60 0.63

600 25.73 36.61 2.83 3.12 0.62 0.69

700 26.38 32.05 2.92 3.15 0.62 0.67

800 34.52 41.26 297 3.03 0.64 0.65

As it can be seen the therma expansion of the cell dimensions Da/ay Dc/cy and DV/V, are
linear. A least squares fit of a first order polynomia DL/L, = a + bt to the thermal expansion

data obtained yields the following parameters:

for LSZG ax 103 bx 10°
De/ag -3.38(14) 1.143)
De/co 2.4(2) 0.74(4)
DVIV, -9.17(16) 3.04(3)
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In conclusion it may be stated, that the low temperature structure of LSZG is equivalent to the
monoclinic high pressure phase of LNG or LTG and conversely the high temperature phase of
LSZG is comparable to the low pressure phase of LNG or LTG.
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Fig. 3.32: Trigonal lattice expansion of LSGZ under elevated temperature.

81



4. CONCLUSIONS

4.1. High pressure experiments

It may be concluded that the high pressure behaviour of LNG and LTG is anisotropic as
expected for layered compounds. The a axis is the most compressible direction for both
compounds. This marked compressional anisotropy can be explained by the different
character of interconnectivities across and within the layers. Thus, under hydrostatic pressure,
the compression in ¢ direction is rigid due to less flexible interconnectivities of polyhedra
(shared edges). In contrast, the compression within the ab-plane is more rapid and it is
achieved mainly due to decreasing volumes and distortions of anion-cation polyhedra.

The crystal structures of LNG and LTG undergo phase transitions at pressures of 12.4(3) GPa
and 11.7(3) GPa, respectively. Above these pressures the crystal structures of LNG and LTG
can be defined as monoclinic, the monoclinic angle b deviates slightly from 90° starting at
14 GPa. Thus, similar to GaPO, or a-quartz, the crystal structures of LNG and LTG undergo
atrigonal to monoclinic phase transition, whereas the driving forces for these transitions are
different. The compression of the crystal structure of GaPO,, which consists of tetrahedral
chains (GaO, and PO,), leads to tilting and distortion of tetrahedra. At pressures above 7 GPa
a phase transition from trigonal to monoclinic symmetry occurs due to large distortion of the
Ga0, tetrahedra. The existence of octahedra and dodecahedra, which are sharing their edges
and (or) corners with neighbouring tetrahedra, causes the main difference between
compression mechanisms of the crystal structures of LNG or LTG and of GaPO,. Thus, the
compressions of LNG and LTG are mainly achieved by decreasing volumina of polyhedra.
But the tilting and distortion of polyhedra is hampered due to shared interconnectivities and
high symmetry. This leads to increasing internal strains (especially within the layers of GaO,
tetrahedra with atomic bonding). Finally, this results in break of high symmetry of the crystal
structures of LNG and LTG.

Significant differences in the behaviour of the investigated compounds under pressure are
observed only for high pressure phases, whereas the initial phases of LNG and LTG are
similarly compressible. Therefore the substitution of Nb®>" against Ta>* causes amost no
difference of compressibilities of low pressure phases of LNG and LGT. The calculated bulk
moduli for low pressure phases of LNG and LTG are 145(3) GPa and 144(2) GPa,
respectively. The initial phase of LNG or LTG crystals is less compressible, than a- quartz
and GaPO, with bulk moduli 37.12(9) GPa (By'=5.99(4)) and 39.9(9) GPa (By =3.7(3)),
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respectively. The lower compressibility of LNG or LTG as compared to a- quartz or GaPO,
might be explained by closer packing of these compounds. Thus the packing coefficient (c;) of
LTG as well as of LNG is 0.63, due to the equal ionic radial of Nb and Ta (0.64A). The ¢;
calculated for a- quartz and GaPO, at ambient conditions are 0.41 and 0.32, respectively. On
the other hand, the difference between bulk moduli of a- quartz structures and LNG or LTG
can be well explained by different interconnectivities of polyhedra of these structures. Thus
the crystal structure of a- quartz or GaPO, consist of corner sharing tetrahedra. This alows
higher compression of the low quartz structure as compared to that of LNG or LTG, which is
rigid due to polyhedra sharing edges.

The high-pressure phase of LNG has a bulk modulus of 93(2) GPa (By'=1.9(9)). The obtained
bulk modulus for high-pressure phase of LTG is B;=128(12) GPa (B, was set to 1.9
according to the value of LNG). Thus a difference between compressibilities of investigated
compounds appears only above pressures of the phase transitions. This difference may be
caused by increase of polarisation of the oxygen arrangement by Nb>" ions within the high
pressure polymorph, whereas the octahedra formed by Ta™ still stay amost regular.
Furthermore, a higher compressibility of the high-pressure polymorph of LNG, as compared
to the low-pressure phase, is clearly observed. An increase in compressibility is typical for
polyhedral tilt. In most cases, the additional freedom due to symmetry breaking and thus
increasing flexibility of individual structura rigid units within framework- type structures
gives sufficient explanation for the (at first glance rather unexpected) higher compressibility
of the high pressure polymorph. In addition, for various compounds, a higher compressibility
of the high-pressure phase could be explained by anomalous el asticity.

On further increase of pressure (above 22 GPa), compression of monoclinic structure of LGN
can lead to even more dramatic changes in the crystal structure with changes in the
coordination number, most likely for the Ga®" cations. Probably a similar processes will take

place also in the case of LTG, but under again higher pressures.

4.2. High temperature experiments

The thermal expansions of trigonal cell parameters of LNG and LTG are the same in the

investigated temperature range. The most prominent changes are again observed for a-axis.

Therefore the behaviour of these isostructural compounds under thermal expansion is

anisotropic as well as under compression. The absence of polarisation of the oxygen

arrangement by Nb°>* or Ta™ ions within the trigona structure of LNG or LTG, leads to
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similar behaviour of these compounds under elevated temperatures. Thus, the examination of
the mean thermal expansion coefficients of the unit cell volumes a, (24-850°C) of LNG and
LTG results in almost the same values for investigated compounds 22.563(7) and 20.651(7)
[x10°® °C™], respectively.

On the other side the structural changes under heating and under compression are converse. It
can be assumed, that the behaviour of the unit cell parameters under increase of pressure
corresponds to that one under decrease of temperature. From the linear fit to the data of the
changes of c/a ratio of LNG under pressure and temperature it follows that the change of the
unit cell parameters of LNG or LTG after cooling from 850°C down to room temperature
corresponds to that one under increase of pressure to about 1.4 GPa.

In addition, the heating of the monoclinic crystal structure of LSZG, which is comparable to
the high pressure phase of LNG or LTG, results in a phase transition. The high temperature
phase of LSZG is suggested to be trigonal, with respect to low pressure phase of LNG or
LTG. In conclusion it may be stated, that the low temperature structure of LSZG is equivalent
to the monoclinic high pressure phase of LNG or LTG and conversely the high temperature
phase of LSZG is equivalent to the low pressure phase of LNG or LTG.

For a more precise description of the phase transition of the crystal structure of LSZG at

elevated temperature further experiments are required.

4.3. Compilation of features with regard to advantageous technical applications

In addition, it will be useful to list the properties of LNG and LTG single crystals again:

6. Crystals of LNG and LTG can be grown by conventional Czochralski technique with
rather high structural perfection.

7. The results of the DTA measurements show no anomalies in the behaviour of LNG or
LTG up to 1400°C [5]. The phase identification by using powder X-ray diffraction
analysis showed that the samples after DTA measurement have kept the initia phase.
Results of X-ray diffraction experiments reported in this study confirm the absence of
phase transitions at temperatures up to 800°C. Since LNG and LTG probably have no
phase transitions up to their melting points at about 1470(30)°C, they are ideally suited for
piezomechanical applications at high temperatures 3,5,11].

8. Thehardness of LNG and LTG is aimost the same as that of quartz.

9. Neither LNG nor LTG isinsolublein acids or bases.
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10. The pass band width of LNG or LTG filter is three times wider than that of quartz.

Therefore, LNG and LTG are by far superior materials for filter devices.

With regard to this study the following recommendations may be made:

5.

In regard with high quality of these materials (the full width at haf maximum of the
reflections is about 0.0008°), it can be recommended to use this crystals as a test-crystal
for adjustment of single- crystal- diffractiometers.

As well as a- quartz [58], these crystals can be used as internal pressure standard at high
pressure single crystals experiments, due to large number of strong independent
reflections. On the other side, the lower compressibility of LNG or LTG as compared to
a- quartz, may lead to lower precisions of pressure measurements. This disadvantage can
be compensated by high scattering power of these compounds.

LNG or LTG can be supplied as materias for pressure sensors up to very high pressure
level (up to 11 GPa). The upper pressureis limited by phase transition to lower symmetry,
which LNG and LTG undergo at pressures above 12(1) GPa.

The thermal stability of these materials was confirmed. Thus the temperature dependence
of lattice parameters of these materials show no anomalies within the investigated
temperature range (24°C - 850°C). In this way, LNG and LTG can be strongly

recommended as a substrat material for temperature sensors.
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7. APPENDICES

7.1. APPENDIX A

Table7.1. Cdll dimensions of LGT and LGN materials at normal conditions as

determined by different research groups

Who La3Ga5.5Nb0.5014 La3Ga5.5Ta0.5014
a[A] c[A] V [A] a[A] c[A] V [A]
Takeda" - - - 8.228(2) | 5.124(2) 300.41
et. al. [23]
Bohm? 8.233 5.129 299.25 8.236 5.128 301.23
et. al. [11]
Molchanov® | 8.235(5) | 5.129(2) | 301.216 - - -
et. al.[22]
Thisstudy® | 8.236(2) | 5.130(1) [301.35(12)| 8.235(3) | 5.131(2) |301.34(25)

Theresultslisted in Table 7.1 were obtained by following methods:
1) Single crystal X-ray diffraction, cell dimensions were determined by a least-squares fit to ?
values (20°<2?7<30°) of automatically centred 30 reflections. The e-mails of authors:

kawachu@lexus.imr.tohoku.ac.jp

hirodx @l exus.imr.tohoku.ac.jp

2) X-ray powder diffraction.
The e-malil of the leader of the research group:

heimann@mineral .tu-freuberg.de

3) Single crystal X-ray diffraction method. Cell parameters were calculated from angle
position of 25 reflections within the ? range 27°-32°. The e-mails of authors:

maximov@ns.crys.ras.ru

mill @plms.phys.msu.su

4) Single crystal X-ray diffraction method. Cell parameters were obtained by a least-squares
fit to ? values (25°<27<32°) of 16-24 reflections automatically centred in 4 different setup.
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7.2. APPENDIX B

Table7.2. The atomic coordinates of LazNbgysGas 5014 a normal conditions
Atom Wyck. pos. q X y z
La 3e 1.0 0.42459(2) 0.0 0.0
Ga:Nb=1:1 la 0.5 0.0 0.0 0.0
Ga2 2d 1.0 0.33333 0.66667 | 0.53124(7)
Ga3 3f 1.0 0.76176(4) 0.0 0.5
O1 2d 1.0 0.33333 0.66667 0.1784(5)
02 69 1.0 0.4563(3) | 0.3083(3) | 0.3054(3)
(OK] 69 1.0 0.2188(3) | 0.0773(3) | 0.7627(3)
Table 7.3. The interatomic distances [A] within the polyhedra of LagNbg sGag 5014 at

normal conditions

L aOg-dodecahedra

Ga/NbOe-
octahedra

GaO tetrahedra

GaO -tetrahedra

La-O3
X2

La-O1
X2

LaO2
X2

La-O2’
X2

Ga,Nb-O3
X6

Ga2-01
x1

Gaz2-02
X3

Ga3-03
X2

Ga3-02
X2

2.413(3)

2.619(1)

2.464(2)

2.882(2)

1.995(2)

1.809(3)

1.840(2)

1.832(2)

1.873(2)
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7.3. APPENDIX C

Table 7.4. The atomic coordinates of LazTagsGas 5014 at normal conditions
Atom Wyck. pos. q X y z
La 3e 1.0 0.42492(7) 0.0 0.0
GaTa la 0.5 0.0 0.0 0.0
0.56:0.46
Ga2 2d 1.0 0.33333 0.66667 0.4689(2)
Ga3 3f 1.0 0.7617(1) 0.0 0.5
o1 2d 1.0 0.33333 0.66667 0.822(2)
02 69 1.0 0.4568(7) | 0.3089(8) 0.694(1)
(OK] 69 1.0 0.2194(8) | 0.0787(8) 0.241(2)
Table 7.5. The interatomic distances [A] within the polyhedra of LasTagGas 5014 at

normal conditions

L aOg-dodecahedra

Ga/TaOg
octahedra

GaO -tetrahedra

GaO -tetrahedra

La-O3
X2

La-O1
X2

LaO2
X2

La-O2’
X2

Ga,Ta-03
X6

Ga2-01
x1

Gaz-02

Ga3-03
X2

Ga3-02
X2

2.428(7)

2.618(3)

2.464(6)

2.885(6)

2.007(6)

1.810(8)

1.836(6)

1.819(6)

1.874(6)
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7.4 APPENDIX D

0,70 %ﬂwﬁ—#ﬂ%—ﬂ‘v‘m s &
0,48 -
A@O Ql) 20 £¢0) J ag a
-
__ 044 @ § T
N
= ® X
X 040 3z —
o v 2 }
0,36
023 AT I T t
tasl A ey I L
0,28
0,24
0 5 10 15 20 25
p[GPa]
0,80
076 Mir
0,72
0,28
N 0,24
> oW @ $Ea%C ¢
2 020
™
o
016 -9
012 : 32’
0,08 Azmmfm—nzﬁﬂiﬂ*
0,04 !
0 5 10 15 20 25
p[GPa]
Fig. 7.1: Pressure dependencies of positional parameters of oxygen O(2), O(3) of LNG

(black symbols) and LTG (grey symbols) refined in trigonal symmetry (space
group P321)
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7.5. APPENDIX E

Fig. 7.2 Structural model of LNG at pressure 15.6GPa refined in space group P321 with
split positions for 02(021-022).
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7.6. APPENDIX F

Table® 7.6.  The difference between observed and calculated structure factors (F2-F2,) for
the reflections of LNG at pressure 15.6 GPa with the largest differences
between calculated structure factors (F2.;-F2,) for refinementsin P321 and A2

space groups.

? hkl Fécl'cmz I:dol' chl FZOZ- FZCZ
1 -3 0 8 205,00 62,54 18,41
2 2 016 196,14 76,41 28,39
3 7 2 22 172,06 92,06 77,85
4 08 8 117,28 52,62 6,69
5 -2 -8 18 99,75 45,76 11,06
6 7 -5 19 94,84 89,84 79,70
7 1-117 94,51 60,74 21,71
8 -5 6 16 88,57 67,89 37,93
9 1117 82,29 16,39 56,23
10 1 325 79,51 26,00 84,46
11 0-8 8 68,54 62,51 34,51
12 -1-824 68,02 85,13 74,38
13 0 016 65,81 77,44 61,64
14 2 -1 17 57,62 55,64 28,32
15 2521 55,51 10,86 49,45
16 5 222 54,02 61,45 39,14
17 1-325 53,933 34,68 69,15
18 -4 1 3 53,30 28,35 13,85
19 2 117 50,46 47,62 19,21
20 1-426 49,55 30,35 6,78
21 7 -2 22 47,36 88,80 83,09
22 6 024 47,15 41,23 11,35
23 3 022 46,97 35,10 2,22
24 -3 8 18 45,72 46,77 18,32
25 1523 45,63 42,87 20,37
26 0-117 45,35 37,41 6,74
27 -110 4 45,22 44,00 15,71
28 -1 117 44.44 8,53 35,44
29 7 519 41,06 66,75 51,93
30 -4 7 17 40,10 43,07 12,14
e 1538,88 1076,21
a

30

® Fe1 and Fe, calculated structure factors for refinementsin P321 and A2, respectively. F, -
observed structure factors.
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Table’ 7.7.  The difference between observed and calculated structure factors (F2-F2,) for
the reflections of LNG at pressure 0.8 GPa with the largest differences between
calculated structure factors (F%.-F?,) for refinementsin P321 and A2 space
groups.

? hkl chl‘ FZCZ I:dol' chl FZOZ- FZCZ
1 -4 8 6 42,70 32,66 4,47
2 0-2 18 40,28 30,32 4,88
3 1-517 40,15 7,55 26,62
4 0 218 38,48 25,66 1,49
5 2-79 36,03 9,36 15,61
6 -4 -6 4 34,60 3,99 6
7 2 7 9 33,98 0,39 23,21
8 0 -7 15 32,95 2,24 19,10
9 0 715 32,59 7,73 30,54
10 -4 -7 9 32,40 51,84 42,10
11 -4 6 4 32,22 12,66 4,93
12 -1 319 32,03 13,30 4,25
13 0 319 31,97 26,07 10,37
14 -2 517 31,85 0,14 19,38
15 -2 -5 17 31,78 13,49 3,33
16 0 -3 19 31,64 1,82 18,56
17 0 717 31,12 0,70 19,83
18 -1 020 31,03 15,43 0,58
19 -1 -7 17 31,02 15,78 0,23
20 -1 7 17 30,45 0,21 18,31
21 1-7 17 30,11 1,47 19,76
22 -1 -9 13 29,82 3,48 12,34
23 -1 -3 19 29,80 16,69 2,99
24 1717 29,77 2,39 20,19
25 0 -7 17 29,54 5,90 23,21
26 0 -4 16 29,28 0,13 17,19
27 0-814 29,23 7,40 8,03
28 1-315 29,17 5,66 22,21
29 0 416 29,11 1,52 15,35
30 0-517 29,05 22,23 10,64
b 338,26 449,21
a

30

"Fe1 and Fe, calculated structure factors for refinementsin P321 and A2, respectively. F, -

observed structure factors.
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7.6. APPENDIX G

Table 7.8.

Coordinates of atoms of LasSh;ZnsGe,O4 and their isotropic thermal

parameters at normal conditions.

atom  Positio X y z By
n
Lal 2a 0.0 0.422656 0.0 0.76
La2 4c  0.00031(4) 0.28863(5) 0.28857(2) 0.88
Sb 2a 0.0 0.00043(7) 0.0 0.46
nl 2b 0.5 0.25979(10) 0.5 0.56
Zn2 4c 050013(9) 0.12017(9) 0.12011(4) 0.66
Ge 4c 0.46139(9) 0.00006(8) 0.33338(8) 0.38
o1 4c  02123(6) 04748(4) 0.3836(2) 146
o2 4c  0.8008(6) 0.0010(5) 0.3336(2) 123
03 4c  0.7860(7) 0.3435(4) 04312(3) 156
o4 4c  0.2147(6) 0.1836(4) 00437(2) 1.78
05 4c 0.3017(10) 0.1172(7) 04164(2) 121
06 4c 0.2970(10) 0.0645(7)  0.2341(4) 154
o7 4c 0.7012(9) 0.3173(6) 0.1520(3) 167
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