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Abstract

In order to elucidate the transformation processes and mechanism of minerals at high-pressure
and low-temperature where the atoms are not thermally activated, the pressure-induced change
of crystal structure of FeGeO, clinopyroxene (C2/c) were investigated by X-ray diffraction
techniques in conjunction with diamond anvil cell (DAC) and synchrotron radiation (SR).

FeGeO, clinopyroxene (C2/c) is reported to transform into the mixture of Fe,GeO, spinel and
GeO, rutile at high pressure and high temperature. In the present study, it transforms reversibly
into a new high-pressure phase, FeGeO, (II), at 13 GPa and at room temperature. This process
indicates that the initial phase tends to transform into the denser phase without atomic diffusion
at Jow temperature. Analysis of the powder X-ray diffraction pattern showed that FeGeO,(II) 1s
based on the deformed the hexagonal closed packing (HCP) of oxygen and has the same cationic
arrangements as that of clinopyroxene. TEM observation of the recovered sample shows that the
phase transformation is accompanied by diffusionless mechanism. These results suggest that the
clinopyroxene transforms into FeGeO,(II) by martensite mechanism. The transformation process
of FeGeO, implies that the high-pressure transformation of minerals at low temperature is
generally accompanied by the shear mechanism rather than by the atomic diffusion process.

To reveal the onset of the shear-induced transformation at 13 GPa, the compression behavior
of FeGeO, clinopyroxene have been investigated by single-crystal X-ray diffraction with diamond
anvil cell up to 8.2 GPa. A series of the structure refinements shows the change of the compression
mechanism at 4.5 GPa. Below 4.5 GPa, the GeO, tetrahedra are essentially incompressible with
the si gniﬁcaqt decrease in Ge-O-Ge bond angle, whereas at higher pressures the GeO, tetrahedra
are significantly compressed with keeping the Ge-O-Ge angle. The result of molecular orbital

(MO) calculation shows that the above geometrical change of tetrahedral linkage contributes to
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the increase in local energy of tetrahedral linkage, and the transformation into FeGeO, (II) is
induced by the local instability of the tetrahedral linkage. It is inferred from the results on
FeGeO, that the transformation of mineral compounds at low temperature, where the atoms are

not thermally activated, is induced by the instability of the local unit.
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Preface

Present thesis concerns with high-pressure transformations of minerals under temperature
condition where atoms are not thermally activated. High-pressure transformations and the
precursory phenomena of FeGeO, clinopyroxene (C2/c) were investigated from viewpoints of
their crystal structures by in-situ powder X-ray diffraction and high-pressure single crystal X-ray
diffraction methods for the purpose of elucidating the following points: (i) the transformation
mechanism: (ii) the onset of high-pressure transformation: (iii) the effects of the crystal structure
on transformation processes.

In Chapter 1, the background and the purposes of this study are introduced. Chapter 2 reviews
previous studies on compression processes and transformation processes of pyroxenes. The
experimental procedures of in-situ powder X-ray diffraction and high-pressure single crystal
X-ray diffraction are described in Chapter 3. Experimental results are given in Chapter 4 in the
order of the powder X-ray diffraction at high-pressure and room temperature, the transmission
electron microscopy (TEM) and analytical-TEM (ATEM) examination of the recovered sample,
and the single crystal X-ray diffraction and the molecular orbital (MO) calculation. The discussion
on the transformation mechanism, the onset of the transformation and the effect of the crystal
structures on the transformation processes are given in Chapter 5. Conclusions of the present

thesis are given in Chapter 6.
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Chapter 1. Introduction
1.1 High-pressure phase transformation

All materials change crystal structures with temperature, pressure, electric and magnetic
fields and the different chemical circumstances. In these processes, the structures may distort and
change their local and bulk symmetries; they may rearrange the atomic positions; the occupancies
of the cation sites may become ordered or less ordered. These processes are called phase
transformation. Especially, the pressure-induced changes are called high-pressure transformations.

High-pressure phase transformations are very important in the Earth Science. Many minerals
tend to take the denser structures under high-pressure and high-temperature conditions in deep
Earth's interior. Phase relations of the mantle constituent minerals under high-pressure and
high-temperature conditions have been investigated to reveal the Earth's interior.

The previously reported high-pressure transformation sequences of AO, and ABO, minerals
are shown in Fig. 1.1. These phase transformations are divided into some categories on the basis
of the Buerger's structural classification (1951, 1961) (Table 1.1, 1.2). Each category is subdivided
into reconstructive and displacive transformations. The former is accompanied by breaking the
chemical bonds and the latter is accompanied by the small shifts of the atomic positions. Most of
transformations of AO, and ABO, minerals are reconstructive and involve the coordination
increase.

1.2 Metastable state

Generally reconstructive phase transformations of silicate minerals are accompanied by the
large activatipn energy because the large energy is needed for disconnecting the strong Si-O
bonds. Therefore, the transformations are very sluggish and the system cannot often move into

an equilibrium state under low-temperature condition where the atoms are not thermally activated.
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If the phase is present in a local minimum of free energy instead of in a unique minimum and is
separated still from lower minimum by energy barriers, the system is said to be in a "metastable
state". Under such condition, the parent phase is often metastably compressed and, in some case,
transforms into another metastable state through a lower activation energy path (Ostwald step
rule). These transformations are often observed in the compression of mineral compounds at
room temperature. For example, the SiO, quartz transforms into the amorphous state at about
15~20 GPa, not into its high-pressure polymorphs of coesite and stishovite (Hemley et al. 1988).
Similar transformations have been reported in many compounds (c.f. review: Richet and Gillet
1997, Yamanaka et al. 1997). In spite of many experimental and theoretical approach, no studies
have successfully accounted for the mechanism of the amorphization. These transformations
cannot be understood by thermodynamics. The understanding of the process and the mechanism
of these transformations is indispensable for understanding the structural change of minerals
under the condition where the atomic diffusion is restricted. |
1.3 Transformation processes under room temperature

Previously reported transformation process of AO, and ABO; minerals under high-pressure
and room temperature conditions are shown in Fig 1.2. Transformation processes of some
compo;Jnds under room-temperature condition are remarkably different from those at high-
temperature (Fig 1.1). This results suggest that the transformation mechanism is different between
these transformation. The first aim of this study is to reveal the transformation mechanism at low
temperature where atoms are not thermally activated.
1.4 Effects of crystal structure on the transformation process

Nagai (1995) have investigated the relation between the oxygen packing and high-pressure

transformations of several germanates at room temperature by powder X-ray diffraction. MgGeO,
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and CaGeO, germanates based on cubic closest packing (CCP) of oxygen reversibly transforms
into the crystalline states, whereas Mg,GeO, olivine with the hexagonal closest packing (HCP)
of oxygen transforms irreversibly into the amorphous state. This study shows the effects of
crystal structure on the transformation process, however the detailed relation is still unclear
because of the lack of the detailed atomic movements on transformation. The second aim is to
reveal the relation between the crystal structure and transformation process through the investigation
of atomic movements during the transformation.
1.5 Onset of pressure-induced transformation

The onset of the transformations of the metastably compressed phases cannot be predicted
from the viewpoint of thermodynamics. In such case, the structural stability of a parent phase
may explain the onset of phase transformation. One of the most intensively studied examples is
the pressure-induced transformation of a-quartz.

a-quartz consists of vertex-shared tetrahedra. Hemley et al. (1988) have discovered a
pressure-induced amorphization of a-quartz at room-temperature. Many theoretical and
experimental studies have been performed to reveal the mechanism (c.f. Kim-Zajous et al.
(1999) and the references therein). Hazen et al. (1989) revealed that the Si-O-Si bond angle and
inter—te;trahedral distance of O-O dramatically decreases with increasing pressure and concluded
that the excessive decrease of the inter-tetrahedral angle of Si-O-Si below 120° induces the
amorphization. The computer simulation results show the similar results (Chelikowsky et al.
1990). The molecular orbital (MO) calculation also supports the instability of the tetrahedral
linkage due to the excessive kinking of tetrahedral chain (Geisinger et al. 1985). These results
suggest that the pressure-induced amorphization of o-quartz is induced by the local instabilities

of the tetrahedral linkage. However, it is still unclear whether this concept is generally applicable
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to the transformations of other compounds. In the present study, the onset of transformation of
chain germanates with vertex-shared tetrahedra are investigated from the structural aspects.
1.6 Present approach

In this study, the author focused on a chain germanate of FeGeO, clinopyroxene (C2/c) in

terms of the following points:
(1) The detailed atomic movements on transformation is necessary for the above purpose. The
chain germanates have been known to transform into crystalline state, not into amorphous state
(Nagai 1995). Therefore, the chain germanate is considered to be preferable for an investigation
of atomic movements using the X-ray diffraction method. (ii) Only the chain germanates transforms
into crystalline state, not into amorphous state, among various germanates under high-pressure
and room-temperature conditions. An investigation of the transformation mechanism of chain
germanates will help understand the effects of the crystal structure on the transformation process.
(iii) The results of a-quartz suggest the close relationship between the highly-kink of tetrahedral
chain and the structural stability. The tetrahedral chains of germanate clinopyroxenes are most
highly-kinked among all the pyroxenes. Therefore, the germanate clinopyroxene is appropriate
for an investigation of the onset of the phase transformation.

In .order to reveal the transformation process, FeGeO, clinopyroxene (C2/c) has been
investigated up to 20 GPa by in-situ powder X-ray diffraction using an imaging plate (IP) in
conjunction with synchrotron radiation (Chapter 4.1). The results showed that FeGeO,
clinopyroxene transformed reversibly into a denser high-pressure phase of FeGeO, (II). The
structure of the high-pressure phase was successfully refined on basis of the powder X-ray
diffraction pattern at 20.1 GPa. To know the transformation mechanism, the sample recovered

from abdut 20 GPa were also examined by transmission electron microscope (TEM) and analytical-
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TEM (ATEM) (Chapter 4.2).

In order to reveal the onset of the transformation, the detailed crystal structure before the
transformation was investigated up to 8.2 GPa by single crystal X-ray diffraction (Chapter 4.3).
The Ge-O bond length and Ge-O-Ge angle of FeGeO, clinopyroxene significantly changed with
increasing pressure. To comprehend this compressional behavior, the strain energy of the tetrahedral

chain was estimated by the molecular orbital (MO) calculation (Chapter 4.4).




suonIpuod anjerodurs)
-ySy pue amssoid-ydiy repun seoul ‘Qgy pue ‘Qy Jo seousnbos uonewoysuel], 17 Suy

spunodwos €ogy spunodwos ¢oy
piouaxodid 10 auaxolhd zuenp
09909 Toens €0oop0 Toeve) |
€01500 ‘€oIse Eoisun ‘€oISBIN cois
‘JsUo0Io . =) "JSU0I9
1 H 1SU0J3Y Joulen - |
Coisbn Zo53)
.hmco%m@ | Jsuogay] |SHS0D
€
a|ny + joulds payIpoly 0'Stz
€oiSh 3 F0oouN 8 o
OIS 099pPD €nonb JSU023
v .acoumm@ wsuosay | | CPO0N y oy
any + |suidg ajny
Eoisun = = = ' e
JSU0DAY 089uZ 02900 COISBIN @ N
1SU023Y v ¥ 2006 oIS
€0e0ad SEN] anjoeldsig
€
€ois00 ; €558 SO moEoo -
€o1se4 oisuz €oopuy ISUODSY OlLed 108D
1suooay] €0e909 €oeopo
Jsuogay adA) Eoanim €0oBUN
Y mo_m_s_ @ « €0ISBIN
aApoeldsiq .
——> a|uny +|0eN suosod

SIDNSAOIdd |«




suonpuod arjeroduway

-wool pue amssaid-ySiy Jopun speruiw ‘Ogy pue ‘QV jo saduanbes uonewogsuell 71 ‘Sig

spunodwos €ogy
plouaxouid auaxouid
€0s0e) (£pnis srq1)
é €0enayg
toenfIN
- ¢
plouaxoJid é
€0ane) €oenag
¢ é
adA) €0qnIT
U otisUv s €0s04 ‘€SN snoydiowy
‘Cor12d ‘touSUN FOLLEIN —
oAloeldSIqg Y \ 4 ‘# é
91jSA0Idd

spunodwod ¢oy

zuenp

<00 ‘Torg
é

snoydiowy

aIny

Loen Cors
oAloedsIqg

Cjoe)




(A1)
“IDeD oy (q)
adf1-*OqNITe—ovuowy (8) (1)
aI{sa01d —2dA1-* OaNIT ()
QIYSAOISJ ¢ U]
NS0 ZENY (8) (1)
~ (@)

SBNY+H[DEN «—Husw(]
o[« d[uny + [ouldg

MY + [DBN« JoUIRD) ‘O[Nny + [SUIAS «— JOUIBD) ‘9TUIW[[«—JOUTBL) ‘) IYSAOIOJ«—1oUIRD)
‘Y + [PUIdG e UOX0IL{ “1OUIBL) ¢~ UIXO0IA] “OIUSUWI[[«—OUIXOIA]

SN Y e~ ZUENQY DN —3aMs0) () (1)

‘spunodwod *QgVy pue ‘QV JO suoneulojsuen aanssaid-y3iy ay) Jo UONEIISSE]D [BINIONNS 7| 9[qE

(ys133n[s) ad£1 puoq jo uoneuIojsuel] (A1)
(pider) reuoneor (q)
(ys133nis) reuonninsqns (v)
JopIOSIp SUIA[OAUT SUOTIBULIOJSURI ] (111)
(prder) aarserdsip (q)
(ys138n1s) 2AONISUODAI (B)
UONBUIPIOOD PUOI3S FUIA[OAUT SUOTIRULIOJSURI], (11)
(pider) feuonesefip (q)
(ys183ns) 2A1ONINSUOIAI (B)
UOIBUIPIOOD 1511 SUIA[OAUL SUOTIBULIOISURI] (1)

UONEBOHISSB[O [eInIonys s Jog1ang ['] d[qe



Chapter 2. Previous studies of pyroxene
2.1 Crystal structures of pyroxenes

A typical crystal structure of pyroxenes is shown in Fig. 2.1a (Zhang et al. 1997). Pyroxene
consist of vertex-shared tetrahedral chains and edge-shared octahedral bands. The tetrahedral
chains bridge the octahedral bands laterally along b-axis. The chain has the flexibility of kink
and tilt. This variations in the geometry generate the various crystal structures with different
crystal systems and symmetries (Cameron and Papike 1980). A typical change of crystal structure .
of MgSiO, pyroxene is shown in Fig. 2.2 (Angel et al. 1992; Gasparik 1990; Kanzaki 1991;
Pacalo and Gasparik 1990; Shimobayashi and Kitamura 1991).

The tetrahedral chain geometry is described in terms of kink of tetrahedral chain and tilt of
the tetrahedral basal plane. The kink is represented by 03-03-0O3 angle defined by the bridging
oxygen (O3) of tetrahedra. The tilt is represented by an inclination angle of the normal of
tetrahedral basal plane (Fig. 2.1). From the geometrical relationship between the polyhedral size
and tetrahedral chain, the kink angle (<0O3-03-03) has the following relation to edge distance

ratio of octahedra to tetrahedra (d, /d,,,)

( -1
<03 -03 -03=2sin""| — o) \
\

where d_, and d,, indicate the mean edge distances of octahedra and tetrahedra, respectively.
Two extreme ends of chain geometry help understand many chain geometries in pyroxenes. One
is the most-extended chain with 03-03-03 angle of 180 ° at the edge ratio of 2/v3. The other
end is the most-kinked chain with O3-03-03 angle of 120 ° at the edge ratio of 1/1. In the latter

case, the oxygen arrangement becomes ideal CCP and, therefore, the structure is called "ideal

pyroxene" (Cameron and Papike 1980). Tetrahedral chains in many pyroxenes have intermediate
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geometry between these ends. This geometry changes with chemical compositions of the polyhedra
or the change of temperature and pressure condition.

FeGeO, clinopyroxene (C2/c) has the most highly-kinked tetrahedral chain among various
pyroxenes (O3-03-0O3 = 131.1°). The structure is very close to the ideal clinopyroxene (Fig.
2.1b) (Yamanaka, personal communication). The oxygen arrangement can be approximated by
cubic closed packing (CCP) (Peacor 1968). Fe** and Ge™ cations locate at interstices between
oxygen stacking layers, alternately along the stacking direction.

2.2 Pressure-induced change of crystal structure

Pressure-induced structural changes of pyroxenes have been investigated to speculate the
crystal structure under the upper mantle condition (Levien and Prewitt 1981; Zhang et al. 1997,
Hugh-Jones and Angel 1994; Hugh-Jones et al. 1997). The high-pressure structure analyses
showed that octahedra are more compressible than tetrahedra. Consequently, the edge distance
ratio d_/d,, increases and the tetrahedral chains become more kinked with pressure. The examples
are shown in Fig. 2.3 (Levien and Prewitt 1981; Zhang et al. 1997; Hugh-Jones et al. 1997).

2.3 Transformation processes under high-pressure condition
2.3.1 High-pressure transformations at high temperature

P—I; phase diagram is shown in Fig. 2.4. FeGeQ, clinopyroxene (C2/c) is stable at ambient
condition. It decomposes into the mixture of Fe,GeO, (spinel) and GeO, (rutile) phases at about
1 GPa and 1000 °C (Ringwood and Seabrook, 1963). One of the decomposed phases, Fe,GeO,
(spinel) transforms into Fe, O (wustite) and GeO, (rutile) at about 25 GPa and 1400-1800 °C
(Liu et al. 1977). In summary, FeGeQO, clinopyroxene (C2/c) transforms into high-pressure

phases in the following sequences:
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| 1
FeGeO, — > Fe,GeO, + EGeOZ — Fe,_ O+ GeO,

2.3.2 High-pressure transformations at room-temperature

High-pressure transformation of FeGeO, clinopyroxene (C2/c) at room temperature has not
been investigated. High-pressure study of MgGeO, clinopyroxene (C2/c) at room temperature
help predict the transformation of FeGeO, clinopyroxene.

The transformation of MgGeO, clinopyroxene (C2/c) has been investigated at room temperature
up to 35 GPa by in-situ powder X-ray diffraction method (Nagai 1995). MgGeO; clinopyroxene |
transforms .reversibly into a high-pressure phase at about 10 GPa. The crystal structure of
high-pressure phase is not those of the previously reported high-pressure phases (ilmenite, LiNbO,-
type, perovskite) (Fig. 2.5a). It is still uncleared because of the low quality of the diffraction
patterns taken by a conventional X-ray source and position sensitive detector (PSD). EXAFS
study on MgGeO, clinopyroxene revealed that the coordination number of Ge* cation increases
from fourfold to sixfold between 7.5 GPa and 31 GPa (Fig. 2.5b) (Andrault et al. 1992). These
experimental results suggests that MgGeO, clinopyroxene transforms reversibly into a high-

pressure phase with the coordination increase of Ge* cation at about 10 GPa.
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Kink angle Tilt angle ® Ca

® Fe

A Si0,

Fig. 2.1a Crystal structure of CaMgSiO; (Levien and Prewitt 1981)

Kink angle Tilt angle @ Fe

Fig. 2.1b Crystal structure of FeGeO, (Yamanaka et al. 1985)
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Fig. 2.3 Variation of 0O3-O3-O3 angles in tetrahedral chains of CaMgSiO,, CaFeSiO,

clinopyroxenes and MgSiO, orthopyroxene with pressure (Levien and Prewitt 1981, Zhang et al.
1997, Hugh-Jones et al. 1997)
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Fig. 2.4 P-T phase diagram of FeGeO, (Ringwood and Seabrook 1963, Liu 1977)
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Fig. 2.5a X-ray diffraction patterns of MgGeO, clinopyroxene at pressures up to 35 GPa (Nagai
1995)
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Fig. 2.5b Variation of the Ge-O bond length in MgGeO; as a function of pressure. Full circles, at
increasing pressure from 0 to 30.7 GPa; open circles, at decreasing pressure from 30.7 to zero

pressure. The full line expresses the compressibility of the GeO, tetrahedron before the change of
coordination of germanium atoms (Andrault et al. 1992).
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Chapter 3. Experimental
3.1 Sample preparation of FeGeO,
3.1.1 Synthesis of FeGeO, clinopyroxene (C2/c)

The condition and procedures for the synthesis of FeGeO, clinopyroxene (C2/c) were based
on Takayama et al. (1981). The phase diagram of FeO-Fe,0,-GeO, system is shown in Fig. 3.1.
The sample was synthesized on the basis of the following reaction equation:

Fe + Fe,O, +3GeO, =3FeGeO,

Iron metal, Fe,O, (E. Merk: 99%) and GeO, (Nacalai tesque Co. Ltd: 99.999%) were used as the
starting materials. The mixture of these powder samples was compressed up to the pressure of
100 kg/cm?® by a hand pump and formed into a pellet in order to proceed the solid-solid reaction
more effectively. The pellet was sealed in the evacuated silica tube (10? Torr) to avoid the
oxidation of Fe** ion and was kept at 1000(5) °C in a SiC heater-rounded box furnace. After the
duration of 14 days, the sample was quenched in the furnace. Opaque black crystals with the
linear size of 10 ~ 300 um were obtained (Fig. 3.2).

3.1.2 Characterization of the synthesized sample

Electrqn Probe Micro Analysis

The chemical composition of the synthesized sample was examined by JEOL JXA-733
Electron Probe Micro Analyzer. A sample surface was polished by SiC powders of #1000, #320,
#180 and diamond pastes with the grain size of 3, 1, 1/4 um. Carbon was deposited on the
surface to avoid the electron charge up during EPMA analyses.

The examination was performed through the operation of the acceleration voltage of 15 kV
and the 'ﬁl‘ament current of 1.2 x 10® A. The quantitative analysis was undertaken by angler

dispersive method with three analyzer crystals on a high speed qualitative analysis program
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(QLAN). The quantitative analysis was carried out by intensity measurement of the characteristic
X-ray from the electron radiated area with the correction by atomic-number, absorption and
fluorescence (ZAF) method.

The electron back scattering image does not show any remarkable contrast due to spatial
inhomogeneity of chemical elements. The chemical compositions in any measured points are
FeGeO, within experimental uncertainty and no metal elements except Fe and Ge were detected.
Powder X-ray diffraction

The powder X-ray diffraction pattern of the synthesized sample was taken by the Rigaku
RAD-B diffractometer using CuK_ radiation. A sealed tube X-ray generator was operated at 35
kV and 15 mA. The powder pattern was taken by 6-26 step scanning mode with fixed time of 8
seconds.

The X-ray diffraction pattern is shown in Fig. 3.3. All the diffraction peaks could be indexed
as clinopyroxene. No diffraction peaks except those of clinopyroxene were observed in the
pattern. The comparison between the observed d-values and those of JCPDS card (JCPDS
#35-1265) are shown in Table 3.1. The d-values of the synthesized sample were coincident with
those of JCPDS within the experimental uncertainty. The refined lattice parameters of FeGeO,
were a. =9.801(27) A, b =9.145(19) A, ¢ =5.097(20) A and 3 = 101.95(39)". All the above data
indicate that the FeGeO, clinopyroxene (C2/c) was prepared successfully.

3.2 Principle of high-pressure generation and structure analysis
3.2.1 High-pressure generation

The high-pressure generation technique is essential for the investigations of crystal structure

at high pressﬁres. The pressure is generated by the concentration of the force. The principle is

explained by the following equation:
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F PA p al p" 1t

where F is the equilibrium force: P is the pressure applied on the anvil surface with area of A.
The pressure is amplified when we use the anvil with two different areas of a' and a' . The

amplification factor is written by the following relation;

The amplified pressure of p'is a'/ a" times as much as that of p". The above amplification
factor becomes about 40 when we use the anvils with surface areas of 0.4 mm¢ and 2.5 mm#¢.
Two types of the high-pressure cell have been generally used in high-pressure experiments.
One is diamond anvil cell (DAC) and the other is multi anvil cell made of the tungsten carbide
(WC) or sintered diamond. Especially, the diamond anvil cell (DAC) has the great advantage in
the crystal structure analysis, because the diffraction intensity from sample can be measured
precisely due to the small X-ray absorption factor of diamonds. Thus, the DAC was used in the
present studies.
3.2.2 Pressure measurements
Pressure was measured by the ruby fluorescence method. It is empirically known that the
wavelgngth of ruby R, fluorescence line shifts with increasing pressure on the following relation

(Mao et al. 1978);

P(GPa) = 380. 8{(%—) -—IJ

where P is the pressure: A and A, are the wavelength at high-pressure and ambient pressure,
respectively. The generated pressure is determined from the wavelength of the ruby chips in the
DAC. The accuracy of the determination on the above scale is within 6 % error in the pressure

range between 6 and 100 GPa (Mao et al 1978).
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In the powder X-ray diffraction study, the pressure measurements were carried out on the
Ruby fluorescence system installed at BL-18C in Photon factory (PF). The pressures were
measured before and after each X-ray exposure. These pressure difference was within 5% and
the averaged pressure was adopted. In the single crystal study, the pressure measurements were
carried out on the Ruby fluorescence system at Munchen University. The pressures were measured
before and after the diffraction intensity measurements. The pressure measured after the
measurement was adopted in single crystal study.

3.2.3 Structure analysis by X-ray diffraction

The electrons in crystals scatter the incident X-ray coherently. The scattered X-rays interfere
mutually and form a X-ray diffraction pattern characteristic of the atomic arrangements of
crystal. Therefore, the atomic arrangements can be revealed from this pattern.

The diffraction intensity from crystals is generally expressed by

where I, is the intensity of the incident beam; A is absorption factor; F(hkl) is the structure factor
for a hkl reciprocal point:(e’/mc?)* is the classical Thomson scattering amplitude for a free
electron: L and P are the Lorentz and polarization factor, respectively: f; is the atomic scattering
factor for i element: T, is the temperature factor. |F(hki) | is measured from the diffraction
intensity of hkl reflection.

The electron density at position, (x, y, z) in the unit cell can be expressed by:

p(x; »)== 2 2 F(hkD) exy] ~i{hx + ky + Iz)|

h

<{=
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Thus, the atomic positions in the unit cell can be revealed by the Fourier Transformation of
F(hkl)' by measuring the diffraction intensity of many kkl reflections.

3.3 In-situ powder X-ray diffraction at high pressure

3.3.1 Importance of the in-situ observation

We can reveal the crystal structure of the high-pressure phase through the structure analysis
of the recovered sample when the phase is quenchable at ambient pressure. On the other hand,
we can not reveal the structure through the analysis of the recovered phase when the high-pressure
phase are unquenchable. In such case, in-situ observations of high-pressure phase is of great
advantage for the structure determination.

In-situ powder X-ray diffraction technique under extreme conditions has been developed.
Recent developments in the pressure generation technique using DAC, the intensive synchrotron
radiation source and the sensitive two-dimensional detector of imaging plate (IP) have enabled
us to obtain the high quality X-ray diffraction pattern of the sample under high-pressure condition.
3.3.2 Advantage of the synchrotron radiation source

The synchrotron radiation facilities, such as the Photon Factory (PF) in Institute of High
Energy Physics (KEK) and the Super Photon ring -8 GeV (Spring 8), have been constructed. The
synchrétron radiation source has the great advantage in the crystal structure analysis in terms of
the following points:

(1) High brilliance of the X-ray beam

The synchrotron radiation source is generated by bremsstrahlung of the accelerated photon
nearly up to light speed. The brilliance of the synchrotron radiation which are generated by the
bending magAnet is about 10" [photons /s /mm® /mrad® 0.1 % band width], which is about 10*

times as much as that of conventional rotating anode X-ray generator (10° [photons /s /mm?
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/mrad”® /0.1 % band width]). The large diffraction intensity of synchrotron radiation source
enables the high S/N ratio, the detection of the weak diffraction peaks, thé more precise
determination of diffraction intensity and the short measuring period. These characters are preferable
for knowing the subtle change of the diffraction patterns, the precise structure determination of
the high-pressure phase and the time-resolved X-ray diffraction study.

(i1) Short wavelength and small energy-dispersion

The synchrotron radiation source is basically white X-ray source. The desired X-ray wavelength
can be obtained by monochromation of the white X-ray source using crystal monochromator.
Especially, the shorter wavelength is of great advantage to the angler-dispersive X-ray diffraction
of the sample in DAC. When the shorter wavelength is selected, the diffraction intensities of the
reflection with the higher Q-values can be obtained under the restriction of the aperture angle of
DAC. It enables the precise structure determination of the high-pressure phase through Rietveld
analysis.

The energy-dispersion of monochromatized X-ray is AE/E= 5 X 10*. The small dispersion
decreases the full width at the half maximum (FWHM) of diffraction peaks. The sharp diffraction
profile increases the resolution of the peak position.

(iii) Hi'ghly collimated and parallel beam

The divergence of synchrotron radiation source is about 0.38 mrad and 0.037 mrad respectively
along the vertical and horizontal directions in PF. The small divergence makes the diffraction
peak more sharp and will increase the resolution of the peak position.

The above mentioned advantages contribute to the identification of the high-pressure phase
and the structure determination of high-pressure phase.

3.3.3 High-pressure cell for powder X-ray diffraction
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The lever-spring type DAC (Toshiba Tungaloy Co., Ltd.) was used in powder X-ray
diffraction study at high pressures (Fig. 3.4). This cell have been originally designed by Mao and
Bell (1978) andA have been modified by Yagi and Akimoto (1982). The parallelism of the culet
surfaces of diamond is important for the high pressure generation. The long stroke of the piston
and cylinder in this cell is of great advantage for this purpose. The sample pressure is raised by
rotating the screw at the end of the lever part. The force applied by the screw is amplified by the
lever arm and is transferred to the diamond culet surface. It was reported that the static pressure
above ~350 GPa is generated by this cell. The anvil supporting plates have the narrow slits for
the path of the incident and diffraction X-ray beams. The diffraction intensity from the sample is
measured through diamond anvils and these slits. The aperture angle of the slit is about 80° along
20 direction, which enables the intensity data up to 20 angle of 40 °.

The diamonds with the culet sizes of 350 um¢ were used. The single crystal of FeGeO, was
ground into powder by a mortar. This sample was sealed in the gasket hole together with
pressure medium and small ruby tips. The stainless steel gasket was preindented beforehand and
the hole of 200 um¢ is made in the center of gasket by a drilling machine. The pressure
transmitting medium of mixture of methanol, ethanol and water in the volume ratio of 16: 3: 1
was us;ed to keep the hydrostaticity in the sample room. It was reported that the medium keeps
the hydrostaticity at least up to 14.5 GPa (Fujishiro et al. 1982). In the present study, the
quasi-hydrostatic condition appeared to be kept up to 20.1 GPa, judging from the constant
FWHM of ruby R, line up to 20.1 GPa (Fig. 3.5.)

3.3.4 Diffraction intensity measurement
In-situ high-pressure X-ray diffraction was performed at the powder X-ray diffraction line of

BL-18C in Photon Factory. The optics is shown in Fig. 3.6. The diffraction profiles was taken by
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the angular dispersive method. The synchrotron source was monochromatized to the wavelength
of 0.6199 A and was converged by the Pt-coated mirror. The incident beam, which was collimated
to the size of 80 um¢, radiated the sample through the diamond anvil. The diffracted beam was
detected by an imaging plate (IP) (250 mm x 200 mm) which has the high dynamic range over
~10° and high sensitivity of X-ray photons. The distance between the IP and sample was about
200 mm, which covered 20 range of 32°. The sample was exposed during 30 min. ~ 1 hour for
each measurement. The high pressure data was taken at the pressures from 8.6 t0 20.1 GPa with
an interval of about 1.5 GPa.

The two-dimensional intensity data were transformed into digital counts by IP reader (Fuji,
BAS2000). The intensities were integrated along Debye-Scherrer rings and converted to one-
dimensional diffraction pattern with Powder pattern analyzer for imaging plate, PIP (Fujihisa
and Aoki 1998). Peak positions were determined on PIP. Lattice parameters of FeGeO, between
8.6 GPa and 15.4 GPa were determined by the least squares method using at least 16 reflections
in each X-ray diffraction pattern.

3.3.5 Simulation of the diffraction pattern of the high-pressure phase

The simulation of the X-ray diffraction pattern of the high-pressure phase and the refinement
of the iattice parameters were carried out on a program of RIETAN (Izumi 1993). The X-ray
pattern simulation was based on the atomic parameters of the high-pressure phase of MgGeO;,
which was determined by MD simulation (Tsuchiya, personal communication). The lattice
parameters of high-pressure phase of FeGeO, were refined with the atomic parameters fixed. In
the refinement, 1301 intensity data of 20 = 6° - 32° except 28 range of the gasket peaks were
used. The i_nt-ensity correction due to the X-ray absorption by diamond anvils and sample was

performed in consideration of the X-ray beam path. After the correction, the parameters were
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refined in the following order: (1) Scale factor and background parameters, (2) Profile parameters,
(3) lattice parameters. Some profile parameters, which originates in the instrumental broadening,
were determined on the basis of the refinement results of X-ray pattern of clinopyroxene at 8.6
GPa. The isotropic thermal parameters for Fe, Ge and O of the high-pressure phase were fixed at
the refined values of clinopyroxene by the single crystal diffraction, to avoid the divergence of
these parameters.
3.4 High-pressure single crystal X-ray diffraction study

Single crystal X-ray diffraction have been powerful method for elucidating the detailed
crystal structure. The data collection is usually performed on the 4-circle goniometer. The
development of the pressure-generation technique enables the setting the miniature high-pressure
cell on the goniometer, which enabled the measurement of the diffraction intensity of the sample
at high pressure. In this study, the compression process of the clinopyroxene (C2/c) was revealed
by single crystal X-ray diffraction method.
3.4.1 High-pressure cell for single crystal study

Various types of the miniature high-pressure cells for the single crystal study have been
developed (Merrill and Bassett 1974, Yamaoka et al. 1979, Keller and Holzapfel 1977, Schiferl
1977, Ahsbah 1984, Koepke et al. 1985, Kudoh and Takeda 1986, Werner et al. in press). In the
present study, the four-post type DAC, which have been developed at the Schluz laboratory in
Munchen University, was used. The principle of this cell design is shown in Fig. 3.7 (Werner
1996). It had two opposed diamond anvils with the culet size of 400 um¢ and of 600 umé¢. Each
anvil was supported by the beryllium backing plate which was transparent for the X-rays. The
cell opened éonically at both sides by 100 °. The wide opening angle enabled the intensity

measurements of many hkl reflections over wide reciprocal space. The diamonds were fixed on
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the backing plates by é spring and a bayonet catch. The diamonds and backing plates were
mounted in the central metal hole of DAC. This hole was larger than the beryllium plate disk by
0.2 mm. The mechanical stability of the beryllium plates were increased by the avoidance of any
sideward stress on the plates. The parallelism of the culets of diamond anvils were kept by the
four guide pins.

The gasket of spring steel No. 4310 was preindented up to 80 pm in thickness beforehand.
After the preindentation, the gasket was removed from DAC and was fixed on the guide of a
spark erosion system. A sample hole of 250 um¢ was made in the center of the gasket. The
gasket was set again in the center of DAC with the aid of a brass ring. The single crystal with the
size of 80 x 80 x 40 um was sealed in the gasket hole together with pressure maker (ruby
crystal) and the pressure transmitting medium (the mixture of methanol and ethanol in the
volume ratio of 4 : 1).

3.4.2 Diffraction intensity measurement

In the diffraction intensity measurements using DAC, the restriction of the aperture angle of
DAC reduces the number of the accessible reflections compared to an usual intensity measurement
without DAC. The volume ratio of the accessible reciprocal space between the high-pressure
experhﬁcnt and the usual experiment, V /I, are calculated by the following relation (Merrill and

Bassett 1974).

sina . ]
0 —sinfcos @
2sin26( ) J

where V', is the measurable reciprocal space within the reciprocal sphere defined by the maximum
diffraction angle of 26 in an usual experiment (without the high-pressure cell). V is the

corrcsporiding measurable reciprocal space defined by the aperture angle (a° ) of the DAC in
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high-pressure experiment. The ratio becomes 52 % when we measure the reflections up to 28 =
100 ° with the MoK , line ( A =0.71069 A).

The data collection of the sample at ambient condition was carried on Rigaku-AFC5
four-circle diffractometer at our laboratory in Osaka University. Those of the sample at high
pressures were carried on Nonius CAD4 K -type diffractometer at Munchen University in Germany.
The X-ray source of MoK_ was used in both experiments. Th¢ source was generated by the
sealed X-ray tube and was monochromatized by a pyrolytic graphite.

It is difficult to set the sample in DAC at the cross center of the goniometer by the optical
microscope, because the difference of the refractive index between the diamond and air apparently
shifts the image of the sample crystal from the real position. Therefore, the sample in the
high-pressure cell was set on the diffractometer center with reference to the profiles of the direct
beam through the gasket hole (Fig. 3.8) (Primary beam profile method, Werner et al. 1996). It
enables the setting of the sample at the center of goniometer within an accuracy of alignment <
30 xm. Lattice parameters at high pressures were determined by the least mean squares refinements
using more than 20 reflections with 20 > 20 °. Each of them was centered at the four equivalent
positions to reduce systematic errors introduced by the misalignment of the sample crystal on the
center of the diffractometer.

The conditions of the data collections are listed in Table 3.2. The intensity data were
collected at five pressure points of 0, 1.5, 4.5 7.4 and 8.2 GPa. The X-ray diffraction intensities
were measured by employing the w-scanning mode to reduce the effects of the Debye-Scherrer
rings of beryllium or gasket on the integrated intensity of the diffraction peaks. The diffraction
intensities were measured at the "phi-fixed" positions (¢ = 0°) in the high-pressure experiments

instead of the "bisecting" position to increase the number of the measurable reflections. In an

26




structure analysis under ambient condition, the diffraction intensities are usually measured at the
"bisecting” position. In the high-pressure experiments using DAC, the "bisecting” position is not
preferable because the X-ray diffraction beam is often stopped by the high-pressure cell. On the
other hand, the diffraction beam is less stopped at the "phi-fixed" position because the normal of
the cell is always oriented to the 2 © counter at this position (Finger and King 1978). In the data
collection at 7.4 GPa, the diffraction intensity data were collected at two different ¢ positions W
= +0.2 °) besides at the W=0 ° to reduce errors caused by the decrease of the incident beam due
to the Bragg reflection of the diamond anvils (Loveday et al. 1990). The X-ray diffraction
intensities were measured up to 20 = 117.6° in the ambient-pressure experiment and up to 268 =
63 ~ 67 ° in the high-pressure experiments. All the diffraction peak profiles were checked in
high pressure experiments in terms of the background height and the equivalency of the diffraction
intensities of the equivalent reflections. The data reduction were carried out on REDA, a program
developed by Schulz laboratory for the special purpose of high-pressure single-crystal study.
The decrease of the diffraction intensities due to the X-ray absorption by the diamonds and
beryllium backing plates were cormrected practically with reference to the transparency of direct
beam through the DAC as a function of the inclination angle of DAC. Raw intensity data were
correctéd for these X-ray absorptions and Lorentz-polarization factor. The absorption correction
for the sample itself was negligibly small.
3.4.3 Structure refinement

All structure refinements were carried out with Fortran program for the least-squares refinement,
RADY ona personal computer (Sasaki 1987). In the process, the scale factor, fractional coordinates
and isotropic-temperature factors of the atoms were refined. These parameters were varied in a

non-linear least-squares procedures by minimizing the sum of the squares of a differences
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between the observed and calculated structure factors:

D= Ew ycF|

where w, is the weight of the observation, k is a scale factor. Summation was taken over all the

observed reflections with |F,| > 6 o (JF,|). Each observed structure factor was weighted by the
factor of 1/ o (JF,|)>. The structural parameters of FeGeO, clinopyroxene (Yamanaka, personal
communication) were used as the initial structural parameters. The reliability of a refinement is
generally measured by the no-weighted R-factor , R(F) and the weighted R-factor, R (F) :

N EARCA)

R=-

m

LA

Sw (] -
SwlE|?

2
el

Atomic scattering factors and anomalous dispersion parameters were taken from the International
table for X-ray Crystallography, Vol .IIl (1974). The lattice parameters, number of the reflections
used for refinements and the final residuals, R and wR are listed in Table 3.2. The atomic
coordinates are listed in Table 3.3. All data of the interatomic distances, polyhedral volumes and
distortion parameters for polyhedra, edge distance ratios of polyhedra and tetrahedral chain

angles are listed in Table 3.4.
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Feo O FeO4 [e.O.
Fig. 3.1 Phase diagram of the FeO-Fe,0,-GeO, system (Takayama et al. 1931)
A : Fes.GesOg, B FeisGesOas
C : Fes 33Geq. 7050, D Fe; 07Geo.5305

Fig. 3.2 Synthesized sample of FeGeO .
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Fig. 3.5 FWHM of the ruby fluorescent peaks of R, and R, lines.
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Fig. 3.7 Schematic view of the four-post type diamond anvil cell (Werner 1997).

(a) During the compression.

(b) Constituents of the cell. (1) diamond anvils, (2) beryllium backing plate, (3) bayonet catch
(4) springs for fixing the diamond anvils, (5) gasket, (6) top half of cell body, (7) bottom half of
cell body, (8) rotating screws for raising sample pressure.
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Table 3.1 d-values of synthesized sample of FeGeO,

hkl d,(A) d (A) Ad/d_,
020 4.590 4.580 0.0022
021 3.408 3.400 0.0024
220 3.319 3.310 0.0027
310 3.019 2.973 0.0155
22T 2.983 2973 0.0034
31T 2.853 2.849 0.0014
13T 2.602 2.593 0.0035
002 2.544 2.541 0.0012
400 2.402 2.397 0.0021
040 2.285 2.287 -0.0009
312 2.165 2.161 0.0019
33T 2.135 2.138 -0.0014
427 2.109 2.099 0.0048
041 2.086 2.086 0.0000
240 2.068 2.064 0.0019
510 1.876 1.876 - 0.0000
241 1.857 1.856 0.0005
53T 1.629 1.630 -0.0006
350 1.587 1.587 0.0000
060 1.524 1.524 0.0000
133 1.505 1.505 0.0000
602 1.500 1.498 0.0013
351 1.472 1.473 -0.0007
352 1.413 1.413 0.0000

Observed lattice parameters:

a=9.801(127) A, b =9.145(19) A, ¢ =5.097(20) A, = 101.95(39)°
Lattice parameters of JCPDS(#35-1265) card:
a=9.79312) A, b=9.145(1) A, ¢ =5.195(1) A, 8= 101.85(2)°
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Table 3.3 Atomic coordinates of the observed and ideal pyroxenes

0 GPa 1.5 GPa 4.5 GPa 7.4 GPa 8.2 GPa ideal
Felx 0.0 0.0 0.0 0.0 0.0 0.0
y 0.9076(1)  0.9084(3)  0.9101(3)  09111(3)  0.9115(2) 11/12
z 025 0.25 0.25 0.25 0.25 1/4
B,, 0.56(1) 1.48(5) 1.43(5) 1.49(4) 1.32(4)
Fe2x 0.0 0.0 0.0 0.0 0.0 0.0
y 02709(1)  027153)  027233)  02727(3)  0.2728(2) 1/4
z 025 0.25 0.25 0.25 0.25 1/4
B,, 0.54(1) 1.45(6) 1.38(6) 1.48(5) 1.26(4)
Ge x 03006(1)  03011(4)  030i53)  03023(3)  030223)  5/16
y 0.0925(1)  0.0927(2)  0.0936(2)  0.0941(2)  0.0943(1) 1/12
z 02161(1)  021553)  021453)  02138(2)  02136(2)  3/16
B, 0.362(6) 1.38(4) 1.27(4) 1.41(3) 1.27(3)
Ol x 0.11863)  0.1193(22)  0.1181(23)  0.1193(20)  0.1197(17)  1/8
y 0.0899(4)  0.0891(9)  0.0910(10)  0.0910(9)  0.0898(7) /12
z 0.1388(6)  0.1366(18)  0.1350(18)  0.1360(15)  0.1340(15)  1/8
B,, 0.54(4) 1.52(18) 1.37(17) 1.39(14) 1.49(14)
02 x 03840(4)  0.3875(21) 03860(23) 0.3806(21)  0.3820(16)  3/8
y 02402(4)  02418(11) 0.2440(10)  0.2465(10)  0.2463(8) 1/4
z 0.3833(7)  0.3845(18) 0.3879(18) 0.3867(17)  0.3848(14)  3/8
B,, 0.58(5) 1.87(20) 1.47(17) 1.67(16) 1.63(14)
03 x 0.3583(4)  0.3601(24) 03645(22) 0.3654(21)  0.3629(15)  3/8
y 0.0647(4)  0.0661(10) 0.0657(10)  0.0656(9)  0.0680(7) 1/12
z 09161(7)  0.9127(20) 0.9134(19)  0.9098(17) 0.9081(14)  7/8
B, 0.58(5) 1.57(19) 1.44(18) 1.63(17) 1.37(14)
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Table 3.4 Interatomic distances (A), polyhedral volmes (A% and distortion parameters for
polyhedra, edge distance ratios of polyhedra and tetrahedral chain angles (* ).

Pressure (GPa) 10™ 1.5 4.5 7.4 8.2
Fel-Ol1(1, 2) 2.176(4) 2.159(16) 2.133(17) 2.114(15) 2.103(17)
-013,4) 2.117(3) 2.104(22) 2.086(25) 2.089(26) 2.078(44)
-02(5, 6) 2.107(4) 2.070(16) 2.058(17) 2.062(17) 2.047(19)
Mean Fel-O 2.133(3) 2.111(18) 2.092(20) 2.088(19) 2.076(27)
Mean O-O 3.014(4) 2.977(25) 2.956(28) 2.937(27) 2.934(38)
Volume 12.79(3) 12.39(18) 12.06(19) 12.04(17) 11.84(14)
QE 1.0086(2) 1.0084(15)  1.0085(16)  1.0057(14)  1.0050(12)
AV 28.5(8) 27.8(51) 28.4(54) 19.3(48) 17.0(40)
Fe2-0O1(1, 2) 2.168(4) 2.171(16) 2.135(17) 2.126(15) 2.134(17)
-02(7, 8) 2.014(3) 1.993(21) 1.978(25) 2.000(27) 1.999(43)
-03(7, 8) 2.329(4) 2.281(19) 2.225(19) 2.192(19) 2.183(22)
Mean Fe2-O 2.170(4) 2.148(19) 2.113(20) 2.106(20) 2.105(27)
Mean O-O 3.069(6) 3.036(27) 2.985(28) 2.981(28) 2.972(38)
Volume 13.41(4) 12.99(16) 12.37(16) 12.28(14) 12.27(11)
QE 1.0145(3) 1.0149(12)  1.0135(13)  1.0105(12)  1.0109(9)
AV 29.7(7) 32.8(29) 32.6(31) 28.1(27) 29.7(22)
Ge-O1(1) 1.746(3) 1.738(23) 1.739(23) 1.728(21) 1.722(23)
-02(1) 1.720(3) 1.736(14) 1.735(15) 1.715(14) 1.710(18)
-03(1) 1.784(4) 1.790(18) 1.784(18) 1.787(17) 1.774(23)
-03(4) 1.797(3) 1.794(12) 1.796(12) 1.780(12) 1.784(15)
Mean Ge-O 1.762(3) 1.765(16) 1.764(17) 1.753(16) 1.748(20)
Mean O-O 2.872(5) 2.876(26) 2.874(28) 2.863(26) 2.848(33)
Volume 2.782(7) 2.792(35) 2.785(35) 2.742(32) 2.716(26)
QE 1.0058(2) 1.0069(6) 1.0069(7) 1.0056(6) 1.0059(5)
AV 25.4(7) 30.9(28) 30.5(30) 24.2(27) 26.2(21)
Void space (A%) 329.2 325.2 3173 3103 308.1
Edge distance ratio of polyhedra
d,d,* 0.944(2) 0.957(12) 0.967(13) 0.967(13) 0.965(17)
Tetrahedral chain angles
03-03-03 131.10(27)  130.24(67)  130.58(67)  130.81(60)  129.28(47)
Ge-03-Ge 120.14(22)  119.0(10) 117.90(93) 117.88(88)  117.86(65)
Tilting anglet 5.8 6.1 4.8 3.3 4.2

Note: Standard deviations are given in parentheses.
*d, /d,.=0-0,/[(0-0,,

oct

+ 0-0,,,.)/2] -

+ Angle between the normals of basal plane of a tetrahedron and of thebc-plane
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4. Results
4.1 Transformation process of FeGeO, under high pressure
4.1.1 Transition process under hydrostatic pressure condition at room temperature

X-ray diffraction patterns at the pressures up to 20.1 GPa under room temperature and
hydrostatic condition are shown in Fig. 4.1.1. No remarkable change is observed up to 10.1 GPa.
All diffraction peaks is indexed as a clinopyroxene structure (C2/c). The refined lattice parameters
and the estimated standard deviations at high pressures are shown in Table 4.1.1. The bulk
modulus and the derivative are respectively determined as K, = 89.4 (94) GPa, K/ = 9.1(19) by
fitting of the Birch-Murnaghan equation of state. In this fitting, the cell volumes determined by
the high pressure single crystal study in chapter 4.3 are also used.

The new peaks, which are shown by the symbol of "*" in Fig. 4.1.1, appeared at 13.0 GPa.
Here, the newly observed phase is named FeGeO, (II). The diffraction intensity of FeGeO, (II)
increases gradually with pressure, together with the decrease of that of the clinopyroxene phase.
The diffraction patterns of these phases are observed in the wide pressure range of from 13.0
GPa to 20.1 GPa. Almost all the diffraction peaks of the FeGeO, clinopyroxene (C2/c) disappears
at 20.1 GPa. The pattern at 20.1 GPa appears to be only from the single phase of FeGeO, (ID).
The latficc parameters of FeGeO, (II) are refined on the basis of this patterns, which is mentioned
in the next section. After the release of pressure, the diffraction peak of the initial clinopyroxene
phase retains their intensity (Fig. 4.1.2). The peak profile of the recovered phase is slightly
broader than those before the compression. It suggests that the phase transition between
clinopyroxene and high-pressure phase is reversible.

The pressﬁre distribution of the X-ray radiated area (80pumd) is at most 15 % of the

maximum pressure and, therefore, it is about 3.0 GPa at 20.1 GPa. The above mentioned wider
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pressure range of the transformation than the pressure distribution suggests that the presently
observed gradual transformation is not due to the pressure distribution of the radiated area, but is
the substantial nature of the presently observed phase transformation.

The above mentioned transformation processes of FeGeO, clinopyroxene (C2/c) are well
consistent with those of MgGeO, clinopyroxene (C2/c) in terms of the diffraction profile of the
high-pressure phase and the pressure range of the transformation (Nagai 1995, Andrault et al.
1992). The previously reported unidentified phase of MgGeO, is considered to have the same
structure as the presently observed high-pressure phase of FeGeO, (IT) from the above similarity.
4.1.2 Structure refinement of the newly observed high-pressure phase

Based on the diffraction pattern obtained at 20.1 GPa, the identification of the high-pressure
phase and the refinement of the lattice parameters was carried out. The space group of the
high-pressure phase is not determined because of the experimental difficulty of the single crystal
diffraction study above 20 GPa. First, the space group of PT is assumed in consideration of the
results of the MD simulation. The cell axes of a’, b’ ¢’ are taken as is shown in Fig. 4.1.3. The
refinement are converged successfully. The structure of high-pressure phase does not show the
possibility to have any symmetry element except T. The symmetry elements of the clinopyroxene,
such as C-lattice, two-fold rotation axis and c-glide along b-axis, are lost during the transformation.
The above cell with the axes of a’ b’ ¢’ can be reduced into another smaller cell by the

following axes transformation (Fig. 4.1.3):

, _a-b
ke 2
b,, =b'

where a’, b’, ¢’ are the axes before the reduction and Ajps Dys €y, ATE the axes of the reduced cell.
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Finally, the lattice parameters are refined based on this reduced cell (P7). The refinement is
successfully converged and the refinement factor,R.becomes 2.6 %. The lattice parameters of
the high-pressure phase are determined as a,,=6.843(28)A, b, =8.473(35)A, ¢,,=4.880(5)A, a
w=089.70(19)°, B,,=89.24(18)° and vy, =137.86(18)° (a’=9.334(55)A, b =8.473(35)A, ¢
=4.880(5)A, a'=89.70(19)°, B'=89.24(18) and y '=100.34(13)° ). The refined parameters are
listed in Table 4.1.2. The observed and simulated X-ray patterns of the FeGeO, (IT) are shown in
Fig. 4.1.4. The simulated pattern of high-pressure phase is coincident with the observed pattern
at 20.1 GPa, though small discrepancies are observed in the diffraction intensities of some
reflections of 0kO (k: odd) of FeGeO , (II).
4.1.3 Volume change during the phase transformation

To check the validity of the presently determined structure as the high-pressure phase, the
volume change during the transformation is investigated. The transformation pressure can not be
determined definitely because the transformation occurrs continuously in the pressure range
between 8.6 and 20.1 GPa. Therefore, the difference of cell volumes between the clinopyroxene
and FeGeO, (Il) phases at 20.1 GPa is adopted as the volume change during the transformation.
The cell volume of the clinopyroxene at 20.1 GPa is estimated from the extrapolation of the
compréssion curve of FeGeO, clinopyroxene toward 20.1 GPa using the presently determined
Ko and Ko’ values.

The cell volumes per one chemical formula (Z = 1) of the clinopyroxene and FeGeO, (II)

phases are shown in Fig. 4.1.5. The volumes of the clinopyroxene and the FeGeO, (II) phases at

about 20.1 GPa are calculated as 50.5 (7) A*/Z and 47.5 (3) A¥/Z, respectively. The ratio of the
volume reduction during the phase transition is 6.0 (14) %, which suggests that the presently

determined structure of the high pressure phase is reasonable as a high-pressure phase. The
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volume discontinuity between the clinopyroxene and FeGeO, (II) suggests that the transition is
first-order type.
4.1.4 Crystal structure of the FeGeO, (I

The projection views of the oxygen arrangement of clinopyroxene and FeGeO, (IT) are shown
in Fig. 4.1.6, where the structure of FeGeO, () is drawn on the basis of the above mentioned
cell axes of a), b’, c' for the ease of the comparison of both structures. The oxygen arrangement
of the FeGeO, (IT) are composed of the stacking of the two-dimensionally closed packed oxygen
layers. The stacking sequence of FeGeO, (II) is nearly same as the hexagonal closed packing
(HCP), though the stacking direction is slightly inclined as shown in Fig. 4.1.6. The packing of
the FeGeO, (II) is neither CCP, nor HCP in the strict sense. The difference of the stacking
sequences is represented by the displacement vector of the stacking. The displacement vector of
CCPisd,, = (+V873r, 0, -2//3r), where r indicates the radius of the rigid sphere and the x, y, z
directions are taken as shown in Fig. 4.1.6. The stacking sequence of the FeGeO, (II) phase can
be approximately expressed by the alternate vectors of d,, = (+V83r,+A, +2N3r), d,; =
(+‘/B73'-r +A , -2/V3r). The y-coordinate of A results in the inclination of the stacking direction
along y-direction in FeGeO, (II).

In the structure of FeGeO, (II), Fe* and Ge* cations occupy the highly deformed octahedral
sites of the deformed HCP. The Fe* and Ge* cations distribute alternately along the stacking
direction. Within each interstice layer between oxygen stacking layers, the Fe?* and Ge* cation
are aligned one-dimensionally along the c-direction of FeGeO(II) similarly to those in the
clinopyroxene. The structure of FeGeO,(Il) are more similar to that of the ilmenite structure in
terms of the bxygcn packing (HCP) and the coordination number ("A"'BO,). The structure is

different from ilmenite only in terms of the cation arrangements within the interstices between
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oxygen layers, i.e. the structure of FeGeO, (II) is a modified structure of ilmenite with the

different cation occupancies.
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Fig. 4.1.1 X-ray diffraction patterns of FeGeO, at pressures up to 20.1 GPa and after the release
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Fig. 4.1.3 Cell axes taken in the refinements.
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Table 4.1.2 Results of the refinement

(a) Sample (conditions) : FeGeO, (at R. T. and 20.1 GPa)
(c) Correction of diffraction intensity
(i) X-ray absorption of DAC
Linear absorption cofficient of Diamond, y,, :1.677[cm™]
Hight of diamond anvil :0.22[cm]
(i) X-ray absorption of sample
Linear absorption cofficient of sample, prg.; :139.053[cm™]

Thickness of sample :0.002[cm]
(d) Used regions of data for refinement
Used regions :6.00- 32.00
Excluded regions in the data :17.60- 18.10
:20.40- 20.80
:29.00- 29.80
(e) Fixed parameters
(1) Space group 1 PT
(i1) Peak profile function
Gaussian FWHM parameter, V :-3.227470E-02
Gaussian FWHM parameter, W : 1.398220E-03
(it) Atomic positions
neq* g n X y Z B
Fe (1) 2 1.0000 2.0000 0.05070 0.31550 0.23800 0.494
Fe (2) 2 1.0000 2.0000 0.04595 0.11800 0.74550 0.494
Ge (1) 2 1.0000 2.0000 0.53650 0.11475 0.74350 0.345
Ge (2) 2 1.0000 2.0000 0.53800 0.30675 0.26550 0.345
Q) (1) 2 1.0000 2.0000 0.22700 0.20030 0.10590 0.570
o) (2) 2 1.0000 2.0000 0.25300 0.40900 0.59050 0.570
0] (3) 2 1.0000 2.0000 0.28950 0.62020 0.07980 0.570
@) (4) 2 1.0000 2.0000 0.29550 0.78615 0.59600 0.570
0] (5) 2 1.0000 2.0000 0.27050 0.93650 0.05600 0.570
(0] (6) 2 1.0000 2.0000 0.26800 0.08375 0.55650 0.570

neq: multiplicity of the Wyckoff position (number of equivalent points per unit cell)
n: number of equivalent atoms per unit cell
() Refined parameters

(i) Background
Background paramter, bl : 14929.0 61.5910
Background paramter, b2 :5475.91 39.4409
Background paramter, b3 : -486.275 90.7200
Background paramter, b4 : -892.430 92.3802
Background paramter, b5 :62.2171 116.083
Background paramter, b6 : 168.705 177.815
(i1) Scale factor
Scale factor, s : 2.354108E-05 5.215078E-07
(iii) Profile fuctions
Gaussian FWHM parameter, U : 0.272290 4.958711E-03
Scherrer coefficient for Gaussian broadening, P : -3.442099E-04 8.126802E-05
Lorentzian Scherrer broadening X :0.279502 8.591460E-03
Strain broadening, Y : 1.17048 6.833099E-02

(vi) Lattice parameters
Lattice parameters (A or deg.) and unit-cell volume (A%
b C alpha beta gamma V (Z=4)
6 843 8.473 4.880 89.70 89.24 137.86 189.8
esd. 0.028 0.035 0.005 0.19 0.18 0.18 1.1
(g) R factors (%)

WD Rn Rc RI RF
157 1.17 O8O0 376 216
(All these parameters are based on Izumi (1985))
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4.2 TEM observation of the recovered sample

4.2.1 Purpose

In order to get the information of the mechanism of high-pressure transformation, the
recovered samples from above the transformation pressure were observed by the transmission
electron microscope (TEM). Their chemical compositions were also investigated by the analytical
transmission electron microscopy (ATEM) to examine the possibility of the transformation into
the mixture of Fe,GeO, (spinel) and GeO, (rutile).
4.2.2 Experimental
Sample preparation

The sample for the TEM observation is usually prepared by the ion thinning method.
However, it often damages the sample due to the sputtering by the high-energy gas molecule and
the temperature increase of sample. In the present study, most of the samples recovered from the
high pressures and room temperature condition is thought to be unstable because of the sample
was mechanically compressed and deformed at room temperature. Therefore, the ion thinning
was not undertaken in the present study and the samples were prepared by the following procedure.
The powder sample of FeGeO, was pressurized up to the desired pressures by the Mao-Bell type
DAC. 'fhc sample was recovered from the gasket hole after the duration of at least 30 hours
under high-pressure condition. The recovered sample was ground by the mortar with the methanol
in order to disperse the grains of the compressed sample. The dispersed fine powder was
scooped up by the Cu micro grid with the size of 3 mm ¢ . The samples recovered from several
pressures between 8 and 23 GPa were examined. The starting samples before the compression,
which were prepared by the same procedure to the recovered sample, were also observed for the

comparison.
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TEM observation and chemical analysis

The samples were observed by the 200 kV TEM (HITACHI H-8000) at Kitamura laboratory
in Kyoto University. The side holders with two-axis of tilt and azimuth were used. The observation
was undertaken at the accelerating voltage of 160 ~ 200 kV and the filament current of 1.0 ©A.
The chemical composition of the samples were determined by ATEM with an energy dispersive
X-ray micro analyzer (EDX: KEVEX Delta Series) system. The analyses were performed by the
detection of the characteristic X-ray from the electron radiated area in the sample. The spacial
resolution was about 150 nm. The diffraction images were analyzed on the C-language program
coded by Tsuchiyama (personal communication).

4.2.3 Result
Observation of the starting sample

A typical example of dark-field images and the selected area diffraction images of the starting
sample is shown in Fig. 4.2.1. All the diffraction patterns are indexed as clinopyroxene. No
phase except clinopyroxene is not observed in the stating sample. Each clinopyroxene particle
has the good crystallinity.

The results of the qualitative analyses are shown in Fig. 4.2.2, where the relative ratio of the
Ge to fhc sum of the Fe and Ge, I /I +], are shown. Fe and Ge element are detected at all
examined points. No other chemical element is detected. Most results show that the chemical
ratio of Fe : Ge are 1: 1 within the experimental error. These results suggest that the starting
material has the good crystallinity and no chemical inhomogeneity.

Observation of the recovered sample from high pressure

A typical.example of the dark field images and the selected area diffraction images of the

sample rééovcrcd from 21 GPa is shown in Fig. 4.2.3. The diffraction image is indexed as a
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clinopyroxene structure, though the spots are slightly elongated along the radius. This elongation
of the diffraction spot originates in the difference of the orientations of grains in the diffraction
area. This may be caused by the high-shear stress applied on the sample during the compression
or the stress caused by the high-pressure transformation. The result of chemical analyses are
shown in Fig. 4.2.4. The recovered samples are very weak against the converged analytical
electron beam. Under such conditions, Fe or Ge elements are sometimes vaporized during the
analysis. Most results shows the chemical composition of Fe : Ge = 1 : 1. These suggests that the
chemical composition dose not change during the transformation. The decomposition process is

not observed within the spatial resolution of TEM.
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4.3 Pressure-induced change of the crystal structure

4.3.1 Tetrahedral chain configuration

The changes of the 03-03-03, Ge-O-Ge and tilt angle at high pressures are shown in Fig.
4.3.1. The 03-03-03 angle and tilt angle are respectively 131.1 ° and 5.8 ° at the ambient
pressure. These angles are deviated slightly from their respect values of 120 ° and 0 ° for ideal
clinopyroxene. The 03-03-03 angle and tilt angle continuously decreases up to their respective
values of 129.3 ° and 4.2 ° with increasing pressure. The linear regression analyses show that
the relations between these angles and the pressure are expressed by the following relations;

<03-03 -03=131.1(3) - 0.155(7) P

Tilt —angle = 6.1(4) - 0.29(8) P
where the estimated standard deviations are written in their parentheses. The tetrahedfal chain
kinks more severely and approaches the ideal configuration with increasing pressure. The
completion of the approach to that of ideal clinopyroxene is not observed within the pressure
range of the present study.

The Ge-O-Ge is 120.1 ° at ambient pressure, which is slightly larger than that of ideal
clinopyroxene (109.47 °). The Ge-O-Ge angles at high pressures are shown in Fig. 4.3.1. A
kink p(‘)int is observed in the Ge-O-Ge angle versus pressure curve. The Ge-O-Ge angle
smoothly decreases up to 117.9 ° with increase pressure up to 4.5 GPa, whereas the decrease
ceases at higher pressure. The completion of the approach of Ge-O-Ge angle to the ideal
angle of 109.47 ° is not observed. The kink mode appears to be changed at about 4.5 GPa.
The linear regression analysis in the each pressure region shows the relation between Ge-0-Ge
angle and pressure of

< Ge - 0 - Ge = 120.1%(9) - 0.52(9)P (P < 4.5GPa)
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< Ge-0-Ge =117.952)-0.0103)P (P = 4.5GPa)

Compression of polyhedra

The normalized volume of the polyhedra, void space and unit cell are plotted in Fig. 4.3.2.
The remarkable change of the compression process is observed in the polyhedral volume.
Below 4.5 GPa, the M10, and M20, octahedra are compressed more significantly than
tetrahedron. No remarkable compression of the tetrahedron is observed. The volume
compressibilities for the polyhedra below 4.5 GPa are 8, [M10,] = 0.0134(27) GPa’, 8,
[M20,] = 0.0175(13) GPa™ and $,[TO,] = -0.00055(50) GPa™. The compressional process
below 4.5 GPa is common in many pyroxenes (Levien and Prewitt 1981; Zhang et al. 1997).

Above 4.5 GPa, the GeO, tetrahedra are significantly compressed. The volume decrease of
tetrahedra up to 8.2 GPa is 2.6 O(V),,6p,, Where O(V)g,p, iS the estimated standard d‘eviation
of the tetrahedral volume at 8.2 GPa. The compressibilities for polyhedra are determined as f3,
[M10,] = 0.0042(36) GPa™, 8, [M20,] = 0.0021(1) GPa™’ and §, [TO,] = 0.0066(11) GPa™
between 4.5 GPa and 8.2 GPa. The volume compressibility of the tetrahedron is well consistent
with that of MgGeO, (8, [GeO,] = 0.0074 GPa™) which has been determined by in-situ
high-pressure EXAFS (Andrault et al. 1992). It is noticeable that the tetrahedra is as compressible
as, or II-IOI'C compressible than the octahedra between 4.5 and 8.2 GPa.

To understand the reason of the change of the compression process at 4.5 GPa, the mean
Ge-O bond bonds at high pressure are shown in Fig. 4.3.3. No significant change of mean
Ge-O bond length is observed below 4.5 GPa, whereas the Ge-O bond length decrease above
4.5 GPa. The linear regression analysis of the Ge-O length below 4.5 GPa and above 4.5 GPa

shows the relation between Ge-O angle and pressure of

d(Ge - 0) = 1.763(2) + 0.0003(6) P (P < 4.5GPa)
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d(Ge - 0) = 1.783(3) - 0.0042(5)P (P >4.5GPa)

In summary, the compression behavior changes at 4.5 GPa from the preferential compression
of octahedra with decrease of Ge-O-Ge angle, to the homogeneous compression of all the

polyhedral with no change in Ge-O-Ge angle
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4.4 Molecular orbital calculation
4.4.1 Previous study

Computational quantum chemistry has been developed to elucidate bond length and angle
variation, electron density distributions, reactions and energetics of a small molecules. From the
similarity of the bond length and angles of the TOT groups (T = Si, Ge) between small gas
molecules and crystalline phases, the method has been employed to generate potential surfaces
and deformation maps for a variety of molecules especially designed to understand the chemical
bonding in minerals (Gibbs 1982, Tsuneyuki et al 1988, Gibbs et al 1998). Gibbs et al. (1987)
calculated the total energy of H,GeOGeH , (HGe,O) cluster, which was the model of the tetrahedral
linkage in minerals, as a function of Ge-O bond length and Ge-O-Ge bond angle by the molecular
orbital (MO) calculation. The calculated potential energy curve showed a good correspondence
with the experimentally observed geometries in real crystals. It supports that the calculation
results for the corresponding molecule are applicable to the understanding of the chemical
properties of the crystals.
4.4.2 Purpose of this study

The present powder diffraction study showed that the FeGeO, clinopyroxene change the
Ge-O-Ge linkage during the transformation. The single crystal study on FeGeO, showed unusual
compressional behavior above 4.5 GPa in terms of the tetrahedral compressibility and Ge-O-Ge
angle. The results suggest that the stability of Ge-O-Ge linkage may affect the high-pressure
transformation into FeGeO, (II). In order to reveal the relationship, it is important to estimate the
strain energy of Ge-O-Ge linkage as functions of Ge-O bond length and Ge-O-Ge angle. In the
present study; the attention was paid especially to the strain energy of Ge-O-Ge linkage.

Gibbs et al. (1987) has calculated the total energy curve of the H Ge,O molecule around the
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potential minimum geometry as a function of Ge-O bond distance and Ge-O-Ge angles. The
H,Ge,O molecule has the energy potential minimum at the geometry of the Ge-O bond length of
1.756 A and Ge-O-Ge angle of 133.4 ° and the energy increases with the deviation of the
geometry from the energy minimum one. However, these calculation results are insufficient to
discuss the stability of the Ge-O-Ge linkage near at the transformation pressure, because the
geometry of the Ge-O-Ge linkage near at transformation pressure will be largely deviated from
the potential minimum geometry. To discuss the stability of the tetrahedral linkage near at the
transformation pressure, it is needed to elucidate the stability of the tetrahedral linkage with the
geometry deviated largely from the potential minimum geometry. Therefore, the energy potential
surface of germanate cluster is calculated over wide Ge-O bond length and Ge-O-Ge angle in
this study.

4.4.2 Experimental

The total energy of the H,Ge O, (vertex-shared tetrahedra) cluster was calculated as functions
of Ge-O bond length and Ge-O-Ge angle by a general ab initio quantum chemistry package of
General Atomic and Molecular Electronic Structure System (GAMESS) which has been developed
by the Gordon research group at Iowa State University. The calculation was performed on
personél DOS/V computers.

The calculation was. performed by the following procedures. First, the energy minimum
configuration of the electrically neutral H,GeO, tetrahedral molecule (Fig. 4.4.1a) was examined
to determine the reasonable distance of H-O bond. This procedure was performed by the approach
of geometry toward the one with the lower total energy (optimization). In the calculation, an
6-31G** basié set was used for Ge and the geometry of cluster was not constrained symmetrically.

The optifhized geometry of H,GeO, tetrahedral molecule is shown in Table 4.4.1, together with
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those of the previous calculation by Gibbs et al. (1987) and the experimentally determined one
(Shannon 1976). The presently determined Ge-O distance and H-O distance are slightly shorter
than those of Gibbs (1987) and the experimental determined values. It may be due to the small
cluster size used in the calculation or the insufficient basis set for Ge. The total energies of the
H,Ge,O, (vertex-shared tetrahedra) were calculated using the calculated H-O distance (d(H-O)
=0.926 A).

The total energy of the H,Ge, O, cluster (vertex-shared tetrahedra) was calculated as functions
of Ge-O distance and Ge-O-Ge angle. The tetrahedral chain in clinopyroxene was modeled by
the linkage of two neutral tetrahedra with sharing one of their vertexes. The cluster was constrained
to have the mirror symmetry on the shared oxygen between two tetrahedra (Fig. 4.4.1b). The H
atoms were located at the distance of d(H-O) =0.926 A from the oxygen on the oppdsitc side of
the center Ge-cation. The 6-31G** basis set was used for Ge. The total energies of the molecules
with the geometries of the Ge-O distances from the 1.55 A to 1.90 A with interval of 0.5 A and

the Ge-O-Ge angles from 90 ° to 180 ° with the interval of 10° were calculated. The potential

~surface of H,Ge, 0, molecule (vertex-shared tetrahedra) as a functions of Ge-O distance and

Ge-0-Ge angle was obtained by contouring the calculated energy points. To know the energy
minimﬁm geometry of the H,Ge,O, molecule, the geometry was also optimized by the same
way as that of H,GeO, molecule. (An 6-31G** basis set was used for Ge and the geometry of
molecule was not constrained symmetrically).
4.4.3 Result

The potential minimum geometry of H,Ge,0, molecule determined in the present study is
shown in Tabic 4.4.2, together with that of previous study (Gibbs et al. 1987) and the experimental

values. The experimental values are determined by averaging the Ge-O distances and Ge-O-Ge
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angles of the 86 geometries of 39 germanates in Table 4.4.3. The presently determined potential
minimum geometry is not close to the experimentally determined geometry, while it is close to
the previously calculated value of Gibbs et al. (1987). The reason of the difference might be due
to the small cluster size used in the MO calculation or the insufficient basis (6-31G**) for Ge
used in the calculations. Especially, the Ge-O bond length of the energy minimum geometry is
thought to be very sensitive to the H-O distance because the approach of proton toward oxygen
would directly change the electronic charge of oxygen. Therefore, the absolute values of the
minimum Ge-O bond length is doubtful, while the relative change of the stability of Ge-O-Ge
linkage with the Ge-O bond length would be credible.

The calculated total energies of the Ge,O,H, molecules with the various geometries are
shown in Table 4.4.4. The energy contour map is shown in Fig. 4.4.2. The contour is drawn with
the energy interval of 0.020 a.u. The potential surface has the steep slope against Ge-O bond
length and has the wide slope against Ge-O-Ge angle. In order to show it more clearly , the total
energy curves around the potential minimum geometry against Ge-O distance and Ge-O-Ge
angle are shown in Fig. 4.4.3. The total energy is almost constant with change of the Ge-O-Ge
angle in the range between 120 ° and 180 °, thought it remarkably increases out of this range.
While thc total energy remarkably and continuously increases with the deviation of Ge-O distance
from the energy minimum distance. These results suggest that the GeO, tetrahedral linkage
becomes unstable remarkably with the departure of the Ge-O length and slightly with the change

of Ge-0O-Ge angle from the respective values of energy minimum geometry.
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(a)

Optimized H 4GeO 4 cluster

(b)

Ge-0O-Ge angle

HgGeo O+ cluster

Fig. 4.4.1 (a) Optimized geometry of H,GeO, cluster. (b) H,Ge,O, cluster used in the calculation.
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‘Fig. 4.4.3 Total energy curves around the potential minimum geometry (a) against the Ge-O
bond length and (b) against Ge-O-Ge bond angle.
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Table 4.4.1 Optimaized geometries of H ,GeO, cluster.

d(Ge-O) /A~ dH-O)A Et/au.

Calculate
Gibbs (1987) (3-21G*) 1.742 0.965 -2365.80960
This study  (6-31G**) 1.693 0.926 -2375.17606
Experimental
Shannon (1976) 1.747 0.97'

"Tonic radii of 7 ("Ge*)=0.39 A, r ("O%*) = 1.35 A and r (' H") = -0.38 A are used.

Table 4.4.2 Optimaized geometries of Ge , O.H, and Ge,OH, clusters.

basis set for Ge d(Ge-O) /A d(H-O)/ A <Ge-0-Ge Et/au.
Calculated
Gibbs (1987) Ge,OH (3-21G*) 1.756 0.965 133.4 -4209.4365
This study  Ge,O,H, (6-31G**) 1.735 0.943 133.8 -4674.4769
Experimental™
1.787 - 126.0

""The Ge-O distance and Ge-O-Ge angle were the averaged values of those of 86 geometries in

39 gemanates, respectively (Table 4.4.3)
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Table 4.4.3 Germanates compounds used in the determination of the experimental values of the
Ge-O bond length and Ge-O-Ge angle.

TaGaGe,0,

Gd (Ge,0,)(GeO,)(OH),

Kaminskii et al. (1986)
Mamin et al. (1987)
Geller et al. (1987)

2 27
Na K,Ge,O, Halwax et al. (1987)
Na,ZrGe,0, Ilyushin (1989)
LiGe,O, Vollenkie (1980)
Eu,Ge,0, Smolin (1970), Chiragov et al. (1983)
CaCuGe, Oy Berruzi et al. (1986)
KInGe,O( Genkina et al. (1988)
K,ZnGe,O, Grins et al. (1989)
K, SrGe 0, Baumgartner et al. (1977)
Ca, ;Na,,,Ge O, Nishi et al. (1988)
Na,GeO, Cruickshank et al. (1978)
Li,GeO, Vollenkle (1981)
-SrGeO, Nadezhina et al. (1981)
NaKGeO, Halwax et al. (1984)
SrGeO, Nadezhina et al. (1981), Hilmer (1962)
Ca, ,sNa, ;,Ge,O, Nishi et al. (1991)
Ca, ;Na,Ge O, Nishi et al. (1990)
B -S1rGeO, Nadezhina et al. (1981)
K,GeO, Halwax et al. (1984)
Pb,,Sr,,Ge,O, Venevtsev et al. (1982)
Li,Ge(GeO3),(OH), Nevskii et al. (1978)
K,Ba(Ge,O,), Baumgartner et al. (1978)
BaGe,O, Venevtsev et al. (1982)
PbGe O, Venevtsev et al. (1982)
GeO, (Cristbalite) Okuno et al. (1986)
GeO, (Low-quartz) Smith and Isaacs (1964), Okuno et al. (1986)
La (Ge,0,)(GeOy) Vetter et al. (1988)
MnGeO, Fang et al 1969
BaGeO, Hilmer (1962)
Na,Ge,0,, Ingri and Lundgren (1963)
Na,Sn,Ge,,0,,(0OH), Larsen et al. (1967)
B -Mn,GeO, Morimoto et al. (1972)
CoGeO, Peaor (1968)
K,Ge,O, Vollenkle and Wittemann (1969)
Na,GeO, Vollenkle (1971)
MgGeO, (cpx) Yamanaka et al (1985)

(20, 210, 420, 620,750°C)
MgGeO;(opx) (20, 950°C)  Yamanaka et al (1985)
q-GeO, Glinnemann et al (1992)
(10%,4.0,7.2, 10.2 GPa)
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Table 4.4.4 Total energies of the Ge,O,H, molecules with various Ge-Obond lengths (A) and

Ge-O-Ge angles (°).

d(Ge-O) <Ge-0-Ge E.(a.u) d(Ge-0O) <Ge-0-Ge (a.u.)

1.55 90 -4673.8764 1.55 140 -4674.1792
1.60 90 -4674.0439 1.60 140 -4674.2950
1.65 90 -4674.1486 1.65 140 -4674.3566
1.70 90 -4674.2032 1.70 140 -4674.3751
1.75 90 -4674.2179 1.75 140 -4674.3592
1.80 90 -4674.2012 1.80 140 -4674.3164
1.85 90 -4674.1599 1.85 140 -4674.2527
1.90 90 -4674.0999 1.90 140 -4674.1734
1.55 100 -4674.0685 1.55 150 -4674.1816
1.60 100 -4674.2059 1.60 150 -4674.2965
1.65 100 -4674.2854 1.65 150 -4674.3522
1.70 100 -4674.3189 1.70 150 -4674.3747
1.75 100 -4674.3159 1.75 150 -4674.3579
1.80 100 -4674.2842 1.80 150 -4674.3142
1.85 - 100 -4674.2301 1.85 150 -4674.2495
1.90 100 -4674.1592 1.90 150 -4674.1692
1.55 110 -4674.1373 1.55 160 -4674.1836
1.60 110 -4674.2629 1.60 160 -4674.2977
1.65 110 -4674.3327 1.65 160 -4674.3576
1.70 110 -4674.3580 1.70 160 -4674.3743
1.75 110 -4674.3480 1.75 160 -4674.3566
1.80 110 -4674.3103 1.80 160 -4674.3120
1.85 110 -4674.2512 1.85 160 -4674.2464
1.90 110 -4674.1760 1.90 160 -4674.1652
1.55 120 -4674.1643 1.55 170 -4674.1852
1.60 120 -4674.2844 1.60 170 -4674.2985
1.65 120 -4674.3496 1.65 170 -4674.3578
1.70 120 -4674.3711 1.70 170 -4674.3739
1.75 120 -4674.3578 1.75 170 -4674.3556
1.80 120 -4674.3173 1.80 170 -4674.3104
1.85 120 -4674.2559 1.85 170 -4674.2443
1.90 . 120 -4674.1788 1.90 170 -4674.1625
1.55 130 -4674.1749 1.55 180 -4674.1858
1.60 130 -4674.2922 1.60 180 -4674.2989
1.65 130 -4674.3551 1.65 180 -4674.3579
1.70 130 -4674.3746 1.70 180 -4674.3737
1.75 130 -4674.3597 1.75 180 -4674.3553
1.80 130 -4674.3179 1.80 180 -4674.3098
1.85 130 -4674.2553 1.85 180 -4674.2435
1.90 130 -4674.1770 1.90 180 -4674.1615

75




3. Discussion
5.1 Transformation process under room-temperature condition
5.1.1 Inhibition of decomposition process

FeGeO, clinopyroxene is known to decompose into the mixture of Fe ,GeO, spinel and GeO,
rutile at 1 GPa and at 700 °C (Ringwood and Seabrook 1963). In the present study, in-situ X-ray
diffraction study showed the transformation into another phase, instead of the decomposition.
The nuclei of the decomposed phases could not be detected within the spatial resolution of TEM
and no remarkable change of the chemical composition was.detected by ATEM. These results
strongly suggest that the decomposition was inhibited under room-temperature condition. The
clinopyroxene reversibly transformed into FeGeO, (II) in the present study. To examine whether
the presently observed transformation into FeGeO, (II) is accompanied by atomic diffusion
process, the transformation rate at room temperature of the transition involving the atomic
diffusion process was estimated from the kinetic study of the high-pressure transformation of
GeO,,.

GeO, is known to transform from quartz-type to rutile-type with the atomic diffusion process
under high-pressure and high-temperature conditions. The transformation kinetics of GeO, have
been in'vcstigated by several authors (Zeto and Roy 1969, Brar and Schloessin 1981, Yamanaka
et al 1992). In this discussion, the results of Zeto and Roy (1969) are used. By the exploration of
the regression line of rate constant toward room temperature, the kinetic time required for the
transformation of the volume fraction of 15 % is calculated as 1.05 x 10" sec. (3.3 x 10’ year) at
300 K. This value is so small that the transformation involving atomic diffusion would not occur
under room temperature condition. This suggests that the transformation from clinopyroxene

into FeGeO,(II) was accompanied by a diffusionless process.
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5.1.2 Martensite transformation

Christian classified the transformations on the basis of the transformation mechanism (Fig.
5.1). The presently observed transformation had the characters of "all phases have same
composition", "athermal” and " semi-coherent". Based on these characters, the transformation is
thought to be classified into "martensite".

Martensite transformations generally have the following characters (Rao and Rao, 1978),
(i) Transformation is from single phase to single phase
(ii) All phases have the same composition on transformation. Transformation is accompanied by
the cooperative movements of the atoms and is diffusionless.
(iii) The surface roughening is observed in the transformed phase.
(iv) Crystallographic relations are observed between the parent and transformed phases. The
martensite is formed on the habit plane.
(v) A lot of lattice defects was observed in the martensite.
In the transformation between clinopyroxene and FeGeO,(II), the following characters were
observed:
(i) Both phases of clinopyroxene and FeGeO, (II) were single phase.
(ii) Thé chemical compositions of both phases were invalid during the transformation. The
atomic movements on the transformation would be cooperative, as is mentioned later.
(iii) The surface roughening of the transformed phase could not be confirmed because of the
difficulty in the observation of the surface of the tiny powder sample in DAC.
(vi) The orientation between the parent and transformed phases could not be identified by the
powder X-ray diffraction.
(v) The cgistence of the lattice defects was inferred from the distortion of the diffraction spots of
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recovered sample in TEM observation.

These characters of the presently observed transformation were well consistent with those of the
martensite. It suggests that the presently observed transformation is martensite transformation,
although some characters have not been confirmed yet .

The nucleation of martensite is generally induced by the strain in the parent phase, rather than
by the thermal activated process. Therefore, the parent phase can be transformed without large
thermal energy (Athemal transformation). The transformation rate is generally very large even at
room temperature, because the transformation does not involve the atomic diffusion. Forexample,
one fragment of martensite of Fe-Ni-C alloy completes the nucleation within 107 sec and the
growth rate is within 10°cm/sec (Bunshah Mehl 1953). In the present study, the clinopyroxene
would be transformed into FeGeO, (II) even at room temperature by martensite mechanism.
5.1.3 Transformation mechanism
Atomic movements during the transformation

In this section, the atomic movements during the martensite transformation are discussed on
the basis of the crystal structures of the clinopyroxene and FeGeO,(II). The crystal structures of
the clinopyroxene and FeGeO, (II) are shown in Fig. 4.1.6. Main structural difference between
two pﬁascs is the oxygen arrangement: the clinopyroxene has CCP and the FeGeO, (II) has the
deformed HCP. No remarkable difference is observed in their cation arrangements of Fe* and
Ge*. The transformation between these phases is possible by the change of the stacking sequence
of the oxygen layers. The displacements of the second and fourth oxygen layers of Ad = (0, +A,
+1A/31) change the oxygen amrangement from CCP of clinopyroxene to the deformed HCP of
the FeGeO, (II). The movements are shown in Fig. 5.2. This displacement of the oxygen packing

plane is reasonable in terms of the deformation of the crystal because the slip on (100) is easiest
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among the other planes in clinopyroxene structures (Kolle and Blacic 1982) and because it does
not involve the breaking of the tetrahedral chain. In this process, two slip directions toward
+b-and -b of clinopyroxene are possible (Fig. 5.3). When the oxygen plane slipped toward both
directions randomly, the periodicity of (010) plane (based on a,, b,, c,, axes) in FeGeO, (II)
phase will be reduced. This would cause the decrease in the diffraction intensity of 0kO of
FeGeO, (II) compared to that of simulated pattern.

The displacements of the second and fourth oxygen layers increase the coordination number
of Ge* without the atomic diffusion, as is shown in Fig. 5.2. By this way, the coordination of
Ge* cation is considered to increase from fourfold to six-fold during the transformation.
Crystallographic orientation and coherency on habit plane

When the transformation is performed by the above mechanism, the following crysfallographic
orientations would be observed between the clinopyroxene and FeGeO, (II) phases:

a, "a =10.34°

b /b

Com I €
where a_,, b_, and c_, are the cell axes of the clinopyroxene and a’, b’ and ¢’ are those of
FchO'3 (I1). The habit plane is the (100) of clinopyroxene. The coherency of both phases are
calculated from their lattice parameters at 20.1 GPa, where the lattice parameters of clinopyroxene
at 20.1 GPaare determined by extrapolating their compression curves. The coherency are calculated
as:

5 =22="% 119
a

b~
5, =—E—=21%
| C bm—x c
8 = -14%
Com
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The interface of both phase are coherent and, therefore, both phases can easily transform smoothly
each other.
5.1.4 Effects of the pressure and stress on the martensite transformation

It is well-known that the martensite transformation is affected by the stress field. For
example, the martensite transformations of carbon steel and Fe-30~33%Ni alloy is enhanced by
stress field due to the formation of a initial martensite nucleus (auto-catalytic effects). In some
case, the martensite transformation occurs even above M, point (and below M, points) by
application of the stress or by plastic working. As the most extreme case, the B-brass and In-Tl
alloys form the martensite reversibly only by the application of external stress.

In the present study, the transformation was induced by application of pressure (or stress).
The nucleation process of martensite is explained as follows. As shown in chapter 4.1, the
clinopyroxene was metastably compressed and changed the atomic arrangements with pressure.
In this process, the Ge-O bond length and Ge-O-Ge angle decreased with pressure. As discussed
in the next section, these changes increase the local energy of tetrahedral chain. This pressure-
induced increase of the strain energy of tetrahedral chain would give the strain sufficient for the
formation of the nucleus of the martensite. Actually, the martensite transformation was performed
by chaﬁging the geometry of tetrahedral chain. These suggests that the pressure contributes to
increase the strain energy of the local unit and this pressure-induced strain helps the nucleation
of the martensite.

5.1.5 Difference of the transformation process

In the present study, the transformation by diffusionless mechanism was clearly found. From

the present results, at least two mechanisms play the main role in determining the transformation

process. One is diffusion mechanism and the other is strain-induced (diffusionless) mechanism.
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Each mechanism has the following characters.

(i) Diffusion mechanism

If the transformation is accompanied by the diffusion mechanism, the parent phase changes the
crystal structure completely and is transformed into lowest free energy phase. This process needs
large activation energy, so the diffusion mechanism is scarcely observed at room temperature.
(11) Strain-induced (diffusionless) mechanism

The transformation is accompanied by the short-range atomic movements and the parent phase
transforms into the lower energy phase. The diffusionless mechanism is accompanied by the
small activation energy, therefore, this mechanism is often observed under low temperature
condition.

It depends on the temperature which mechanism controls the transformation process. The
difference of the transformation process of minerals between at high-temperature and room
temperature (Fig 1.1 and Fig 1.2) would originated in the difference of the transformation
mechanisms. The metastable phase, that were formed by the room temperature compression,
would be accompanied by the diffusionless mechanism, while most transformations at high
temperature in Fig. 1.1 are accompanied by diffusion mechanism.

5.2 Pressure-induced instability of clinopyroxene
5.2.1 Instability of tetrahedral chain in clinopyroxene

The 86 geometries in 39 germanates observed in real crystals are shown in Fig. 5.4 as
functions of Ge-O bond length and Ge-O-Ge angle, where the averaged geometry is shown by
the symbol "X". Many geometries of tetrahedral linkage distribute around the averaged geometry.
The distributfon decreases with the deviations of the Ge-O distance and Ge-O-Ge angle from the
averagcd: ;'alucs. It is noticeable that only a few geometry is observed in the region out of the
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dotted curve.

MO calculation showed that the total energy of vertex-shared tetrahedra increases with the
deviation of Ge-O bond length and Ge-O-Ge angle from the potential minimum geometry as
mentioned in Chapter 4.4. To know the correlation between the calculated energy surface and
the distribution of geometry of the real crystal, the calculated potential surface is imposed on the
Fig. 5.4, where it was imposed so that the potential minimum Ge-O distance coincides with the
averaged Ge-O distance of real crystals because the absolute value of the energy minimum
Ge-0 distance of MO calculation have the large uncertainty. The good correlation was observed
between the potential surface and the distribution of the tetrahedral geometries in real crystals. It
suggests that the stability of the crystal are strongly related to local stability of tetrahedral
linkage.

The presently observed change of tetrahedral geometry in FeGeO, clinopyroxene at high
pressures is shown by solid circles in Fig. 5.4. The Ge-O-Ge angle decreased with increasing
pressure up to 4.5 GPa. The calculated potential surface suggests that the local energy of
tetrahedral chain increases with pressure. The Ge-O-Ge angle stopped decreasing at 4.5 GPa
where the angle approached at 117.8 °. This may be related to the steep potential surface below
about 1'20 °. At higher pressure, the Ge-O is observed to start decreasing with pressure. It would
contribute to the increase of the local energy of the tetrahedral chain, as is shown by the
potential surface. The local instability of the tetrahedral chain would induce the transformation
of the clinopyroxene under high-pressure condition.

5.2.2 Comparison with other germanates
Above rcsﬁlts suggest that the transformation from the metastable into high-pressure phase is

induced by the instability of tetrahedral linkage under high-pressure condition. In order to check
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the validity of this concept, it is applied to the previously reported transformations of the
germanates involving the tetrahedral linkage. Furthermore, the critical geometries at the
transformation pressure are also investigated to know the stability limit of tetrahedral linkages.

FeGeO, clinopyroxene (this study)

The critical geometry at the transformation pressure can be estimated from the extrapolation
of the pressure-induced change of Ge-O distance and Ge-O-Ge angle toward the transformation
pressure. The Ge-O distance and Ge-O-Ge angles at the transformation pressure of 13 GPa are
calculated as d(Ge-O) = 1.728(20) A and <Ge-O-Ge = 117.8(10) °. The geometry is shown by

the symbol "F" in Fig. 5.4.

q-GeO,

GeO, quartz (g-GeO,) is reported to transform into amorphous state at about 6.5 GPa
(Yamanaka et al. 1992). The detailed single-crystal structure analysis of q-GeO, was performed
up to 5.8 GPa by Glinnemann et al. (1992). The change of the Ge-O distance and Ge-O-Ge angle
with pressure is shown in Fig. 5.4. It is found that the local energy of the tetrahedral linkage
increase with increasing the pressure. The regression analysis of the Ge-O distances and Ge-O-Ge
angles at high pressures suggests that the tetrahedral geometry at transformation pressure isd(Ge-0)
= 1.732(5) A and <Ge-O-Ge =123.0 (3). These are shown by the symbol "Q" in Fig. 5.4.

GeO, glass (a-GeO)) is formed by the quench of the molten GeO, to ambient temperature.
The a-GeO, is known to be construed by the vertex shearing tetrahedra. The Ge-O distances in
a-GeO, distribute in the narrow range, while the Ge-O-Ge angles have the variation in some

extent (Lapeyre et al. 1983). The high-pressure EXAFS study of a-GeO, revealed that the

a-GeO, transformed into high-pressure state by the coordination increase of Ge* at 6.6 GPa (Itie
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et al. 1992). The pressure-induced change of the Ge-O distances are shown in Fig. 5.5. The
Ge-O distance decrease with increasing the pressure up to 6.6 GPa. This process increase the
local energy of the tetrahedral linkage. The critical Ge-O distance seems to be d(Ge-O) = 1.73 ~
1.77 A The change of the Ge-O-Ge angles at high-pressures cannot be known.

MgGeO, clinopyroxene (C2/c)

MgGeO, clinopyroxene (C2/c) has the same structure as FeGeO, clinopyroxene. The
tetrahedral chain is more severely kinked than that of FeGeO, at ambient pressure (<03-03-03
= 129.03 °) . X-ray diffraction and EXAFS studies showed the clinopyroxene transforms into
high-pressure phase from 8.7 to 30 GPa, as mentioned in the Chapter 2.3. The change of Ge-O
distance is shown in Fig. 5.5. The decrease of the Ge-O distance is expected to increase the local
energy of the tetrahedral linkage, where the change of the Ge-O-Ge angle is unknown. The
energy increase would induce the above mentioned high-pressure transformation. The Ge-O
distance at the transition pressure of 8.5 GPa is about d(Ge-O) = 1.725 A. 1t is noticeable that
this value is same as that of FeGeO,, d(Ge-O) = 1.728(20) A within the experimental error. It is

found that the transition pressure is sensitive to the geometry of the tetrahedral chain.

CaGeO 3 wollastonite

CaGcO3 has a wollastonite structure at ambient pressure (Liebau 1960). The structure is
composed of the one-dimensional tetrahedral chain with repeating the three tetrahedra. The
high-pressure X-ray diffraction study of CaGeO, showed that the wollastonite transform into the
high-pressure phase at about 6 GPa (Nagai et al. 1985). The high-pressure EXAFS study also
showed the coordination increase of Ge* at about 7 GPa (Andrault et al. 1992). The pressure-
induced chan.gc of the Ge-O distances of CaGeQ, determined by the EXAFS are shown in

Fig.5.5. The decrease of the Ge-O distance is observed with increasing pressure, which would
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contribute to the local instability of tetrahedral chain. The Ge-O distance is about d(Ge-O) = c.a.
1.75 A at the transition pressure.

The geometry of the tetrahedral linkage shifts toward those with the high local energy. The
values of Ge-O distances at transformation pressures have the similar values of d(Ge-O) = 1.72
~1.75 A among the above compounds. It suggests that the transformation of these germanates
occurs when the geometry of the tetrahedral linkage approaches the geometrical limit which is
defined by the local energy of the tetrahedral linkage. The onset of the transformation of the
metastably compressed phases at low temperature would be controlled by the stability of the
local unit in their structure, rather than the thermodynamic stability.

5.3 Effects of the crystal structure on the transformation process

As observed in the present study, the transformation is accompanied by the short-range
movements of the atoms under low temperature where the atomic diffusion is suppressed. Under
such condition, it is expected that the transformation processes are strongly related to the atomic
arrangements in the parent phases. Based on this concept, the transformation processes of
germanates compounds induced by the room temperature pressurization are discussed.

The transformation processes of several germanates under high-pressure and room-temperature
conditiéns are already shown in Fig. 1.2. Among these transformations, chain germanates of
CaGeO, pyroxenoid and MgGeO ,and FeGeO, pyroxenes transform into high-pressure crystalline
state with coordination increase of Ge* cation (Nagai et al 1995). On the other hand, a framework
germanate of GeO,quartz and a orthogermanates of Mg,GeO , olivine are also known to transform
into high-pressure amorphous state with the same coordination increase of Ge* (Wolf et al
1992, Yamaﬂaka et al. 1992, Mardon et al. 1991). The crystal structures of these phases are

summarized as follows.
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Comparison of the crystal structures

(i) Chain gemanates

The crystal structures of pyroxene and pyroxenoid are shown along the direction parallel to
the oxygen stacking plane in Fig. 5.6. All these structures are based on the deformed CCP of
oxygen. It is noticeable that the cations of Ge* or A* (A = Ca*, Mg”, Fe”") occupies the
interstices between the oxygen stacking layers alternately along the stacking direction. Each
interstices between the layers is occupied by either Ge* or A** cations.
(i1) Germantes with isolated tetrahedra and framework germanates

The crystal structure of Mg,GeO, olivine is shown along the direction parallel to the oxygen
stacking plane in Fig. 5.7. The olivine structure of Mg,GeO, is based on the HCP of oxygen.
Each interstices between the oxygen stacking layers is occupied by the both cations of Mg and
Ge* in the ratio of 1: 2, which is remarkably different from that of chain germanate.

The crystal structure of a -quartz is shown in Fig. 5.8 along the c-axis. Quartz structure is
composed of the three-dimensional linkage of tetrahedra and can not be described on the basis of
closet packing of oxygen.

Comparison of the transformation mechanism on the basis of crystal structure

Uncicr room temperature condition, the shear of the oxygen stacking planes is effective way
for the increase of coordination number of the Ge** cation in the germanate compounds based on
the oxygen closest packing. When the oxygen layers were sheared by pressure or shear stress,
the tetrahedral sites transform into octahedral sites and vice versa. In the clinopyroxene and
pyroxenoid structures, the shear of the oxygen layers above and below the Ge* cations can
smoothly incfease only the coordination number of Ge* in tetrahedral sites with keeping

coordination number of Fe*, which effectively decrease the cell volume. In this process, the
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lattice of the parent phase is preserved through the transformation by the cooperative atomic
movements.

On the other hands, the coordination increase by shearing the closest packing layers of
oxygens is impossible in the olivine structure, because the shear induces both the increase the
coordination number of the Ge* cations and the decrease of coordination number of the A*
cations in the common interstices between the oxygen layers. This process is not preferable in
terms of the volume reduction on the phase transformation. Therefore, the coordination increase
of Ge* may be performed by the local change of the atomic position, rather than by the
cooperative movement of the atoms. In such case, the translational symmetry of the parent phase
may be almost broken and the high-pressure phase can not have the enough large crystalline size
to give the measurable X-ray diffraction intensity. The similar situation would occur in the a
-quartz which does not have the shear plane appropriate for the coordination increase of Ge*
cation. The coordination number of Ge* would be increased by the orientationally random
movements of atoms, rather than the cooperative movements. In such processes, the olivine and
a -quartz GeO, transformed into amorphous state by room temperature compression. It is concluded
that the transformation processes of the compounds with the tetrahedra, which increase the
coordiﬁation number at high pressure, depend on the arrangement of the Ge* cations in their
crystal structures. If the coordination increase by the cooperative movements of the atoms are
possible during the high-pressure transformation in a given crystal structure, the parent crystalline
phase can directly transform into the high-pressure crystalline state. On the other hand, it is not
possible in a crystal structure, the parent phase transforms into the amorphous state by the

orientationally random movement of the atoms.
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Fig. 5.5 Variation of Ge-O distance of germnates compounds at high pressures.
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6. Conclusions

In order to elucidate the mechanism and the onset of transformation of mineral compounds
under high-pressure and low-temperature where the atoms are not thermally activated, the
transformation process and the transition mechanism of FeGeO, clinopyroxene (C2/c) were
investigated by an in-situ powder X-ray diffraction, a high-pressure single crystal X-ray diffraction,
TEM observation and MO calculation.

The results of these experiments clarified the following points:

() The transformations involving the atomic diffusion process is strongly hindered at low
temperature where the atoms are not thermally activated. Under such condition, the transformations
are accompanied with diffusionless mechanism instead of the diffusion mechanism.

(ii) The transformations of the metastably compressed phases with tetrahedral linkage are induced
by the local instability of the tetrahedral linkage. The parentphase are transformed into high-pressure
phase at the pressure where the geometry of the tetrahedral linkage approaches to the geometrical
limit. It is considerably different from the usual transformation at high temperature, in which the
transformation starts at the pressure where the free energies of both phase become equal.

(iii) The transformation processes at room temperature and high-pressure conditions are strongly
effcctcci by the crystal structures of the parent phases, because the transformations are accompanied
by the small movements of atoms. Especially, the states after the transformation (crystalline
states or amorphous state) are controlled by the arrangement of the cations which increase

coordination number at high pressure.
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Appendix
High-pressure transformation of FeGeO,(II) at high temperature
A.1 Purpose

FeGeO, clinopyroxene (C2/c) have transformed into the high-pressure phase of FeGeO (1)
above 13 GPa at room temperature. The structure of the high-pressure phase is based on the
deformed hexagonal closest packing and has the cationic arrangement similar to those in the
clinopyroxene. This structure has not been reported. To know the stability of this phase, the
transformation process of FeGeO.(Il) under high-temperature condition was investigated by
in-situ powder X-ray diffraction method.
A.2 Experimental
A.2.1 Generation of the high-pressure and temperature

The condition of high-pressure and high-temperature was generated by the electric resistance
heater in DAC. The schematics are shown in Fig. A.1. The heater was made by the following
procedures. The nicrome wire with diameter of 0.2 mm ¢ was rounded around the alumina ring
with the diameter of 17 mm. These were fixed together using the Aron Ceramic (Touagousei).
The resistance of this heater was about 4 Q. This heater was installed inside of the cylinder of
the Mao-Bell type diamond anvil cell. The alternating electric current was supplied to the heater
by a slide rheostat. The temperature of the sample was monitored by a CA thermocouple fixed
nearby the sample. The sample temperature was controlled manually by adjustment of the
resistance of the slide rheostat. The DAC body was cooled by a water cycling system to avoid
the heat up of DAC stage of X-ray diffraction system.

In the high-pressure and high-temperature experiment, the silicon grease was used as a

pressure transmitting medium instead of the mixture of methanol and ethanol because the
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mixture often blow out easily under high-temperature condition. The silicon grease froze at
about 3 GPa and, therefore, the hydrostaticity in the sample room was considered to be highly
deviated from the hydrostatic condition above 4.5 GPa.
A.2.2 Pressure determination at high temperature

In the high-pressure and high-temperature condition, the pressure cannot be determined by
the ruby fluorescence method (ruby scale) because the wavelength of the ruby fluorescence line
are also shifted by temperature as well as pressure. It is known that the lattice parameters of gold
change as the functions of pressure and temperature. Thus, the pressure can be determined from
the lattice parameters of the gold when the temperature is known by another method independently.
Therefore, the pressure at high temperature was determined from the lattice parameters of gold
in the sample room. The pressure was calculated from the lattice parameters on the basis of the
equation of the state (EOS) (Au scale) (Jamieson et al. 1982), where the lattice parameters were
determined from at least three reflections by least square refinements. The differences between
the pressures determined by Au scale and by ruby scale were within about 1 GPa even at 20
GPa.
A.2.3 Powder X-ray diffraction

In-situ X-ray diffraction was performed at BL-18C in PF. The powder diffraction data was
taken by the same procedure as mentioned in Chapter 4.1. The experimental conditions of
pressure and temperature and the exposure time are shown in Fig. A.2. The diffraction patterns
were taken after the pressure increase up to 20.7 GPa. The temperature was increased up to
about 350 °C. The pressure in the sample room was also increased unexpectedly by the heating.

Typical exposure time for each X-ray pattern was about one hour.

A3 Results
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A.3.1 Transition process of FeGeO, clinopyroxene under non-hydrostatic condition

The X-ray diffraction pattern at about 20.7 GPa and at room temperature is shown in Fig.
A.3. Most of the peaks are indexed as FeGeO, (II). Each diffraction peaks appear to be slightly
broader than those in the hydrostatic compression. A reflection at the 26 angle of about 13.6°,
which is shown by "§", can be indexed as neither clinopyroxene nor FeGeO, (II). This reflection
is considered to appear due to the shear stress caused by the non-hydrostaticity in the sample
T00m.

AJ3.2 Transition process of FeGeO, (II) at high pressure and high temperature

The newly appeared peaks in the non-hydrostatic compression .increascs their intensity and
the peaks, which are shown by "{1" in Fig. A.3, also appears at the 20 angles of 8.8°, 9.9° 16.7,
19.9° with increasing temperature up to 365 °C within two hours. At the same time, the peak
intensities of the FeGeO, (II) decreases. All the newly observed peaks are indexed as hexagonal
system. It in inferred from the lattice parameters and the diffraction intensities that this phase is
one of the corundum related phases. The presence of the 003 reflection suggests this phase has
ilmenite structure (R3) (00! 1=3n), neither LINbO ,-type structure (R3c) (00I: 1=6n), nor corundum
structure (R3c) (00l: 1=6n). These results suggests that most part of the FeGeO, (I) phase
transfoﬁns into the ilmenite. The observed peaks in the non-hydrostatic compression is considered
to be from ilmenite phase.

The X-ray pattern of the recovered sample at ambient condition is also shown in Fig. A.3.
The high background is dueto the sample holder. All diffraction peaks are indexed as clinopyroxene
or ilmenite phase. It is considered from the reversibility between the clinopyroxene and FeGeO,
(II) that the élinopyroxene peaks is observed because some part of the untransformed FeGeO,

(1) transforms back into the clinopyroxene phase on release of the pressure. These results reveal
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that FeGeO, (I) transforms irreversibly into ilmenite with increasing temperature up to 350 °C.
A.3.3 Volume change during the phase transformation

The lattice parameters of the ilmenite at 19.6 GPa and 0.1MPa under room temperature
condition are listed in Table A.1. The volume of ilmenite for one chemical unit (Z=1) at high
pressures are shown in Fig. A.4, together with those of clinopyroxene and FeGeO, (II). The
smaller volume of FeGeO, ilmenite compared to FeGeO,(II) suggests that the FeGeO, ilmenite
is more stable than FeGeO, (II).
A4 Discussion
A.4.1 Transformation mechanism from FeGeO, (I) into ilmenite

The reconstructive phase transformation generally need the larger thermal energy and the
longer duration time. In the present study, most part of FeGeO,(Il) transformed quickly into
ilmenite within the short duration time (< 2 hours) in spite of the relatively low annealing
temperature of 365 °C. Thus, the present results on FeGeO, (II) suggest that the transformation
into ilmenite does not involve the long-range diffusion of atoms. The crytal structures of FeGeO,
(II) and ilmenite phases are shown in Fig. A.5. Both structures are based on hexagonal closest
packing in common. The only difference is the cationic arrangement of Fe* and Ge* cations in
their iﬁtcrsticcs between oxygen stacking layers. Therefore, the transformation from FeGeO, (II)
to ilmenite is possible by the reordering of the Fe** and Ge* cation in their interstices. The jump
of one-sixth of Fe** and Ge* cation into the adjacent octahedral site transforms FeGeO, (II) into
ilmenite without the reconstruction of the oxygen sublattice. Through this mechanism, the
FeGeO, (I) is considered to transform into ilmenite readily even at relatively low temperature.
A4.2 Effects. of the shear stress on transformation of clinopyroxene

The pfescnt study under non-hydrostatic condition suggests that the shear stress caused by
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the non-hydrostaticity in sample room promotes the transformation of clinopyroxene into ilmenite
phase. It is inferred from the above mentioned transformation mechanism into ilmenite that
shear stress helps the migration of Fe** and Ge* cation between the oxygen stacking layers.
Such promotion of the cation diffusion by shear stress are understood by synchroshear (Kronberg
1957; Poirier 1981). In the present study, some part of FeGeO, clinopyroxene in considered to

transform directly into ilmenite through synchroshear mechanism.
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Fig. A.3 X-ray diffraction patterns at high pressures and at various temperatures.
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