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Abstract

The search for new materials with extraordinary properties (optical,
electronic, mechanical) is of great fundamental and technological interest. Use of
extreme conditions of pressure and temperature is a principal method for the
synthesis of several important materials like diamond, the hardest material known,
and gallium nitride, a primary component of solid state high energy light emitting
devices.
The drive here is to use high pressures and temperatures to make novel alloys,
with direct band gaps and tailored lattice constants that act as effective interfaces
between optical and electronic devices (for instance, link fibre optics to silicon chips).
Ge-Sn binary alloys have been predicted to have such properties but unfortunately
these elements are virtually immiscible at ambient pressure. Therefore this study is
also of fundamental importance in developing new Ge-Sn phase relations, evaluating
their formation properties, structures, stability and solution chemistry.
The particular focus of this work is to explore mixing and reactivity of Ge
and Sri at high pressures and high temperatures. Two pressure vessels were used, a
piston-cylinder (up to 3.5 GPa and 1500 K) and a multianvil press (up to 24 GPa and
1500 K). The reaction products were processed (nano-processed when required with
Focused Ion Beam methods) and characterised using Scanning Electron Microscopy,
Field Emission Gun-Scanning Electron Microscopy and Transmission Electron
Microscopy, all coupled with Energy Dispersive X-Ray detection for chemical
analysis.
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Mixing and reactivity of Ge-Sn was found to be dependent on the electronic
properties of the starting elements at the experimental conditions. The two elements
were found to separate below the Ge semiconductor-metal transition pressure (-9
GPa), but do not above this pressure. Electron diffraction patterns from selected
crystallites recovered from 24 GPa and 1500 K could not be indexed with any of the
known endmember Ge and Sn phases. Energy dispersive X-ray analysis in scanning
transmission electron mode from the same location as diffraction was taken from,
exhibited the presence of both Ge and Sn. This protocol lead to extensive chemically
homogeneous Ge-Sn regions most prominently at 10 GPa consistent with criteria
governing alloy formation. Furthermore, employing systematic temperature
quenching and annealing protocols across a range of pressures, coupled with density
and temperature driven separation processes drastically assisted in mapping the high
pressure and temperature phase relations in the Ge-Sn system. These methods were
also tested and implemented in synthesis and stability investigations of further
materials families most prominently a set of metal-nitrides.
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Figure 2- 4: Sample mounting on the ceramic probe and a zoom in of the capsule.
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Figure 2- 5: Graphite capsule and lid dimensions (mm).
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Figure 2- 6: Overview of two piston-cylinders located in the Grant Institute
(University of Edinburgh). Pressures up to 3.5 GPa can be reached with press A on
the left, and up to 3 GPa with press B on the right.
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Figure 2- 7: Details of the high pressure cell assembly (arrows point at the
completed cell assembly).
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Figure 2- 8: Top view (on the left) and longitudinal cross section view (on the right)
of the silver steel spacer machined in the workshop (chemical engineering,
University of Edinburgh). Distances are given in millimetres.
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Figure 2- 9: Schematic diagram showing the components required for pressing the
salt sleeves.
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Figure 2- 10: Schematic cross-sectional diagrams showing the salt compression
process: (a) initial position, (b) compressed salt.
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Figure 2- 11: Thermocouple sheath size check.
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Figure 2- 12: The thermocouple as it was after both wires were entwined.
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Figure 2- 13: Constructed thermocouple.
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Figure 2- 14: Dimensions in millimetres of the inner graphite capsule where the
starting elements are placed.
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Figure 2- 15: Diamond saw used to cut the graphite disk spacer, the salt sleeve,
boron nitride and alumina spacers. For harder materials, water was used as a
lubricant to avoid any damage to the blade).
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Figure 2- 16: Pressure cell components with dimensions in millimetres.
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Figure 2- 17: Schematic diagram of the cross section of the pressure cell.
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Figure 2- 18: Detailed view of all the elements assembled together for a pistoncylinder experiment.
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Figure 2- 19: View of the stack when the pressure is applied to the main ram and
the power and cooling water connections established.
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Figure 2- 20: Overview of wiring connections for temperature measurement.
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Figure 2- 21: Pressure and temperature controls for the piston cylinder.
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Figure 2- 22: Overview of the two multianvil presses at the BGI high pressure lab
(on the left, a 1200 ton press, Sumitomo UHP1200 model and, on the right, a 1000
ton press, Hymag model).

65

Figure 2- 23: Capsule die used to prepare a capsule with 1.7 mm diameter for a
10/5 assembly.
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Figure 2- 24: Overview of the capsule die with the rhenium capsule inside and 1
mm protruding from the top surface of the die.
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Figure 2- 25: Verification of the rhenium capsule seal with an optical microscope.

68

Figure 2- 26: Overview of the thermocouple used for the temperature reading in a
10/5 assembly.
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Figure 2- 27: Dimensions (in mm) of the octahedral components for a 10/5
assembly.
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Figure 2- 28: Overview of the 10/5 pressure assembly components whose
dimensions are given in figure 2-27. Only the molybdenum ring and disk are not
shown in this photo.

73

Figure 2- 29: Top side of the octahedron once all the components are inserted
inside. The octahedral edge is 10 mm.
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Figure 2- 30: A 10/5 pressure assembly mounted and ready to be dried overnight
in a vacuum oven at 500 K.
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Figure 2- 31: On the left, a tungsten carbide anvil prepared with 2 long and one
short pyrophyllite gaskets around the truncation, and cardboard paper on three
faces. On the right, tungsten carbide anvils covered on three faces with some
insulating tape.

77

Figure 2- 32: Assembling the cubes and the pressure cell.

78

Figure 2- 33: Anvil cluster ready to be loaded in the multianvil press.

79

Figure 2- 34: Carbide assembly placed in the lower anvil of the hydraulic press.

79

Figure 2- 35: Octahedron before the pressure is applied on the left and retrieved
octahedron from a 10/5 assembly after an experiment at 18 GPa on the right.

81

Figure 2- 36: Annular diamond saw 170 microns thick, 360 grit (Malvern
Instruments, Microslice 2, Thinning Section, The Grant Institute, UoE).

94

Figure 2- 37: Overview of a multianvil capsule mounted on a glass slide with
Crystalbond 509 resin after cutting with the annular diamond saw. The narrow
parallel lines are scratches from the diamond blade.
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Figure 2- 38: Sample holder view with an optical microscope (a) and an overview
of a capsule being cut with an 80 micron diamond saw (Well model 4240).
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Figure 2-39: Schematic diagram of the SEM.
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Figure 2- 40: Interactions between the electron beam and the specimen.
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Figure 2- 41: FEG tungsten tip used to generate the electron beam.
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Figure 2- 42: Schematic diagram of a TEM.
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Figure 2- 43: Relationship between the distance observed between the spots on
the diffraction pattern (R), the camera length (L) and the d-spacing (d) of the planes
of atoms in the sample.
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Figure 2- 44: FIB image of the area where a sample section was cut (January
2004).
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Figure 2- 45: Schematic cross-sectional view of a FIB milled sample.
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Figure 2- 46: Overview of the section after thinning with Ga ions and before
cutting from the bulk at the extremities.
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Figure 2- 47: Overview of the section before cuffing (rotated to observe the depth
of the hole after Ga+ bombardment).
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Figure 2- 48: Overview of the section at the end of the thinning process (on the left)
and after detaching one side of the foil to load afterwards onto a copper grid (on
the right). The final thickness of the section was about 80 nm.
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Figure 2- 49: The main steps for loading a TEM grid from a polished sample. A
fine tungsten carbide needle (A) was used to scratch the polished sample surface
and take fine particles from the bulk (B). The fine particles are dispersed on a TEM
copper grid using a solvent (C).
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Figure 2-50: Simplified view of a scanning white light interferometer.
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Figure 3- 1: Overview of the polished cross section of the Ge-Sn sample (capsule
2) with SEM in BSE mode.
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Figure 3- 2: Higher resolution SEM image in BSE mode showing spots where EDX
analyses were performed.
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Figure 3- 3: EDX spectrum from spot analysis 2 in the dark region in figure 3-2.
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Figure 3- 4: EDX spectrum from spot analysis 1 in the bright region in figure 3-2.

125

Figure 3- 5: 3-D map of the Ge-Sn surface polished with syton obtained with SWLI.
The red coloured regions correspond to the very Ge rich regions and the yellow
coloured ones correspond to the very Sn rich regions.
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Figure 3- 6: 3-D map of Ge-Sn polished with alumina particles obtained with SWILL
The dark red coloured regions correspond to the very Ge rich regions and the light
red-orange coloured regions correspond to the very Sn rich regions. The blue,
green and yellow regions are from the epoxy resin in which the sample is
embedded.
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Figure 3- 7: Overview of the polished half capsule Pb-Sn sample with SEM in BSE
mode. The bright contrast regions exhibit a dendritic structure.
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Figure 3- 8: SEM image in BSE mode showing the morphology and chemical
distribution within the Pb-Sn sample. The dark and bright regions are not well
separated. The average composition of the dark contrast region was 92.3 at % Sn
and 7.7 at % Pb. The average composition of the bright contrast region was 89.9 at
% Pb and 10.1 at % Sn.
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Figure 3- 9: SEM image in BSE mode showing 4 spots where EDX analyses were
performed. Spot 1 analysis gave a composition of 3.4 % at Pb and 96.6 at % Sn
whereas spot 4 analysis gave 27.6 at % Pb and 72.6 at % Sn. Spot 2 analysis gave
91.0 at % Pb and 9.0 at % Sn whereas spot 3 analysis gave 57.0 at % Pb and 43.0
at%Sn.
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Figure 3- 10: EDX spectrum from spot analysis 1 in the dark region.
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Figure 3- 11: EDX spectrum from spot analysis 2 in the bright region.
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Figure 3- 12: Overview of the sample with SEM in BSE imaging mode
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Figure 3- 13: Higher magnification SEM image in BSE mode of the dark and bright
regions with 2 spots pinpointed where EDX analyses were performed.

133

Figure 3- 14: EDX analysis from the dark area (spot 1).
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Figure 3- 15: EDX analysis from the bright area (spot 2).

134

Figure 3- 16: Overview of the sample S3400 with SEM in BSE imaging mode. The
darkest contrast on the left and right side of the capsule is the epoxy resin. The
brightest is the rhenium capsule foil.
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Figure 3- 17: Higher magnification SEM image in BSE mode showing the dark and
bright regions. There is a difference of contrast within the bright regions, the
contrast being brighter at the periphery and darker in the centre. The 3 different
spots show where the EDX analyses were performed.

136

Figure 3- 18: High resolution SEM image of the bright region in BSE mode. A
brighter contrast is observed at the periphery of this area. The small dark regions
are holes, scratches or particles coming from the polishing process.
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Figure 3- 19: EDX analysis from the dark area (spot 1 in figure 3-17).

137

Figure 3-20: EDX analysis at the centre of the bright area (spot 2 in figure 3-17).
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Figure 3- 21: EDX analysis at the periphery of the bright area (spot 3 in figure 317).

138

Figure 3- 22: Overview of sample S3620 with SEM in BSE imaging mode. Two
main regions separated by a sharp boundary are observed in the capsule. The
outer and very dark contrast is the epoxy resin and the brightest contrast is the
rhenium capsule foil. Small parts of the rhenium foil are also observed inside the
capsule.
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Figure 3- 23: Higher magnification view of the sharp boundary separating the two
main areas in the capsule.

140

Figure 3- 24: SEM overview in BSE mode of a region on the right of the sharp
boundary. This image may capture the evolution of crystal formation via an
intermediate dendritic architecture. The very bright contrast region at the bottom
right corner is part of the rhenium capsule foil.
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Figure 3- 25: SEM image in BSE mode showing 2 spots were EDX analyses were
carried out to identify the two different contrast regions.
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Figure 3-26: EDX spectrum from spot 1 in the dark contrast area.
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Figure 3- 27: EDX spectrum from spot 2 in the bright contrast area.

142
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Figure 3- 28: SEM image in BSE mode of the region on the left of the boundary.
Bright contrast bubbles have similar contrast to the bright contrast in the region on
the right of the boundary. Dark contrast regions appear less dark than the dark
area on the right of the boundary. EDX analyses were performed on spots 3 and 4
for characterization of the two regions.
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Figure 3- 29: EDX spectrum from spot 3 analysis in the dark region on the left part
of the boundary.
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Figure 3- 30: EDX spectrum from spot 4 analysis in the dark area from the left part
of the boundary.
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Figure 3- 31: Overview of the sample H2139 with SEM in BSE mode. The brightest
contrast is the rhenium capsule foil and the darkest is the epoxy resin. Intermediate
contrast region is observed inside the capsule, just between the foil and the centre
of the capsule.
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Figure 3- 32: SEM image in BSE mode showing the different contrasts observed in
the capsule. Randomly dispersed bright needles coexist with less bright and dark
contrasts which are intimately mixed. On the left, the intermediate layer
morphology is observed next to the capsule foil.
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Figure 3- 33: SEM image in BSE mode at high magnification showing the bright
and dark main contrast regions in the capsule. At the very bottom part of the image
a brighter contrast needle is observed. EDX analyses were performed at the
location of the spots.
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Figure 3- 34: EDX spectrum from spot 1 analysis in the dark area.
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Figure 3- 35: EDX analysis from spot 2 analysis in the bright area.
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Figure 3- 36: EDX spectrum from spot 3 analysis in the brighter contrast with a
needle shape. Semi-quantitative results gave an approximate composition of 54.8
at% Ge, 23.4 at% Sn and 21.8 at% Re.
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Figure 3- 37: SEM image in BSE mode showing an overview of the S3540 sample.
Different contrasts are observed in the cross section.
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Figure 3- 38: SEM image in BSE mode showing the main area from the sample
overview: dark and bright contrasts are revealed at higher magnification. Two
labelled spots show the location where EDX analyses were performed.
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Figure 3-39: EDX spectrum from analysis in the dark area (spot 1).
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Figure 3- 40: EDX spectrum from analysis in the bright area (spot 2).
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Figure 3- 41: Overview of a capsule corner in BSE mode. Very dark contrast and
very bright contrast regions were observed.

154

Figure 3- 42: BSE image at higher magnification of the contrasts observed in the
corners of the capsule. The spots show the locations of EDX analyses.

154
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Figure 3- 43: EDX spectrum from analysis in the dark region (spot 3).
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Figure 3- 44: EDX spectrum from analysis in the bright region (spot 4).
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Figure 3- 45: EDX spectrum from analysis in the very bright region (spot 5).
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Figure 3- 46: High magnification SEM image in BSE mode showing the boundary
between the contrast regions observed in the corners of the capsule and the main
contrast region in the centre.
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Figure 3- 47: SEM image in BSE mode of a particular dark contrast area
encapsulated in a bright contrast frame. Two spots show the location of EDX
measurements.
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Figure 3- 48: EDX spectrum from the bright contrast layer (spot 6). Ge and Re are
detected.
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Figure 3- 49: EDX spectrum from the dark contrast encapsulated region (spot 7).
Semi-quantitative results gave an average composition of 80.9 at % Ge and 19.1 at
%Sn.
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Figure 3- 50: SEM overview of the sample S3621 in BSE mode.
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Figure 3- 51: SEM overview in BSE mode of one part of the capsule where the
regions with different contrast were separated by a sharp boundary. A thin
somewhat brighter contrast is also observed adjacent to the main dark contrast
region.
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Figure 3- 52: SEM image in BSE mode at higher magnification from the corner part
of the capsule. Spots show the location of EDX measurements.
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Figure 3- 53: SEM image in BSE mode of the boundary between the main contrast
region observed in the capsule (on the left) and the corner part (on the right).

161

Figure 3- 54: EDX spectrum from the bright contrast region in the corner of the
capsule (spot 1).
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Figure 3- 55: EDX spectrum from the dark contrast area in the corner of the
capsule (spot 2).
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Figure 3- 56: SEM image in BSE mode of the main contrast region. Many cracks
were observed in this area.
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Figure 3- 57: EDX spectrum from the main contrast region in the capsule.

163

Figure 3-58: SEM overview of sample H2136 in BSE mode.
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Figure 3- 59: SEM overview of the bright and dark contrast features in BSE mode.
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Figure 3- 60: High magnification SEM image of the dark contrast bubble regions
and the bright contrast strips. The spots show the EDX analyses locations.
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Figure 3- 61: EDX spectrum from the analysis in the dark contrast region (spot 1).
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Figure 3-62: EDX spectrum from the analysis in the bright contrast region (spot 2).

167
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Figure 3- 63: SEM overview of sample 0309 in BSE mode. The sample exhibits
bright and dark contrast regions.
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Figure 3- 64: SEM image in BSE mode at higher magnification revealing the bright
and dark contrast regions. EDX analyses were performed where the spots are
shown.
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Figure 3- 65: EDX spectrum from the analysis in the dark contrast area (spot 1).
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Figure 3- 66: EDX spectrum from the analysis in the bright contrast area (spot 2).
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Figure3- 67: SEM overview of sample S3397 in BSE mode.
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Figure 3- 68: SEM image in BSE mode at higher magnification revealing small
bright and dark contrast regions.
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Figure 3- 69: SEM image in BSE mode of the dark and bright contrast regions at
high magnification. EDX analyses were performed at the pinpointed spot locations.
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Figure 3-70: EDX spectrum from the analysis in the dark contrast region (spot 1).

172

Figure 3- 71: EDX spectrum from the analysis in the bright contrast region (spot 2).
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Figure 3- 72: SEM overview of sample H2295 in BSE mode.
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Figure 3- 73: SEM image in BSE mode of the bright and dark contrast regions at
higher magnification.
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Figure 3- 74: SEM image in BSE mode of the dark and bright contrast regions.
EDX analyses were performed at the pinpointed spot locations.
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Figure 3-75: EDX spectrum from the analysis in the dark contrast region (spot 1).
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Figure 3-76: EDX spectrum from the analysis in the bright contrast region (spot 2).
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Figure 3- 77: SEM overview of sample H2319 in BSE mode.
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Figure 3- 78: SEM image in BSE mode of the bright and dark contrast regions at
higher magnification.
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Figure 3- 79: SEM image in BSE mode of the dark and bright contrast regions.
EDX analyses were performed at the pinpointed spot locations.
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Figure 3-80: EDX spectrum from the analysis in the dark contrast area (spot 1).
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Figure 3- 81: EDX spectrum from the analysis in the bright contrast area (spot 2).
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Figure 3- 82: SEM overview of sample S3619 in BSE mode.
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Figure 3- 83: SEM image in BSE mode of a large dark contrast region (where no
small bright regions were observed).
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Figure 3- 84: SEM image at high magnification in BSE mode of the small bright
contrast regions observed in the large dark contrast region. EDX analyses were
performed at the pinpointed spot locations.
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Figure 3- 85: EDX spectrum from the analysis in the dark contrast region (spot 1).
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Figure 3- 86: EDX spectrum from the analysis in the bright contrast region (spot 2).

183

Figure 3- 87: SEM overview of sample H2293 in BSE mode.
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Figure 3- 88: SEM image at high magnification in BSE mode of the dark contrast
region. EDX analyses were performed to identify the dark contrast region (spot 1).
The small bright contrast regions observed contain both Ge and Re.

185

Figure 3-89: EDX spectrum from the analysis in the dark contrast region (spot 1).
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Figure 3- 90: SEM overview of sample H2294 in BSE mode.
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Figure 3- 91: SEM image at high magnification in BSE mode of the dark contrast
region. EDX analyses were performed to identify the dark contrast region (spot 1).
The small bright contrast areas observed were identified as pure Re.
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Figure 3- 92: EDX spectrum from the analysis in the dark contrast region (spot 1).

187

Figure 3- 93: FEG-SEM image in BSE mode of the very Ge rich region. EDX was
performed at the pinpointed spot location.
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Figure 3- 94: EDX spectrum from spot 1 analysis.
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Figure 3- 95: FEG-SEM image in BSE mode of the very bright region (spot 2) and
the intermediate bright region (spot 3). EDX analyses were performed at the
pinpointed spot locations.
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Figure 3- 96: EDX spectrum from the analysis of the very bright contrast region
(spot 2).The unlabelled peak at the lowest energy is a Sn M-line.
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Figure 3- 97: EDX spectrum from the analysis of the intermediate bright contrast
region (spot 3), The unlabelled peak at the lowest energy is a Sn M-line.
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Figure 3- 98: FEG-SEM image in BSE mode of the dark contrast (spot 1) and
bright contrast region (spot 2).
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Figure 3- 99: EDX spectrum from the analysis of the dark contrast region (spot 1).

192

Figure 3- 100: EDX spectrum from the analysis of the bright contrast region (spot
2). The unlabelled peak at the lowest energy is a Sn M-line.

193

Figure 3- 101: FEG-SEM image in BSE mode of the dark contrast (spot 1) and
bright contrast regions (spot 2). Smaller bright contrast areas were observed in the
dark contrast region. EDX analyses were performed at the spot locations.
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Figure 3- 102: EDX spectrum from analysis of the dark contrast region (spot 1).

194

Figure 3- 103: EDX spectrum from analysis of the bright contrast region (spot 2).
The shoulder observed on the right of the Sn M-line is an 0 peak.
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Figure 3- 104: FEG-SEM image in BSE mode of the dark contrast (spot 1) and
bright contrast region (spot 3). Bright contrast areas were observed in me clarK
contrast region (spot 2) and small dark contrast areas were also observed in the
bright contrast region. EDX analyses were performed at the pinpointed spot
locations.
Figure 3- 105: EDX spectrum from analysis of the dark contrast region (spot 1).
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Figure 3- 106: EDX spectrum from analysis of the bright contrast area observed in
the dark contrast region (spot 2).
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Figure 3- 107: EDX spectrum from analysis of the bright contrast region (spot 3).
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Figure 3- 108: FEG-SEM image in BSE mode of the dark contrast (spot 1) and
bright contrast region (spot 2). The bright contrast regions also exhibited very small
dark contrast areas. The dark contrast regions showed a lighter dark contrast close
to the bright contrast areas. EDX analyses were performed at the pinpointed spot
locations.
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Figure 3- 109: EDX spectrum from analysis of the dark contrast region (spot 1).
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Figure 3- 110: EDX spectrum from analysis of the bright contrast region (spot 2).
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Figure 3- 111: Microdiffraction pattern acquired from the H2139 sample FIB
section using a 580 mm camera length. The two directions chosen are shown with
the dashed lines. The parameters measured and input in ED for indexing were:
D1= 31.5 mm, D2= 31.5 mm and e= 70°.
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Figure 3-112: ED software interface analysis in automatic spot pattern indexation.
The experimental parameters measured from the pattern shown in figure 3-111
were input in the software and the theoretical structures compared to this
experimental spot pattern. The generated pattern from the experimental data is
represented by the black circles. Here, Ge Fd3m is compared to the experimental
pattern, and is represented by the red spots and small grey circles. Each red spot
is a reflection obtained from a family of atomic planes (hkl). The corresponding
(hkl) values are shown under each spot. The small grey circles represent the
forbidden reflections. After comparison of the two patterns, a good match was
found between the experimental and the Ge Fd3m pattern along zone axis [-110].
The parameters encircled in purple are the errors chosen on the distances Dl and
D2 measured (AD), the angle 8 measured (AG) and the camera length L used (AL).
The intensity of the spots can be modified as well ("intensity mag") to tighten or
loosen the constraints accordingly. In this case, the error parameters were: AD= 2
mm, Li8= 20, AL= 5% and Intensity Mag= 0.2.
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Figure 3- 113: ED software interface analysis in automatic spot pattern indexing
mode. The experimental parameters measured from the pattern shown in figure 3111 were input in the software and the theoretical structures compared to this
experimental spot pattern. Here, the Ge02 P121/cl structure is compared to the
experimental pattern. The theoretical pattern exhibited additional spots (encircled in
green in the figure) with shorter distances from the centre of the pattern than the
spots observed in the experimental pattern, so this structure could be excluded.
The error parameters used were: AD= 2 mm, AG= 2°, 1L= 5% and Intensity Mag=
0.2.
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Figure 3- 114: Ring patterns from the Ge Fd3m structure, generated with ED with
the same conditions used for the experimental patterns: 2620 constant, equivalent
to 580 mm camera length.
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Figure 3- 115: Generated 13 Sn (141/amd) structure ring pattern with the same
conditions as used in taking the experimental patterns: 2620 constant, equivalent
to 580 mm camera length.
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Figure 3- 116: Diffraction patterns in SAED mode from sample H2139 FIB section
using 580 mm camera length. The SAED patterns exhibited the same rings. The
black arrows show the rings matching Ge (Fd3m) and the white arrows show the
rings or part-rings matching 13-Sn (141/amd).
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Figure 3- 117: Spot patterns from sample S3397 FIB section, acquired from two
different crystallites, using 580 mm camera length in microdiffraction mode. None
of the known structures from the ED database could match these patterns (pattern
6 and pattern 17 in table 3-19).
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Figure 3- 118: SAED patterns from different areas in sample S3397 FIB section,
using 580 mm camera length. The black arrows show the rings matching Ge Fd3m
and the white arrows show the rings matching the 13-Sn (141/amd) structure. Note
that few rings could match either Ge or Sn because both structures exhibit rings
with very similar diameters. The pattern on the left was not of as good quality as
the pattern on the right so that all the rings with larger diameter were harder to
observe.
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Figure 3- 119: EDX mapping of the 2 pm square area shown in the image at the
top. The result of Sn distribution in this area is shown in green on the left and the
Ge distribution in this area is in red on the right. The two lines in the image show
the location of two EDX line scans (180 nm length for each line scan).
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Figure 3- 120: Results of EDX line scan 1 (left) and EDX line scan 2 (right). The
upper plots are for Ge and the lower ones for Sn.
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Figure 3- 121: EDX spectrum from the spot analysis in the bright region where line
scan 1 was carried out.
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Figure 3- 122: EDX spectrum from the spot analysis in the dark region where line
scan 2 was carried out.
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Figure 3- 123: TEM image in bright field imaging mode of a particle agglomerate
from powder sample S3397.
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Figure 3- 124: SAED patterns from different areas in powdered sample 33397
section, using 500 mm camera length. The SAED patterns exhibited the same
rings. The black arrows show the rings matching Ge Fd3m and the white arrows
show the rings matching p-Sn (141 /amd) structure. Note that a few rings could
match Ge or Sn because both structures exhibit rings with some very similar
diameters.
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Figure 3- 125: TEM image in bright field mode of the area studied with electron
diffraction in microdiffraction mode and with EDX. The location of particle 1 is
indicated with the line.
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Figure 3- 126: Microdiffraction patterns from particle 1 acquired along different
zone axis by tilting the sample. The patterns shown could not be indexed with any
of the phases stored in ED.
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Figure 3- 127: EDX spectrum from spot analysis on particle 1.
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Figure 3- 128: TEM image in bright field mode of the area studied with electron
diffraction in microdiffraction mode and with EDX. The location of particle 2 is
indicated with the line.
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Figure 3- 129: Microdiffraction pattern from particle 2 (on the left): Ge P43212
could match this pattern. EDX measurement of particle 2 (on the right): Ge and Sn
were both detected. An intense 0 peak was also observed.
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Figure 3- 130: TEM image in bright field mode of the area studied with electron
diffraction in microdiffraction mode. The location of particle 3 is indicated with the
line.
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Figure 3- 131: Microdiffraction pattern from particle 3: no phases from the ED
database matched it.
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Figure 3- 132: TEM image in bright field mode of the area studied with electron
diffraction in microdiffraction mode. The location of particle 4 is indicated with the
line.
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Figure 3- 133: Microdiffraction pattern from particle 4: no phases from the ED
database could index it.
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Figure 3- 134: TEM image in bright field mode showing the location of the
additional EDX measurements.
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Figure 3- 135: EDX spectra from spot 1 (on the left) and spot 2 (on the right)
analyses.
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Figure 3- 136: EDX spectra from spot 3 (on the left) and spot 4 (on the right)
analyses.
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Figure 3- 137: EDX spectra from spot 5 analysis.
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Figure 3- 138: TEM image in bright field mode of the area studied with electron
diffraction in microdiffraction mode. The location of particle 5 is indicated with the
line.
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Figure 3- 139: Microdiffraction patterns from particle 5: no phases from ED
database could index those two patterns. (Patterns 6 and 22 in table 3-23).
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Figure 3- 140: TEM image in bright field mode of the area where particle 6 was
studied with electron diffraction in microdiffraction mode. The location of particle 6
is indicated with the line.
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Figure 3- 141: Microdiffraction patterns from particle 6: no phases from the ED
database could index those two patterns. (Patterns 8 and 29 in table 3-24).
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Figure 3- 142: TEM images in bright field mode of particle A on the left and particle
B on the right (the particles are encircled).
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Figure 3- 143: Microdiffraction patterns acquired from particle A (on the left) and
from particle B (on the right) using 500 mm camera length. Both patterns match the
3 Sn structure (with error parameters: AD= 2 mm, L8= 2°, AL= 3%. No record for
the "Intensity Mag" value was noted but the default value was likely used.
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Figure 3- 144: SAED patterns acquired from particle B using a 500 mm camera
length (on the left) and 580 mm (on the right). The two SAED patterns exhibited the
same rings. All the rings could match the 13 Sn (141/amd) structure except two rings
shown with the black arrows which matched Ge (Fd3m) structure. The ring shown
with the black and the white arrows could match both structures. The three rings
from Ge are the intense reflections from atom planes: 111, 220 and 311 (see table
3-22).
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Figure 3- 145: TEM images in bright field mode of an area where particles were
studied in microdiffraction and SAED mode.
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Figure 3- 146: SAED patterns acquired from different grains using 500 mm camera
length. The pattern on the left exhibited diffuse rings and the pattern on the right
exhibited many spots. The rings shown by the black arrows matched Ge (Fd3m)
and the other rings, matched Ge (1a3) rings, Identification was not unambiguous
because the rings were not sharp.
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Figure 3- 147: Microdiffraction patterns acquired from different grains using 500
mm camera length. The pattern on the left could match Ge (1a3) and the pattern on
the right could match Ge (P43212) (with error parameters: AD= 1 mm, A8= 1°, LL=
1%. No record for the "Intensity Mag" value was noted but the default value was
likely used.
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Figure 3- 148: TEM images in bright field mode of pure Sn where grains were
studied in microdiffraction mode.
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Figure 3- 149: Microdiffraction patterns acquired from different grains using 500
mm camera length. Both patterns matched the P Sn (I41/amd) structure (with error
parameters: AD= 1 mm, 9= 1, AL= 0% and Intensity Mag = 0).
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Figure 3- 150: Microdiffraction patterns acquired from different grains in grid A (on
the left) and in grid B (on the right) using a 500 mm camera length. Both patterns
could match Ge (P43212) but spots appeared in places of extinctions in both
patterns.
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Figure 3- 151: TEM image in bright field mode of the agglomerate of grains studied
in SAED and microdiffraction mode.

244

Figure 3- 152: SAED patterns acquired from sample S3621 with 500 mm camera
length. SAED patterns exhibited many spots and few rings which made comparison
with the theoretical ring patterns from the database non-trivial (figure 3-148). The
SAED patterns did not match 13 Sn 141/amd or Ge Fd3m structures. Only the SnO
tetragonal P4/nnms structure was found to reasonably match all the patterns (table
3-28).
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Figure 3- 153: EDX spectrum from a grain previously indexed as Ge (P43212) with
microdiffraction. Ge and Sn were both detected and the composition found for this
analysis was 90.4 at % Ge and 9.6 at % Sn. A very weak 0 peak and Si peak were
observed in the spectrum.

246

Figure 4- 1: Comparison between the generated ring pattern from particle 5
(chapter 3, section 3.5.2.1) and 13-Sn theoretical ring pattern (at the top) and Ge
(Fd3m) theoretical ring pattern (at the bottom).

253

Figure 4- 2: Comparison between the generated ring pattern from particle 6
(chapter 3, section 3.5.2.1) and 13-Sn theoretical ring pattern (at the top) and Ge
(Fd3m) theoretical ring pattern (at the bottom).
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Figure B- 1: Diagram showing Ge and Sn unit cell volumes as a function of
pressure.
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Figure B- 2: Diagram showing Ge and Sn tetragonal structures lattice parameter
c/a ratio as a function of pressure.
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Figure B- 3: Diagram showing the volume (A3) of Ge09844Sn0.0156 supercell (in red)
and the sum of Ge and Sn endmembers (in black) as a function of to pressure up
to 9 GPa. The supercell volume is lower than the sum of 63 Ge and 1 Sn specific
volumes so that this composition is favourable for solid solution formation. (sp. vol=
unit cell volume divided by number of atoms per unit cell) (a-Sn (Z=8), 13-Sn (Z= 4),
bct-Sn (Z=2), Ge I (Z=8) and Ge II (Z=4)).
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Figure B- 4: Diagram showing the volume (A3) of 0e0,9875Sn0125 supercell (in red)
and the sum of Ge and Sn endmembers (in black) as a function of pressure up to 9
GPa. The supercell volume is lower than the sum of 56 Ge and 8 Sn specific
volumes only when Sn is in the a-Sn structure at ambient pressure. Otherwise this
composition is not favourable for solid solution formation. (sp. vol= unit cell volume
divided by number of atoms per unit cell) (a-Sn (Z=8), 13-Sn (Z 4), bct-Sn (Z=2),
Ge I (Z=8) and Ge II (Z=4)).
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Figure B- 5: Diagram showing the volume (A) of Ge08125Sn01875 supercell (in red)
and the sum of Ge and Sn endmembers (in black) as a function of pressure up to 9
GPa. The supercell volume is lower than the sum of 52 Ge and 12 Sn specific
volumes only when Sn is in the a-Sn structure at ambient pressure. Otherwise this
composition is not favourable for solid solution formation. (sp. vol= unit cell volume
divided by number of atoms per unit cell) (a-Sn (Z=8), 13-Sn (Z= 4), bct-Sn (Z=2),
Ge I (Z=8) and Ge II (Z=4)).
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Figure B- 6: Diagram showing the volume (A3) of Ge05Sn05 (in red) and the sum of
Ge and Sn endmembers (in black) as a function of pressure up to 9 GPa
employing a full potential linear augmented plane wave approach (exchange and
correlation effects treated by the gradient generalized approximation), according to
Sahnoun et.al. The solid solution volume is larger than the sum of 4 Ge and 4 Sn
specific volumes, so this composition with this calculation approach is not
favourable for solid solution formation. (sp. vol= unit cell volume divided by number
of atoms per unit cell) (a-Sn (Z=8), 13-Sn (Z= 4), bct-Sn (Z=2), Ge I (Z=8) and Ge II
(Z=4)).

284

•At!ái

Figure B- 7: Diagram showing the volume (A3) of Ge05Sn05 (in red) and the sum of
Ge and Sn endmembers (in black) as a function of pressure up to 9 GPa
employing a full potential linear augmented plane wave approach, (exchange and
correlation effects treated by the local density approximation), according to
Sahnoun et.al. The solid solution volume is lower than the sum of 4 Ge and 4 Sn
specific volumes only when Sn is in the a-Sn structure at ambient pressure.
Otherwise this composition with this calculation approach is not favourable for solid
solution formation. (sp. vol= unit cell volume divided by number of atoms per unit
cell) (a-Sn (Z=8), 13-Sn (Z= 4), bct-Sn (Z=2), Ge I (Z=8) and Ge II (Z=4)).
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Figure B- 8: Diagram showing the volume (A3) of Ge05Sn05 (in red) and the sum of
Ge and Sn endmembers (in black) as a function of pressure up to 9 GPa
employing a full potential linear augmented plane wave approach and exchange
and correlation effects treated by the gradient generalized approximation (and
considering also spin-orbit effects), according to Okoye. The solid solution volume
is larger than the sum of 4 Ge and 4 Sn specific volumes, so this composition with
this calculation approach is not favourable for solid solution formation. (sp. vol= unit
cell volume divided by number of atoms per unit cell) (a-Sn (Z=8), 13-Sn (Z= 4), bctSn (Z=2), Ge I (Z=8) and Ge II (Z=4)).
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Figure C- 1: Temperature profile in the furnace as a function of the distance from a
reference point.
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Figure D- 1: Set-up of the Walker press calibration experiment.
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Figure D- 2: Cross section of the MgO ceramic showing the bismuth wire and the
gold connections for resistance measurement.
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Figure D- 3: Diagram showing the Bi wire resistance as a function of the oil
pressure applied to the press during the first cycle compression-decompression.
The arrows show the position where Bi phase transitions occur. The dashed arrows
show the probable position of Bi transitions because of the uncertainty in the
measurements.
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Figure D- 4: Diagram showing an overview of the first decompression run. The
discontinuities observed between the Bill-Ill and Bi Ill-V phase transitions could be
the reason for the cell relaxing by microfracturing.
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Figure 0- 5: Diagram showing the Bi wire resistance as a function of the oil
pressure applied to the press during the second cycle compression-decompression.
The arrows show the position where the Bi phase transition occurs. The dashed
arrows show the probable position of the Bi transition due to the uncertainty in the
measurements.
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Figure D- 6: Diagram showing an overview of the second decompression.
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Figure 0- 7: Diagram showing the Bi wire resistance as a function of the oil
pressure applied to the press during the third cycle compression-decompression.
No hysteresis was observed between compression and decompression in the last
cycle. The arrows show the position where the Bi phase transition occurs. The
dashed arrow shows the probable position of the Bi transition due to uncertainty in
the measurements.
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Figure D- 8: Comparison of the Bi resistance as a function of the oil pressure in
the three cycles. A shift was observed as the number of compressiondecompression cycles increase, so that Bi phase transitions occurred at lower
293

pressure.
Figure D- 9: Calibration curve for a 14/8 assembly based on the Bi I-Il, Bi li-Ill and
Bi Ill-V transitions.
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Figure D- 10: Calibration curve for a 14/8 assembly based on the Bi I-Il and Bi Ill-V
phase transitions.
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Figure E- 1: 10/4 assembly dimensions (in mm).
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Figure E- 2: 14/8 assembly dimensions (in mm).
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Figure E- 3: 18/11 assembly dimensions (in mm).
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Figure F- 1: Overview of the polished half capsule with the Ge-Sn sample (capsule
1) using SEM in BSE mode.
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Figure F- 2: SEM image in BSE mode showing 2 spots where EDX analyses were
299

performed.
Figure F- 3: (a) EDX spectrum from spot 1 analysis in the dark region in figure F2.
(b) EDX spectrum from spot 2 analysis in the bright region in figure
F-2. The unlabelled peak at about 1.7 KeV is a Sn escape peak.
Figure F- 4: SEM image in BSE mode showing 3 contrasts.

299
300
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Figure F- 5: Higher magnification SEM image in BSE mode of the "river" like
region. EDX analyses were performed in the darker region (spot 1) and in the small
bright region (spot 2).

301

Figure F- 6: EDX spectrum from spot 1 analysis in the dark region.

302

Figure F- 7: EDX spectrum from spot 2 analysis in the small bright region. The
unlabelled peak just below 0.5 KeV, is a Sn-M line.

302

Figure F- 8: Overview of the sample with SEM in BSE mode. The very dark
regions at the top right and bottom left corners show the carbon tape where the
sample is fixed on the SEM holder.
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Figure F- 9: Higher magnification SEM image in BSE mode showing the dark and
bright regions and two spots where EDX analyses were performed.
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Figure F- 10: EDX spectrum from spot 1 analysis in the dark region.
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Figure F- 11: EDX spectrum from spot 2 analysis in the dark region.

304

Figure F- 12: SEM overview of sample H2135 in BSE mode.
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Figure F- 13: SEM image in BSE mode at higher magnification revealing the
presence of bright contrast regions surrounded by intermediate contrast layers and
a large dark contrast region. Small areas with the same intermediate contrast were
observed in the dark contrast region. EDX analyses were performed at the spots
pinpointed.
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Figure F- 14: EDX spectrum from the analysis in the bright contrast region (spot 1).
A small Ge peak was observed but mainly Re peaks were observed in this
spectrum.
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Figure F- 15: EDX spectrum from analysis in the intermediate contrast region (spot
2 and 3). Semi-quantitative measurement revealed an average composition of 58
at % Ge and 42 at % Re in this region.
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Figure F- 16: EDX spectrum from analysis in the dark contrast region (spot 4).
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Figure F- 17: SEM image in BSE mode at higher magnification from a part of the
capsule where large dark contrast and small brighter contrast regions were
observed. The spots show the location of EDX analyses.
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Figure F- 18: EDX spectrum from analysis in the small bright contrast region (spot
6).

308

Figure F- 19: SEM overview of the sample H2138 in BSE mode.
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Figure F- 20: SEM image in BSE mode at higher magnification showing the small
bright regions in the dark contrast region and the large Ge-Re bright contrast
regions (spot 1).
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Figure F- 21: SEM image in BSE mode at high magnification showing the dark and
bright contrast regions. The spots show the location of EDX analyses.
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Figure F- 22: EDX spectrum from analysis in the dark contrast region (spot 2).

311

Figure F- 23: EDX spectrum from analysis in the small bright contrast region (spot
3).
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Figure F- 24: SEM overview of the sample S3401 in BSE mode.
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Figure F- 25: SEM image in BSE mode from the dark contrast region at higher
magnification: small bright regions were revealed in the dark contrast region. The
bright contrast region (spot 1) was analysed with EDX and the semi-quantitative
results gave a composition of 56 at % Ge and 44 at % Re.
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Figure F- 26: SEM image in BSE mode from the dark contrast region at higher
magnification. The bright contrast region (spot 1) was analysed with EDX and the
semi-quantitative results gave a composition of 56 at % Ge and 44 at % Re.
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Figure F- 27: EDX spectrum from the analysis in the dark contrast region (spot 2).

314

Figure F- 28: EDX spectrum from the analysis in the intermediate contrast region
(spot 3).
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Figure F- 29: SEM overview of sample H2137 in BSE mode.
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Figure F- 30: SEM image in BSE mode of the dark and bright contrast regions.
EDX analyses were performed at the pinpointed spot locations.

316

Figure F- 31: EDX spectrum from the analysis in the dark contrast region (spot 1).

317

Figure F-32: EDX spectrum from the analysis in the bright contrast region (spot 2).

317

Figure F- 33: SEM overview of sample H2296 in BSE mode.

318

Figure F-34: SEM image in BSE mode at higher magnification revealing a contrast
difference in the region which appeared dark at low magnification (figure F-33).
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Figure F- 35: SEM image in BSE mode at high magnification showing the dark and
bright contrast areas which appeared only with dark contrast at low magnification
(figure F-33). EDX analyses were performed at the locations of the spots.
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Figure F- 36: EDX spectrum from the analysis in the dark contrast region (spot 1).
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Figure F-37: EDX spectrum from the analysis in the bright contrast region (spot 2).

320

Figure G- 1: EDX spectrum of pure Ge at 20 kV.
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Figure G- 2: EDX spectrum of pure Sn at 20 kV. The first peak is a Sn M-line. The
peak before 2.0 KeV is a Sn escape peak.
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Figure G- 3: EDX spectrum of pure Ge at 10 kV.
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Figure G- 4: EDX spectrum of pure Sn at 10 kV. The broad peak before 2.0 KeV is
a Sn escape peak.
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Figure H-i: EDX spectrum from Ge oxide at 20 kV. The unlabelled peak matches
Sn, coming from contamination while loading the capsule.
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Figure H- 2: EDX spectrum from Sn oxide at 20 kV. The unlabelled broad peak
before 2.0 KeV is a Sn escape peak.

324

Figure I- 1: FEG-SEM image in BSE mode of the dark contrast region previously
observed with SEM (appendix F, spot 5 in figure F-17). Bright contrast areas were
also observed in this region (spot 2). EDX analyses were performed at the spot
locations.
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Figure 1-2: EDX spectrum from analysis of the dark contrast area (spot 1).
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Figure I- 3: EDX spectrum from analysis of a bright contrast area (spot 2).

326

Figure I- 4: FEG-SEM image in BSE mode of the dark contrast and bright contrast
regions (spot 1 and 2 respectively). Bright contrast areas were observed in the dark
contrast region and small dark contrast areas were also observed in the bright
contrast region. EDX analyses were performed at the spot locations.
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Figure I- 5: EDX spectrum from analysis of the dark contrast area (spot 1).

327

Figure I- 6: EDX spectrum from analysis of the bright contrast region (spot 2).

328

Figure I- 7: FEG-SEM image in BSE mode of the dark contrast (spot 1) and bright
contrast region (spot 2). Bright contrast areas were observed in the dark contrast
region and small dark contrast areas were also observed in the bright contrast
region. The very bright contrast regions observed on the left of the image contain
Ge and Re and are similar to the very bright regions observed with SEM in
appendix F, figure F-26 (spot 4). EDX analyses were performed at the pinpointed
spot locations.
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Figure 1-8: EDX spectrum from analysis of the dark contrast region (spot 1).

329

Figure I- 9: EDX spectrum from analysis of the bright contrast region (spot 2).

330

Figure I- 10: FEG-SEM image in BSE mode of the dark contrast (spot 1) and bright
contrast region (spot 2). Small bright contrast areas were observed in the dark
contrast region and small dark contrast areas were also observed in the bright
contrast region. EDX analyses were performed at the pinpointed spot locations.
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Figure I- ii: EDX spectrum from analysis of the dark contrast region (spot 1).
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Figure I- 12: EDX spectrum from analysis of the bright contrast region (spot 2).

332
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Figure J-1: Silicon standard [001] pattern acquired with 580 mm camera length in
microdiffraction mode on the left and in SAED mode on the right. The distances
were slightly different from one mode to the other, so that a calibration was
required in both modes for more precision. This calibration was from the session in
October 2004.

333

Figure J-2: Generated pattern from Si with ED software in spot pattern mode. The
camera length parameter was adjusted in order to have the experimental pattern
(in microdiffraction mode for this figure) and the theoretical pattern match. The
correct camera length parameter was 2550 for the microdiffraction patterns
(encircled in red color). The same procedure was carried out for the SAED mode
and the correct camera length parameter was found to be 2620.

334

Figure J- 3: Silicon [001] standard pattern acquired in SAED mode with 500 mm
(on the left), 370 mm (on the right) and 650 mm (at the bottom) camera length.
(January 2005).
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Figure J- 4: Silicon [001] standard pattern acquired with 500 mm (on the left) and
370 mm (on the right) camera length in SAED mode. (March 2005).
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Figure J- 5: Silicon [001] standard pattern acquired with 500 mm camera length in
microdiffraction mode. (July 2005).

336

Figure J- 6: Zirconium [001] standard pattern acquired with 500 mm camera length
in microdiffraction mode (acquired in January 2006 but used for indexing patterns
from December 2005).

337

Figure J- 7: Silicon [112] standard pattern acquired with 500 mm camera length in
microdiffraction mode. (April 2006).

337

Figure J- B: Silicon [110] standard pattern acquired with 500 mm camera length in
microdiffraction (on the left) and SAED mode (on the right). (July 2006).
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Figure K- 1: Spot patterns from sample S3397 FIB section, acquired from two
different crystallites, using 580 mm camera length in microdiffraction mode. None
of the known structures from the ED database could match these patterns.

340

Figure K- 2: SAED patterns from different areas in sample S3397 FIB section,
using 580 mm (on the left) and 650 mm (on the right) camera length.

340

Figure K- 3: SAED patterns from different areas in sample S3397 FIB section,
using 370 mm (on the left) and 650 mm (on the right) camera length.

341
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Figure K- 4: Spot patterns from powdered sample S3397, acquired from two
different crystallites, using a 500 mm camera length in microdiffraction mode. The
pattern on the left could only match Ge P63/mmc and the pattern on the right could
only match Sn02 (Pbcn epitaxial). These two structures have many equivalent
atomic positions, so that likely explains why they could match these experimental
patterns, thus the presence of an unknown structure is probable.

342

Figure K- 5: SAED patterns from different areas in powdered sample S3397, using
500 mm camera length.

342

Figure K- 6: Microdiffraction patterns acquired from two different grains in grid A
(on the left) and from grid B (on the right) using a 500 mm camera length. These
patterns could only match Ge (P43212) structure.

344

Figure K- 7: Microdiffraction patterns acquired from a grain in grid B using a 500
mm camera length. These patterns could only match Ge (P43212) structure.

345

Figure K- 8: Microdiffraction patterns acquired from a grain taken from the right
part of the half capsule (equivalent to grid B) using a 500 mm camera length.
These pattern could only match the Sn02 (Pbcn epitaxial) structure. EDX
measurements from these regions exhibited only Sn and Ge.

346

Figure K- 9: SAED patterns acquired from sample S3621 with 500 mm camera
length. SAED patterns exhibited many spots and few rings which made comparison
with the theoretical ring patterns from the database non-trivial. The SAED patterns
did not match f3 Sn 141/amd or Ge Fd3m structures. Only the SnO tetragonal
P4/nnms structure was found to reasonably match all the patterns (table 3-28).
Nevertheless EDX measurements exhibited the presence of Ge and Sn.

346

Figure L- 1: TEM images (bright field mode) of the FIB section from the sample
S3397, recovered from 24 GPa: the sample was not affected by beam heating on
the left but recrystallization was observed due to beam heating on the right.

347

Figure L- 2: TEM image in bright field mode of the FIB section after
recrystallisation. The encircled letters show the location of the microdiffraction
patterns shown in the following figures.

347

Figure L-3: Microdiffraction patterns acquired with 500 mm camera length at the
locations shown in figure L-2. The three patterns match 13-Sn.

348

Figure L- 4: Microdiffraction patterns acquired with 500 mm camera length at the
locations shown in figure L-2. The five patterns match Ge (Fd3m) ambient pressure
phase.

349
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Figure L- 5: TEM image in bright field mode on the left, showing twin crystals
identified as Ge (Fd3m) ambient pressure phase in microdiffraction pattern on the
right. The spots encircled in red are characteristic of twin crystals: The blue arrows
show the intense reflection coming from one crystal and the less intense reflection
encircled in red the reflection from a twin. A centre of symmetry could be observed
and could be any of the spots encircled in green.

350

Figure N- 1: Three microdiffraction patterns (A, B and C) acquired with 500 mm
camera length matching the Re3Ge7 (Cmcm) orthorhombic ambient pressure
structure recovered from 10 GPa. Nevertheless the presence of an unknown
structure containing Ge and Sn cannot be excluded as EDX measurements
exhibited Ge and Sn in this region. The microdiffraction pattern D was acquired
from the pure Ge sample recovered from 24 GPa. It matches Re3Ge7
(orthorhombic Cmcm) as well.

353

Figure 0- 1: Example of the procedure to follow to enter a structure in ED
database. Here the Ge P43212 structure was entered. Crystal structure, space
group, lattice parameters and atomic positions were needed to save a new
structure in the database. All those parameters were obtained from the EPSRC
chemical database. Concerning the Ge positions in the P43212 structure, the
crystallographic positions were 4a and 8b. Using the International Tables for
Crystallography, the positions of P43212 structure (No 96 in the tables) could be
input with the corresponding x,y,z values for Ge in positions 4a and 5. This
procedure was followed to enter all the structures in the ED database.

354

Figure P- 1: X-Ray diffraction patterns acquired from Sn starting powder (top) and
from Ge starting powder (bottom). The patterns matched 13-Sn (I41/amd) and Ge
(Fd3m) structures respectively, showing that the powders were not oxidized.
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Figure Q- 1: Classification of nitride forming elements.

357

Figure Q- 2: SEM image in BSE mode of a region from the recovered S3617
sample. Two main contrasts were observed: a grey contrast and a light contrast
(the dark contrast was epoxy resin).

362

Figure Q- 3: SEM image at higher magnification showing crosses where the EDX
analyses were carried out.
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Figure Q- 4: EDX spectrum from spot 1 analysis in the grey contrast region.
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Figure 0- 5: EDX spectrum from spot 2 analysis in the light contrast region.

364
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Figure Q- 6: SEM image in BSE mode showing an overview of the half capsule
from the recovered S3618 sample. The upper and lower regions are encircled in
blue and red respectively.
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Figure 0- 7: SEM image in BSE mode at higher magnification showing the three
different contrasts observed in the lower region of the capsule. The red crosses
show the locations of EDX analyses.
Figure 0- 8: EDX spectrum from spot 1 analysis in the dark contrast region.
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Figure 0- 9: EDX spectrum from spot 2 analysis in the intermediate contrast
region.
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Figure 0- 10: EDX spectrum from spot 3 analysis at 20 kV in the light contrast
region.

367

Figure 0- 11: EDX spectrum from spot 3 analysis at 10 kV in the light contrast
region. The N-peak is more intense and thus easier to observe.

368

Figure 0- 12: SEM image in BSE mode of the largest size region observed in the
capsule containing Re, Zn and N (encircled in blue). The EDX spectrum observed
from this region was similar of the EDX spectrum shown in figure 0-10 and 0-11.

368

Figure 0- 13: SEM image in BSE mode from a location where only Zn and N were
present.

369

Figure 0- 14: EDX spectrum analyses from spot 5 analysis shown in figure 0-13.

369

Figure 0- 15: Microdiffraction patterns (1 and 2) from the region containing Re, Zn
and N (encircled in blue in figure 0-12) acquired at 500 mm camera length.

370

Figure 0- 16: Schematic of quartz glass being flushed with argon.

372

Figure 0- 17: Exposure of the capsule contents using a razor blade on the left and
binding the capsule contents with epoxy resin on the right.

373

Figure 0- 18: SEM image in BSE mode showing an overview of the Re-Zn
recovered sample. Two main contrasts (light and dark) were observed at low
magnification.
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Figure 0- 19: SEM image in BSE mode at higher magnification showing the three
different contrasts observed in the Re-Zn mixture. The red crosses show the
locations of EDX analyses.
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Figure 0- 20: EDX spectrum from spot 1 analysis in the intermediate contrast
region. The unlabelled peaks came from the epoxy resin.
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Figure 0- 21: EDX spectrum from spot 2 analysis in the light contrast region.
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Figure 0- 22: SEM image in BSE mode showing all the different contrasts
observed in the recovered Re-Zn3N2 sample.
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Figure Cl- 23: SEM image in BSE mode at higher magnification showing
intermediate and light contrast regions identified as pure Zn and pure Re
respectively with EDX analyses.

377

Figure Q- 24: EDX spectrum from spot 1 analysis in the intermediate contrast
region.
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Figure Q- 25: EDX spectrum from spot 2 analysis in the light contrast region.

378

Figure 0- 26: SEM image in BSE mode showing the other regions observed in the
sample and their identification carried out with EDX.
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Figure 0- 27: SEM image in BSE mode showing an overview of the half capsule
from the recovered H2458 sample at 20 kV. Two contrasts were observed in the
capsule.

380

Figure 0- 28: SEM image in BSE mode at higher magnification and 20 kV showing
three contrasts: dark, intermediate and light contrasts were observed in the capsule.
381
Figure 0- 29: SEM image in BSE mode at high magnification and 10 kV showing
the location of EDX analyses performed in the light and intermediate contrasts
(spot 1 and 2 respectively).

381

Figure 0- 30: EDX spectrum from spot 1 analysis at 10 kV in the light contrast
region. The volume analysed is smaller at 10 kV. A small amount of Zn is detected.
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Figure 0- 31: EDX spectrum from spot 1 analysis at 20 kV in the light contrast
region. The volume excited is larger so Zn is detected from the bulk.

382

Figure 0- 32: EDX spectrum from spot 2 analysis at 10 kV in the intermediate
contrast region.
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Figure 0- 33: SEM image in BSE mode showing an overview of the two half
capsules from the recovered H2457 sample at 10 kV. Two contrasts were
observed in the capsule at low magnification. The blue circle shows the area where
sample was taken from, for TEM measurement.
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Figure 0- 34: SEM image in BSE mode at higher magnification and 10 kV showing
the location of EDX analyses performed in the dark and light contrast regions (spot
1 and 2 respectively).
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Figure 0- 35: EDX spectrum from spot 1 analysis at 10 kV in the dark contrast
region.
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Figure 0- 36: EDX spectrum from spot 2 analysis at 10 kV in the light contrast
region.
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Figure 0- 37: SEM image in BSE mode at 10 kV showing an overview of light
contrast region agglomerates within the large dark contrast region.
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Figure 0- 38: SEM image in BSE mode at 10 kV showing two contrasts within the
dark contrast region. EDX analyses were performed at the spot locations.
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Figure 0- 39: EDX spectrum from spot 3 analysis at 10 kV in the darker contrast
region.

387

Figure 0- 40: EDX spectrum from spot 4 analysis at 10 kV in the lighter dark
contrast region.

388

Figure 0- 41: TEM image in bright field mode showing an agglomerate of grains
coming from the area encircled in blue in figure Q-33.

389

Figure 0- 42: Microdiffraction patterns (1 and 2) acquired from the region shown in
figure 0-41, using 500 mm camera length.

390

Figure 0- 43: SAED patterns acquired from the region shown in figure 0-41, using
500 mm camera length.
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Figure R- 1: The Diamond Anvil Cell parts.

391

Figure R- 2: Diamond (plan view) on the left and additional Diamond Cell
equipment on the right.

391

Figure R- 3: Cryogenic loading apparatus

392

Figure R- 4: Drilling apparatus tools

392

Figure R- 5: Spark Erosion Drilling Equipment

393

Figure R- 6: Side view of the gasket holder (dimensions in mm).

394

Figure R- 7: Plan view of the gasket holder (dimensions in mm).

395

Figure R- 8: Diamonds detailed dimensions (in mm) ordered from Almax.

396

Figure R- 9: Side view of the DAC piston and cylinder (dimensions in mm).

396

Figure R- 10: Side view of a diamond support ring (dimensions in mm).

397

Figure R- 11: Top view of a diamond support ring.

397

Figure R- 12: Side view of the gas loading container (dimensions in mm).

398

Figure R- 13: Piston and cylinder were aligned using two guide lines engraved on
the exterior of both items. The piston was inserted until a length of roughly 1 cm
remained above the top of the cylinder.

399

Figure R- 14: A thin metal wedge was placed between the top of the cylinder and
the overlapping part of the piston to ensure the diamonds did not come into contact.
400
Figure R- 15: Poor alignment of the diamonds. The misalignment of the culets is
most clearly seen on the left side of the image. It is important that the faces are
extremely close because a lack of interference fringes can be observed if the
diamonds are misaligned but too far apart.

401
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Figure R- 16: Overview of the gasket holder sitting on the bench on the left and
with an optical microscope on the right.
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Figure R- 17: Overview with an optical microscope of fairly good screw and gasket
position on the left and a screw that is not covering the gasket on the right.
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Figure R- 18: Positioning of the gasket holder onto the piston steps on the top
images and use of a metal press in order to obtain a tight fit between the piston
and the gasket holder in the image at the bottom.

404

Figure R- 19: Examination with the optical microscope: The piston diamond and
the metal were both in focus thus they were touching.

405

Figure R- 20: Setting the screws onto the DAC with the flat indentation facing
forward.

405

Figure R- 21: Tightening the screws until a "finger" tight is reached.

406

Figure R- 22: Positioning the four turning cogs on top of the screws (on the left)
and the handle (on the right).

406

Figure R- 23: Positioning the DAC with the turning cogs and handle mounted
under the optical microscope (on the left) and pre-indenting the gasket by turning
the handle clockwise (on the right).

407

Figure R- 24: Handle position at the end of the required gasket pre-indentation
(60-80pm) after turning clockwise from the starting position shown on the left in
figure R-23 (about 2700 rotation).

408

Figure R- 25: Removing the DAC from the microscope platform and the pressure
was released.

408

Figure R- 26: Examination of the pre-indent in the gasket under the microscope:
gasket pre-indent from the cylinder diamond on the left and from the piston
diamond on the right.

409

Figure R- 27: Copper drill tip observed with a microscope.

410

Figure A- 28: Fitting the drill in a silver holder (on the left) and fixing the gasket
holder into the brass drilling holder by screwing a thin brass sheet (on the right).

410

Figure R- 29: Moving the bar cautiously to bring the drill in position.

411

Figure R- 30: Placing distilled water on the metal surface with a syringe (on the left)
and immersion and positioning of the drill in the water (on the right).

412

Figure R- 31: Positioning the drilling holder into the spark erosion drilling
equipment.

414

Figure R- 32: Overview of the hole in the pre-indented tungsten sheet (on the left)
and examination of the central position of the circular sample chamber (on the
right).

415

xlviii

Figure S- 1: Vacuum desiccators used for sample storage on the left (vacuum
desiccators ordered from FISHER SCIENTIFIC, polycarbonate, with silicon 0-ring,
Nalgene) and for travelling on the right (ordered from AGAR SCIENTIFIC, high
vacuum storage vessel, Borosilicate glass, with a low outgassing aluminium alloy
lid, metal valve with Teflon seal). A casing to tighten the lid was designed and
constructed in the workshop (chemical engineering, UoE) for the vacuum
desiccator used to travel (on the right). This was made in order to keep the vessel
closed when inert gas was loaded in the desiccator rather than vacuum.

417

xlix

List of Tables
Table 1- 1: Bulk modulus B0 and bulk modulus first derivative B(, values for a-Sn,
p-Sn, bct Sn, Ge I and Ge II structures. The estimated errors on the last digits are
given, when available, in parentheses. The calculated value of B(, is given for a-Sn
structure rather than the experimental value as it is a challenge to measure this
parameter at low temperature.

18

Table 2- 1: Experimental conditions of 2 runs with germanium and tin starting
elements.

34

Table 2- 2: Experimental conditions for synthesis of Ge-Sn using a piston cylinder
apparatus. Run ID is the name used in the apparatus recording book. All the
experiments were temperature quenched.

62

Table 2- 3: Experimental parameters for the syntheses.

62

Table 2- 4: Assembly types used according to the pressure of the experiments and
to the maximum pressure attainable for each assembly.

65

Table 2- 5: Pressure profile for an 18 GPa experiment on a Sumitomo multianvil
apparatus.

80

Table 3- 1: Semi-quantitative results from analyses carried out in the bright and
dark areas.

125

Table 3- 2: Semi-quantitative analysis carried out in the bright and dark areas at
different locations along the sample.

131

Table 3- 3: Semi-quantitative analysis carried out in the bright and dark areas in
different locations along the sample.

135

Table 3- 4: Semi-quantitative results from analyses carried out in different contrast
areas at several locations along the sample.

138

Table 3- 5: Semi-quantitative results from analyses carried out in bright and dark
regions at the right of the boundary.

143

Table 3- 6: Semi-quantitative results from analyses carried out in bright and dark
regions on the left of the boundary.

145

Table 3- 7: Semi-quantitative analysis results carried out in several locations from
the dark and bright areas.

150

Table 3- 8: Semi-quantitative results from analyses carried out in the dark areas
(similar to spot 1) and the bright areas (similar to spot 2) in the centre of the
capsule.

153

Table 3- 9: Semi-quantitative results from analyses carried out in the dark areas
(similar to spot 3) and the bright areas (similar to spot 4 and 5) in the corners of the
capsule.

156

Table 3- 10: Semi-quantitative results from analyses carried out in the bright and
dark contrast regions in the capsule corner and in several locations in the main
contrast area.

164

Table 3- 11: Semi-quantitative analyses results from the bright and dark contrast
area acquired at different locations with similar contrasts marked by spot 1 and
spot 2 in figure 3-60.

167

Table 3- 12: Semi-quantitative analyses results carried out in the dark and bright
regions (spot 1 and 2 respectively).

170

Table 3- 13: Semi-quantitative analyses results carried out in the dark contrast
(spot 1) and the bright contrast regions (spot 2).

173

Table 3- 14: Semi-quantitative results from analyses carried out in the dark and the
bright contrast region (spot 1 and spot 2 respectively).

177

Table 3- 15: Semi-quantitative results from analyses carried out in the dark
contrast (spot 1) and the bright contrast regions (spot 2).

180

Table 3- 16: Semi-quantitative analyses results carried out in the dark contrast
(spot 1) and the bright contrast regions (spot 2).

184

Table 3- 17: Results of the microdiffraction patterns indexing acquired from the FIB
section. As the diffraction patterns were only recorded along one zone axis, several
structures could possibly match the experimental data. Note, that all the other
theoretical patterns (listed in appendix 0) were also checked but not included in
this table as they never matched the experimental patterns. There was no record
here of the error parameters so it is likely that the default parameters were used:
AD= 2 mm, e= 2°, AL= 5% and Intensity Mag= 0.5.

207

Table 3- 18: Summary of the experimental SAED pattern indexing from sample
H2139 FIB section, shown in figure 3-116. The two SAED patterns exhibited the
same rings, so for the rings with the same diameter in the two patterns, the
corresponding values from the theoretical Ge (Fd3m) (in bold) or Sn (I41/amd)
structures were identical. The values of interplanar distances (in nm), intensity and
family of atom planes (hkl) values are also shown for Ge (Fd3m) (in bold) and Sn
(I41/arnd).

211

Ii

Table 3- 19 Results of the microdiffraction pattern indexing with ED. The crosses
showed which structures from the ED database could match the experimental spot
patterns. The blue color showed the experimental patterns that could not be
indexed with any of the known structures from the database. The patterns which
were of poor quality are written in italic. The error parameters used were: AD= 2
mm, i0= 20, 1L= 3%. (No record of Intensity Mag parameter was kept so its
default value was most likely used: Intensity Mag= 0.5).

212

Table 3- 20: Summary of the experimental SAED pattern indexing from sample
S3397 FIB section, shown on the right in figure 3-118, with the corresponding
values from the theoretical Ge (Fd3m) (in bold) or Sn (141/amd) structures, for each
experimental ring. The values of interplanar distances (in nm), intensity and family
of atom planes (hkl) values are also shown for Ge (Fd3m) (in bold) and Sn
(141/amd). The SAED pattern shown on the left in figure 3-118 has the same
indexing but larger diameter rings were hardly observed because the pattern was
not of as good quality as the pattern shown on the right in figure 3-118.

215

Table 3- 21: Results of microdiffraction patterns indexed with ED in automatic
indexing mode. No record of the error parameters was taken but most likely, the
default values were used: AD= 2 mm, O= 20, LL= 5% and Intensity Mag= 0.5.

220

Table 3- 22: Summary of the experimental SAED pattern indexing from powdered
sample S3397, shown in figure 3-124. The two SAED patterns exhibited the same
rings, so for the rings with the same diameter in the two patterns, the
corresponding values from the theoretical Ge (Fd3m) (in bold) or Sn (141/amd)
structures were identical. The values of interplanar distances (in nm), intensity and
family of atom planes (hkl) values are also shown for Ge (Fd3m) (in bold) and Sn
222

(141/amd).
Table 3- 23: Results of particle 5 microdiffraction patterns indexing using ED. The
blue lines correspond to patterns that could not be indexed with any of the
structures from the database. Further structures (appendix 0) not present in this
table but present in ED were checked as well but they did not match any of the
experimental patterns. Patterns written in italics were of poor quality patterns. The
error parameters used were: AD= 2 mm,

e= 2°, AL= 3%. No record for the

"Intensity Mag" value was noted but the default value was likely used.

232

'ii

Table 3- 24: Results of particle 6 microdiffraction pattern indexing using ED. The
blue lines correspond to patterns that could not be indexed with any of the
structures from the database. Further structures (appendix 0) not present in this
table were checked as well but they did not match any of the experimental
patterns. Patterns written in italic were poor quality patterns. The error parameters
used were: AD= 2 mm, e= 20 , AL= 3%. No record for the "Intensity Mag" value
was noted but the default value was likely used.

234

Table 3- 25: Results of the indexing from the first set of microdiffraction patterns
from different grains in grids A and B. Eight patterns from grid A and six patterns
from grid B had a good match with Ge (P43212). Spots were observed in place of
extinctions in six patterns from grid A and four patterns in grid B (patterns marked
with "f" in the table). The error parameters used were: AD= 1 mm, AO= 1°, AL= 1%.
The default value for "Intensity Mag." of 0.5 was most likely used.

241

Table 3- 26: Results of the second set of microdiffraction patterns from different
grains taken in the Ge rich region from the right part of the polished half-capsule.
Eight of twelve patterns had a very good match with Ge (P43212) using error
parameters: AD= 1 mm, L8= 1°, AL= 1%. The default value for "Intensity Mag." of
0.5 was most likely used. Two patterns matched the Ge P43212 structure only.
The presence of 'T' means that spots were observed in the patterns in place of
extinctions.

242

Table 3- 27: Results of the third set of microdiffraction pattern indexing, using ED,
from different grains (see an overview of the region studied in figure 3-151) taken in
the Ge rich region of the second half-capsule. Two structures, Ge (P43212) and
Sn02 epitaxial Pbcn, were found to have a good match with the experimental
patterns. Pattern 3 could not be indexed with any of the known phases (in blue).
The presence of a cross means that the structure could match the experimental
microdiffraction pattern. The presence of "f" means that spots were observed in
place of extinctions in the experimental pattern in addition to the allowed spots. The
parameters for the errors chosen in ED software were: AD= 1 mm, LO= 1°, AL= 1%
and Intensity Mag of 0.1.

244

Table 3- 28: Results of the SAED patterns indexing acquired from sample S3621
in the third TEM session. The presence of a double cross means that the
theoretical structure possibly matched the experimental SAED pattern, a single
cross means that the theoretical structure was likely not matching the experimental
pattern and a blank means that there was definitely no match.

245

liii

Table 3- 29: Semi-quantitative results from the five EDX analyses performed on
grains investigated previously with microdiffraction. The average composition was
90.4 at% Ge and 9.6 at% Sn.

246

Table B- 1: Numerical values of Ge and Sn unit cell volumes as a function of
pressure.

274

Table B- 2: Numerical values of Ge and Sn tetragonal structures lattice parameters
c/a ratio as a function of pressure.

276

Table B- 3: Numerical values of Ge and Sn specific volumes as a function of
pressure. (sp. vol= unit cell volume divided by number of atoms per unit cell) (a-Sn
(Z=8), 13-Sn (Z= 4), bet-Sn (Z=2), Ge I (Z=8) and Ge II (Z=4)).

277

Table B-4: Numerical values of Ge and Sn atomic radius as a function of pressure.

278

Table B- 5: Numerical values of Ge and Sn atomic radii ratio as a function of
pressure.

279

Table B- 6: Numerical values of the sum of 63 Ge and 1 Sn specific volumes and
Ge0,9844Sn00156 supercell volume as a function of pressure. The first data point at
ambient pressure and low temperature where Sn is in the a-Sn structure is also
given. (sp. vol= unit cell volume divided by number of atoms per unit cell) (a-Sn
(Z=8), 13-Sn (Z= 4), bct-Sn (Z=2), Ge I (Z=8) and Ge II (Z=4)).

280

Table B- 7: Numerical values of the sum of 62 Ge and 2 Sn specific volumes and
Ge09687Sn0,0313 supercell volume as a function of pressure. The first data point at
ambient pressure and low temperature where Sn is in the a-Sn structure is also
given. (sp. vol= unit cell volume divided by number of atoms per unit cell) (a-Sn
(Z=8), 13-Sn (Z= 4), bct-Sn (Z=2), Ge I (Z=8) and Ge II (Z=4)).

281

Table B- 8: Numerical values of the sum of 60 Ge and 4 Sn specific volumes and
Ge09375Sn0.0625 supercell volume as a function of pressure. The first data point at
ambient pressure and low temperature where Sn is in the a-Sn structure is also
given. (sp. vol= unit cell volume divided by number of atoms per unit cell) (a-Sn
(Z=8), 13-Sn (Z= 4), bct-Sn (Z=2), Ge I (Z=8) and Ge II (Z=4)).

281

Table B- 9: Numerical values of the sum of 56 Ge and 8 Sn specific volumes and
Ge0875Sn00125 supercell specific volume as a function of pressure. The first data
point at ambient pressure and low temperature where Sn is in the a-Sn structure is
also given. (sp. vol= unit cell volume divided by number of atoms per unit cell) (aSn (Z=8), 13-Sn (Z= 4), bct-Sn (Z=2), Ge I (Z=8) and Ge II (Z=4)).

282

'iv

Table B- 10: Numerical values of the sum of 52 Ge and 12 Sn specific volumes
and Ge08125Sn0,1875 supercell volume as a function of pressure. The first data point
at ambient pressure and low temperature where Sn is in the a-Sn structure is also
given. (sp. vol= unit cell volume divided by number of atoms per unit cell) (a-Sn
(Z=8), 13-Sn (Z= 4), bct-Sn (Z=2), Ge I (Z=8) and Ge II (Z=4)).

283

Table B- 11: Numerical values of the sum of 4 Ge and 4 Sn specific volumes and
Ge05Sn0.5 solid solution volume as a function of pressure (employing a full potential
linear augmented plane wave approach, exchange and correlation effects treated
by the gradient generalized approximation). The first data point at ambient
pressure and low temperature where Sn is in the a-Sn structure is also given. (sp.
vol= unit cell volume divided by number of atoms per unit cell) (a-Sn (Z=8), 3-Sn
(Z= 4), bct-Sn (Z=2), Ge I (Z=8) and Ge II (Z=4)).

284

Table B- 12: Numerical values of the sum of 4 Ge and 4 Sn specific volumes and
Ge05Sn0.5 solid solution volume as a function of pressure (employing a full potential
linear augmented plane wave approach, exchange and correlation effects treated
by the local density approximation). The first data point at ambient pressure and
low temperature where Sn is in the a-Sn structure is also given. (sp. vol= unit cell
volume divided by number of atoms per unit cell) (a-Sn (Z=8), 13-Sn (Z= 4), bct-Sn
(Z=2), Ge I (Z=8) and Ge II (Z=4)).

285

Table B- 13: Numerical values of the sum of 4 Ge and 4 Sn specific volumes and
Ge0 5Sn05 solid solution volume as a function of pressure (employing a full potential
linear augmented plane wave approach, exchange and correlation effects treated
by the gradient generalized approximation and considering also spin-orbit effects).
The first data point at ambient pressure and low temperature where Sn is in the aSn structure is also given. (sp. vol= unit cell volume divided by number of atoms
per unit cell) (a-Sn (Z=8), 13-Sn (Z= 4), bct-Sn (Z=2), Ge I (Z=8) and Ge II (Z=4)).

286

Table F- 1: Semi-quantitative results from analyses carried out in the dark and in
the bright regions.

c1,I,]

Table F- 2: Semi-quantitative results from analyses carried out in the dark (spot 4
and 5) and small bright regions (spot 6).

309

Table F- 3: Semi-quantitative results from analyses carried out in the dark contrast
and small bright regions (spot 2 and spot 3 respectively).

312

Table F- 4: Semi-quantitative analyses results carried out in the dark contrast (spot
2) and intermediate bright regions (spot 3).

315

Iv

Table F- 5: Semi-quantitative analyses results carried out in the dark contrast (spot
1) and the bright contrast regions (spot 2).

317

Table F- 6: Semi-quantitative analyses results carried out in the dark contrast (spot
1) and the bright contrast region (spot 2).

321

Table M- 1: Results of the third session microdiffraction patterns indexation from
different grains (see an overview of the region studied in figure 3-151) taken in the
Ge rich region on the right part of the capsule using ED. Four structures were
found to have a good match with the experimental patterns: Ge (P43212), SnO
orthorhombic (Cmc21), Sn02 orthorhombic (Pbcn) and Sn02 epitaxial Pbcn The
presence of a cross means that the structure could match the experimental
microdiffraction pattern. The presence of 'f" means that forbidden reflections from
the theoretical structure were replaced by spots in the experimental pattern. The
parameters for the errors chosen in ED software were broad: AD= 2 mm, Li9= 20,
L= 5% and Intensity mag: 0.5.

351

Table M- 2: Results of the third session microdiffraction patterns indexation from
different grains (see an overview of the region studied in figure 3-151) taken in the
Ge rich region, at the right part of the capsule using ED (identical as table M-1).
Two structures were found to have a good match with the experimental patterns:
Ge (P43212) and Sn02 epitaxia! Pbcn. The presence of a cross means that the
structure could match the experimental microdiffraction pattern. The presence of "f"
means that the forbidden reflections from the theoretical structure were not
observed in the experimental pattern. The parameters for the errors chosen in ED
software were narrow: AD= 1 mm, t8= 20, AL= 1% and Intensity mag: 0.2.

352

Table Q- 1: Results of the microdiffraction pattern indexing with ED using broad
error parameters (D= 2 mm, 9= 2°, AL= 5% and Intensity mag: 0.5),
intermediate error parameters (AD= 1 mm, Li9= 2°, AL= 1% and Intensity mag: 0.2)
and narrow error parameters (AD= 1 mm, LO= 1°, AL= 1% and Intensity mag: 0.1).

371

Table 0- 2: Results of the microdiffraction pattern indexing with ED using broad
error parameters (AD= 2 mm, AB= 2°, AL= 5% and Intensity mag: 0.5),
intermediate error parameters (AD= 1 mm, e= 2°, AL= 1% and Intensity mag: 0.2)
and narrow error parameters (AD= 1 mm, AG= 1°, AL= 1% and Intensity mag: 0.1).
It was remarkable that experimental pattern 2 could match few Ge and Sn phases
from the database too, which shows that this pattern is very flexible as no Ge or Sn
were present in this sample.

389

'vi

Table T- 1: Mesh size conversion table from Alfa Aesar catalogue 2006-07,
providing the mesh size conversion to micron, millimetre and inches.

418

Table U- 1: Summary of the Ge-Sn multianvil experiments

419

lvii

Chapter 1: Introduction

1.1 Background

Semiconducting materials are of wide ranging importance for a variety of
technological applications. There is much research spanning the entire gamut from
the fundamental to the applied focused on these systems. A particular interest is in
making new alloys consisting of group IV elements (C, Si, Ge, Sn) to combine
characteristics including the principal functionality of silicon in most semiconductor
devices, the highest thermal conductivity of diamond, the high hole mobility of
germanium and a band gap variation ranging from 5.5 eV for diamond to 0.1 eV for
a-tin 1-3 . The major objective of this work is to use novel synthetic routes to make
alloys with elements from this group. The current drive to make new alloys in the CSi-Ge-Sn system thus has technological, fundamental and synthetic grounds.
From the technological point of view, while silicon is the single most
important material in the semiconductor industry, it has an indirect band gap and a
fixed lattice constant. Group IV alloys on the other hand can exhibit direct band gaps
and lattice constants whose size can be tuned as a function of composition 1. Alloys
whose lattice constant can be tuned as a function of composition within the C-Si-GeSn system will allow much closer lattice matching with other semiconducting
materials, and thus efficient design of heterojunction bipolar devices

.

In particular

improved lattice matching reduces strain defects and promotes epitaxial growth
which is necessary for effective device performance. The development of direct band
gap alloys will allow integration of microelectronic and optical components because

1

this integration requires combination of a direct band gap material with silicon

.

In

particular, what is desired is to interface light emitting devices with silicon chips.
This would be easy if silicon itself emitted light but because silicon has an indirect
band gap, it is an inefficient emitter of light 3 The only known thermodynamically
.

stable alloys in this system namely SiC and the diamond structured SiXGe(1 X) alloys
only have indirect band gaps 5

.

Tin containing group IV alloys on the other hand

have been predicted to exhibit direct band gaps
From the fundamental point of view examination of the crystal chemistry of
group IV alloys allows us to examine whether in these systems the lattice parameter
varies smoothly with composition, as some random alloy structural models suggest

',

or whether their structures do not behave as random alloys as more recent work
indicates

.

Secondly, we can examine how the structure, crystal stability regimes and

phase transformations of group IV alloys compare to those of their elemental
counterparts. Moreover we can compare how structures of theoretically predicted
alloy phases 1, 9 compare to those made experimentally, and how the mechanical,
optical and electronic properties of alloys compare to those of their elemental
counterparts.
From the synthetic point of view a significant challenge in making group IV
alloys stems from the large difference in sizes of the elements whose lattice constants
in their cubic structures range from 3.57 A for carbon to 6.489 A for tin

.

These

large differences in size imply that ordered alloys in this system are not likely to be
true thermodynamic phases. Thus the challenge is to develop synthetic methods and
metastable conditions that allow us to make device-quality alloys with targeted
compositions and structures. Most recent computational design methods using the ab

7

initio pseudopotential method in the local density approximation as well as the
generalized wave approximation have predicted lowest energy direct band gap group
IV alloy crystal structures with CSi2Sn2 and CGe3Sn compositions1 . These
computations were prompted by recent synthesis experiments using ultra high
vacuum deposition techniques

10 The innovation in these experiments is that the

chemical vapour deposition material contains the molecular architectures (tetrahedral
units) that should be present in the group IV alloys. Using this method a series of thin
film (order 40 nm) metastable binary and ternary alloys with reported compositions
Of Si4C, Si3GeC4, Ge4C, (Si2Ge)Co. 05, Si3GeC4, Ge2SiC005 to Ge( I X)Sn 0.05<x<0.2,
were made

10-12

Thin films of metastable Ge(IX)SnX with x up to 0.22 have also

been reported using different synthesis techniques, namely excimer laser radiation

13

Further work using molecular beam epitaxy synthetic methods resulted in direct band
gap thin films (order 50 nm) with composition Ge(1X)SnX 0.03<x<0.115

This

Ge(1X)SnX alloy is the first film known to be a direct band gap semiconductor made
with elements from group IV

14

An alternative synthetic method that does not require deposition techniques
or judicious use of substrate materials and gives bulk reaction products with sample
thicknesses between 3 and 6 orders of magnitude higher than those produced with
deposition techniques, involves the use of pressure and temperature

Syntheses

using high pressures and temperatures allows literally a myriad of both metastable
and equilibrium conditions to be generated and also reactions to take place, and bulk
structures to be synthesized that are not readily (or at all) accessible under ambient
pressure conditions

'.

Furthermore, the quality (crystallinity, optical properties) of

reaction products has also been found to be much improved over that of samples

3

prepared using deposition or sputtering techniques

18 Moreover with pressure, one

has the opportunity to sample rapidly and continuously large regions of structural
and electronic phase space since attributes such as orbital overlap, orbital energy,
magnetic coupling as well as atomic rearrangements all can be tuned at will

16 The

temperature variable then allows us to induce reactions between elements or
compounds at a variety of structural and electronic configurations of the materials
under study. To give just one example, new potassium-nickel and potassium-silver
alloys could be synthesized at high pressure that are not possible at ambient
conditions

19 This was done by, in essence, transforming potassium to a new element

at high pressure by changing its electronic configuration from s to d-like, which
allowed it to react with other elements such as nickel and silver. Similarly, the
equilibrium solubility of tin in germanium has been predicted, using electronic
calculations based on pseudo-potentials, to increase with pressure from less than 1
atomic percent at ambient pressure to 20 atomic percent at 5 GPa (1 GPa = 104 atm)
and 1000 K 20' 21
There have been no previous experiments to our knowledge to synthesize
group IV alloys at high pressures and temperatures. This, despite the success of using
high P, T's on group IV elements such as carbon for laboratory and industrial scale
production of diamond from graphite

22 Graphite transforms to diamond at about 6

GPa and 2000 K 23 Moreover high pressure ambient temperature studies have played
a seminal role in clarifying both the electronic band structures and phase stability of
elemental group IV semiconductors

24 In particular, with pressure the band gap of

silicon closes whereas that of germanium widens, an effect which could be traced
back to key differences in their respective Brillouin zones

25 The crystal structures of

FA I
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silicon, germanium and tin have been studied at high pressure and ambient
temperature both experimentally and theoretically to over 100 GPa

24

In summary, silicon and germanium have the diamond structure at ambient
conditions. Silicon transforms to the metallic tetragonal 13-tin (I41/amd) structure at
12 GPa, to an orthorhombic (Imrna) phase above 13 GPa, to a simple hexagonal
phase (P6/mmm) above 16 GPa, followed by another orthorhombic (Cmca) phase
above 38 GPa and a hexagonal closed packed phase above 42 GPa and a face centred
cubic phase above 78 GPa 26,27
Noteworthy is also that the hexagonal structures of silicon become
superconducting at sub-ambient temperatures

28

Moreover using high pressures and

temperatures a new superconducting silicon clathrate has been synthesized at 5 GPa
and 1100 K

29, 30

and high pressure and temperature techniques may also lead to

synthesis of novel structured Si34 Ge clathrates whose stability has been predicted
using Vanderbilt ultra-soft pseudopotential methods within the local densityfunctional approximation

9,31

Germanium mirrors the compressional behaviour of silicon, with the diamond
phase transforming to the 13-tin structure above 10 GPa to the orthorhombic (Imma)
phase above 75 GPa, the simple hexagonal (P6/nimm) phase above 81 GPa, the
orthorhombic (Cmca) phase above 100 GPa and the hexagonal closed packed
structure above 160 GPa

32• Additional silicon and germanium phases have been

identified after decompression from their high pressure 13-tin structure

24, 33

Thus,

silicon does not revert to its diamond structure after slow decompression but to a
metastable body-centered cubic structure with eight atoms in the unit cell (denoted
BC8). However, after rapid pressure quench, the silicon 13-tin structure transforms to

5

two metastable tetragonal phases

35

Structures were reported to be tetragonal with

approximately 30 atoms and 12 atoms per unit cell

35 No further detailed structure

information is available. Similarly, germanium transforms from its 3-tin phase to a
simple tetragonal structure with 12 atoms in the unit cell (denoted ST12) after slow
decompression and to a metastable BC8 structure after fast pressure release. The
latter appeared to transform almost completely after two days to another possibly
hexagonal (P63/mmc) metastable phase at ambient pressure

24, 33

(and references

therein). Recently it was found that metastable germanium BC8 and STI2 structures
transform to the diamond structure at temperatures around 473-623 K and pressures
of about 7.5-7.8 GPa, which is near the diamond- n-tin structure boundary

36, The

phase transition from semiconducting to metallic phases of germanium appears to be
sluggish (equilibrium value of about 9 GPa): there is a P,T region in the phase
diagram where both phases may coexist metastably

36 (see phase diagram in figure 1-

1).
Moreover, germanium and silicon in the n-tin form have been studied upon
decompression at different temperatures and found to transform to amorphous phases
7

below 120 K and 2 GPa 3

.

Tin transforms from the ct-tin diamond structure (Fd3m) to the 3-tin structure
(I41 /amd) above 291 K and the tin structure transforms to a body centred tetragonal
(bet, I4/mmm) phase at about 10 GPa, and a body centred cubic (Im3m) structure at
45 GPa

41 There has been research on f3-tin and bet- tin at high pressure and high

temperature, determining P-'V-T data with in-situ X-ray diffraction using diamond
anvil cells (DAC) for pressures up to 45 GPa

4244• These revealed that tin transforms

back to the ambient pressure and temperature 3-tin structure upon release of pressure

and temperature 4244 (and references therein). No other tin phases were found in the
pressure range 0-45 GPa upon compression or decompression. Moreover, recent
shock-wave experiments on tin have suggested that tin melted at about 1800 K at 25
GPa

45 (and references therein). Previously, the melting curve of tin had been

studied at high pressures up to 5 GPa 40 (see phase diagram in figure 1-2).
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Figure 1-1: Phase diagram of Ge by Voronin et al.

36 40

(and references therein): the

continuous line is the melting curve of germanium, the doffed line represents the estimated
boundary between Ge I

+

Ge II and Ge II during compression, the short-dashed line, the

boundary between Ge I

+

Ge II and Ge I during decompression and the dashed line the

estimated equilibrium boundary between Ge I and Ge II.
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Figure 1-2: Phase diagram of Sn

40 (bct- Sn: body centred tetragonal phase of Sn).

1.2 The system Ge-Sn within group IV

As mentioned above,

Ge(, -x)Snx

alloys are of much technological interest

because of the possibility of exhibiting direct band gaps

6, 14

Thus, this work has

focused on how to synthesise bulk alloys with these two elements, using high
temperature and high pressure techniques. Ge and Sn are almost immiscible at room
pressure (see phase diagram in figure 1-3 and figure 1-4). The maximum ambient
pressure solubility of Sn in Ge is about 1.1 at % at about 673 K and less than 1 at %
46
at 504 K

I

CU

I-

ci)

11

10

Sn

Ge
Figure 1- 3: Phase diagram of the Ge-Sn system at 1 atm
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46
.

ES

The equilibrium solubility of tin in germanium has been predicted to increase with
pressure 20,21 Thus high pressure and temperature techniques are employed to study
the stability of Ge-Sn system and to explore synthesis of bulk Ge( l X)Sn X solid
solutions by changing the reactivity of these two elements at high densities.
There have been several ambient pressure studies investigating solid solution
formation

47,48 (and reference therein). In particular, Hume-Rothery put forth several

rules which should be satisfied for two elements to form solid solutions

49 The size

difference in atomic radii should be less than 15 %, the elements should have the
same crystal structure, similar electron egati vi ties and the same valency. The first rule
concerning the atomic radii is meant to be a permissive rule so that if the size
difference is more than 15%, a solid solution between the two elements is very
unlikely. However, when it is less than 15%, other factors may prevent a solid
solution between the elements

47,48

It is thus important to evaluate how germanium and tin crystal structures, size
difference, valencies and electronegativities change with pressure. The crystal
structure of Ge at room temperature and pressure up to about 9 GPa is cubic diamond.
Above this pressure, Ge is in the 3-tin structure. Nevertheless there is a pressure
region around 9 GPa where the two phases of germanium coexist (see in figure 1-5).
The crystal structure of Sn at room temperature and pressure up to about 10 GPa is
the tetragonal f3-tin structure (phase transition pressure region is 9.2-10.3 GPa

40,42
0,42 ).
)•

Above this pressure, tin remains in the bet structure until the maximum pressure
attainable (25 GPa) with the multianvil apparatus (figure 1-5). Upon comparison of
the phase behaviour of the two elements, we observe that there is a pressure region

10

around 9 GPa where Sn and Ge could be in the same crystal structure (0-tin) (figure
1-5).
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Figure 1- 5: Ge and Sn phase structure comparison at room temperature from ambient
pressure up to 45 GPa. The pressure region from 7 to 12 GPa is a region where Ge I and
36
Ge II coexist . There is a smaller pressure region around 10 GPa where the f3-Sn- bct Sn
phase transition occurs (9.2-10.3 GPa)

Previous pressure

-

40,42•

volume studies on germanium

50,51 and tin 42,44,52 allow

us to estimate the atomic radii as a function of pressure (figure 1-6 and appendix A
for the details of the calculations). It was found that the atomic radii of Ge and Sn
decrease with pressure while the elements remain in a given structure, but once a
phase transformation occurs (at any phase transition in the ambient to 50 GPa region
examined), their atomic radii increase and then decrease gradually again with
pressure within that phase. Thus while compression always causes the specific
volume to decrease, phase transitions can induce increases in the principal quantum
number of elements with increase in the metallic character of the elements

.

With

increasing metallic character outer orbitals have a statistically higher electron
occupation which is tantamount to an increase in the atomic radii. Concomitant
increases in coordination are also manifested by increases in atomic radii.

11

Ge and Sn atomic radius vs Pressure
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Figure 1- 6: Ge and Sn atomic radii dependency with pressure up to 45 GPa at room
temperature (except for the first Sn radius given (1.405 A) at 291 K where Sn is in the cubic
diamond phase, a-Sn).

Atomic radii ratios are plotted as a function of pressure in figure 1-7 and
compared to the 15% atomic ratio criterion put forth by Hume-Rothery

47,41 (the

numerical details are provided in appendix B.4 and B.5). The atomic radii ratios were
calculated as follows:

Atomic Ratio =

r(Sn) r(Ge)
x100
r(Ge)
-

12

Where r(Sn) and r(Ge) are the atomic radii of Sn and Ge respectively. The
denominator chosen was the atomic radius of Ge to obtain an upper bound ratio in
checking with the 15 % Hume-Rothery criterion.

Ge-Sn atomic radii ratio vs Pressure
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Figure 1- 7: Ge-Sn atomic radii ratio (%) dependence with pressure up to 45 GPa. Point 1
shows the ratio at ambient pressure between a-Sn (below 291K) and Ge. Point 2 shows the
ratio at 10 GPa between Ge, still in the cubic diamond structure and Sn in the body centred
tetragonal structure. Point 3 shows the ratio between Ge and Sn, both in the 13-Sn structure.

We observe that the atomic radii ratio between Ge and Sn from ambient
pressure to 45 GPa, was found to be below 15 % only at ambient pressure when Ge
and Sn are in the diamond structure (but only below 291 K) and at about 10 GPa
when Ge has transformed to the 13-Sn structure and just before Sn transforms to the
bct structure.

13

Thus in this small pressure range around 10 GPa, the Hume-Rothery atomic
ratio criterion is satisfied for Ge-Sn solid solution formation. This pressure also
corresponds to the semiconductor-metal transition for Ge while Sn is a metal at
ambient pressure and temperature above 291 K.
The overarching criterion for compound formation upon compression is
based on Le Chatelier's principle, namely, if a system in equilibrium experiences a
change, the equilibrium will shift to minimize the change

53

With pressure, the

specific volume (volume of the unit cell divided by the number of atoms per unit cell)
of the system under compression has to decrease. Thus formation of Ge(1X)Sn,, from
(1-x) Ge and x Sn would require that the specific volume of the former is smaller
than that of the sum of the latter two. So it is of interest to compare the sum of
endmember Ge and Sn with Ge(l)Sn, specific volumes as a function of pressure.
The endmembers Ge and Sn specific volumes were evaluated based on previous P-V
studies

42, 44. 50-52

(figure 1-8, calculational details in appendix B).

In order to compare the endmember specific volumes to those of possible
solid solutions one needs crystallographic data based on experiment or at least
simulations of such solutions. Such data exist only for certain diamond structured
solid solutions. In particular solid solutions based on cubic Ge(I X)Sn, thin film
provide a lattice parameters a, for a supercell (64 atoms per unit cell) of Ge(X)Sn X as
54
a function of composition (0<x<0.1875) Noteworthy is that the films have the
diamond structure even though Sn has the f3-tin structure at ambient pressure and
temperature.

14

Ge and Sn specific volume vs pressure
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Figure 1- 8: Ge and Sn specific volume dependency with pressure up to 45 GPa at room
temperature. (sp. vol= unit cell volume divided by number of atoms per unit cell) (a-Sn (Z8),
n-Sn (Z= 4), bct-Sn (Z=2), Ge I (Z8) and Ge II (Z4)).

Using the third-order Birch-Murnaghan isothermal equation of state

,

the

volume can be calculated at different pressures:

LBL (L-)~
-

3
(LL) 1 +

"

-

4) ( V'

=

where V0 is the volume at ambient pressure, B0 is the bulk modulus and B the first
derivative of the bulk modulus taken principally from Chizmeshya et al.54 for
Ge(l)Sn (with O<x<0.1875) as well as from Sahnoun et. al.

56 and Okoye 57 for

Ge0.5Sno.5. The comparison between endmember Ge and Sn and cubic diamond
Ge(1X)Sn, specific volumes has been carried out, using Mathcad software for the
calculations, from ambient pressure to 9 GPa where Ge is in the diamond structure
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and Sn in the tetragonal 3-Sn structure (a comparison with a-Sn was also included
even though Sn is known to be in the 3-Sn structure in the pressure region of interest).
It was found with this data, that the volume of Ge(l -)Snx solid solutions was less than
the sum of endmember Ge and Sn volumes for O<x<0.0625 (figure 1-9 for x= 0.0313
and figure 1-10 for x= 0.0625, calculational details, regions of validity and graphs in
appendix B). For higher concentrations of Sn, the specific volume of Ge(l)Sn solid
solutions is larger than the sum of the endmember volumes, so these compositions
are not favourable for solid solution formation (see the details and graphs in
appendix B). Nevertheless, synthesis of metastable cubic diamond Ge(l)Sn thin
films with x up to 0.2 were reported at ambient pressure

12, 13

Comparison of Ge0 9687Sn0 0313 supercell volume
and the sum of 62 Ge and 2 Sn sp. vol. vs Pressure
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Figure 1- 9: Diagram showing the volume

(A) of Ge09687Sn0.0313 supercell (in red) and the

sum of Ge and Sn endmembers (in black) as a function of pressure up to 9 GPa
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.

The

supercell volume is lower than the sum of 62 Ge and 2 Sn specific volumes so that this
composition is favourable for solid solution formation. (sp. vol= unit cell volume divided by
number of atoms per unit cell) (a-Sn (Z8), 13-Sn (Z= 4), bct-Sn (Z2), Ge I (Z8) and Ge II
(Z=4)).
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Comparison of Ge0 9375Sn0 0625 supercell volume
and the sum of 60 Ge and 4 Sn sp. vol. vs Pressure
1550

1500
E
-ö
>
C-)

1450

4-

0

1400
e 6UGe+4Sn
1350
O9375OO625

1300
0

2

4

6

8

10

Pressure (GPa)
Figure 1- 10: Diagram showing the volume (A) of Ge09375Sn00625 supercell (in red) and the
sum of Ge and Sn endmembers (in black) as a function of pressure up to 9 GPa
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.

The

supercell volume becomes lower than the sum of 60 Ge and 4 Sn specific volumes above 8
GPa, so that this composition is favourable for solid solution formation above this pressure.
(sp. vol= unit cell volume divided by number of atoms per unit cell) (a-Sn (Z8), n-Sn (Z= 4),
bct-Sn (Z=2), Ge I (Z=8) and Ge II (Z=4)).

It would have been worth comparing the specific volumes of Ge(l)Sn, in the
n-Sn structure with endmembers Ge and Sn according to pressure using the BirchMurnaghan equation of state shown before, but there is no data available for J,, B0
and B for Ge(1 X)Sn,, in this configuration. Similarly comparisons for other possible
Ge-Sn structures were not possible because no models or associated parameters were
available.
To summarize, Sn and Ge have a significant atomic size difference at ambient
pressure and temperature (figure 1-7, 1-8). But after comparison of Sn and Ge
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compressibilities, it appears that this size difference could be decreased using high
pressure as Sn is more compressible than Ge (Table 1-1). The comparison of Ge and
Sn in table 1-1, is based on previous work

42,51,58,

(and references therein).

Gel

Gell

u-Sn

J3-Sn

bet Sn

B() (GPa)

77 (5)

90 (1)

42.13 (calc)

50.09 (1.66)

82.0 (1.2)

B<,

4.3 (1)

4.0 (1)

----

5.16 (0.52)

5.5

Table 1- 1: Bulk modulus B(,and bulk modulus first derivative B;, values for a-Sn
bct Sn

59,60,

p-Sn,

42 Ge 1 51 and Ge II 58 structures. The estimated errors on the last digits are given,

when available, in parentheses. The calculated value of B(, is given for a-Sn structure rather
than the experimental value as it is a challenge to measure this parameter at low
temperature.

The valency of diamond structured Ge and Sn is four (noted Ge (+4) and Sn
(+4) respectively), but is lowered to values between two and zero in their metallic
states

48, 61, 62

The electronegativities of Ge (+4) and Sn (+4) are 2.01 and 1.96

respectively, on the Pauling scale

63
.

The electronegativity of Sn (+2) is 1.8

53 and

that of Ge (+2) in the metallic state is arguably similar. Thus the two elements have
similar valencies and their electronegativities do not change much as long as they are
both in the same electronic state. Germanium and tin valency and electronegativity
will thus not diverge with pressure considering that germanium also becomes
metallic above 9 GPa. Thus high pressure could allow us to access conditions
generally consistent with the Hume-Rothery rules for solid solution formation. In the
pressure range discussed above (up to 45 GPa), the region of most interest seems to
be at about 10 GPa where Ge becomes a metal like Sn and the atomic size ratios in
principle could occur with a lower than 15% value. This pressure is easily accessible

[I

using a multianvil apparatus. For pressures higher than 25 GPa as well as for in-situ
measurements at any pressure a diamond anvil cell would be the method of choice.
Finally, it is also useful to compare the Ge-Sn system with the other solid or liquid
alloys made of group IV elements, namely Si-Ge and Pb-Sn. Indeed, Si and Ge are
completely miscible and Pb-Sn exhibits eutectic behaviour even if they are
immiscible at ambient pressure and temperature

46

1.3 Comparison with other Group IV binary systems.

1.3.1 The Si-Ge system

In contrast to Ge-Sn, the Si-Ge system exhibits complete miscibility at
ambient pressure 16, 61 (figure 1-11). This stems from the fact that the two elements
have the same valency (+4 or +2 in the metallic state), the same crystal structure
(diamond), similar electronegativity (1.90 for Si and 2.01 for Ge) and atomic radii
(1.18 A for Si and 1.22 A for Ge)

63,65 As silicon is the principal element used in

semiconducting electronics, synthesis of Si(l)Ge alloys are important for fabrication
of heterojunction devices with silicon

66 Several methods of synthesis and growth of

bulk Si(l)Ge crystals have been employed including conventional and zone melting,
Czochralski and Bridgman methods 67 (and references therein). High pressure studies
have shown that Si(1X)GeX undergoes phase transitions from the cubic diamond
structure (a-Sn) to the tetragonal n-Sn structure at different pressures depending
on x 68, 69. It was found experimentally that the transition pressure was not linear with
70• The
x 68 Theoretical studies on Si05Ge0.5 support the experimental results

19

transition pressure of Si05Ge05 from the a-Sn to the 13-Sn structure was found to be
8.35 GPa using an ordered zincblende type lattice for the solid solution. The higher
pressure studies showed that

Si(1 X)GeX

with the 13-Sn structure transforms to a

primitive hexagonal structure at transition pressures which also vary non-linearly
with x 69
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Figure 1- 11: Phase diagram of the Ge-Si system at 1 atm
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1.3.2 The Pb-Sn system

The lead tin eutectic alloy is widely used in microelectronics as a joining
material 7173• Pb and Sn have relatively similar atomic radii (1.58 A for Sn and 1.75

A for Pb)

.

Their valency is +4 or +2 and their electronegativies are somewhat

different (1.96 for Sn and 2.33 for Pb)

63 Nevertheless, Pb is in the face centred

cubic phase at ambient conditions whereas Sn is in the tetragonal 13-Sn structure

40

The phase diagram for Pb-Sn exhibits a eutectic at 456 K with composition 61.9 at %

20

Sn, 38.1 at % Pb 46• The eutectic alloy has a lamellar microstructure composed of
two phases at 456 K: a lead rich one with 71.9 at % Pb and 28.1 at % Sn and a tin
rich one with 98.7 at % Sn and 1.3 at % Pb. At the eutectic composition, there is
diffusion of the two elements on slow temperature decrease which leads to a
separation of Sn and Pb (figure 1-12). Nevertheless, the eutectic lamellar structure is
retained on slow temperature decrease

74 Further, the longer the annealing time,

below the eutectic temperature, the larger the Sn rich and Pb rich regions

71• On the

contrary, it appears that after rapid temperature quenching, the eutectic lamellar
structure is lost and is replaced with randomly dispersed Sn rich and Pb rich
bubbles

'

For technological purposes, it is essential to control the eutectic lead-tin
microstructure. Indeed its fine microstructure can provide for superior mechanical
properties important in soldering applications

73,74 Further the eutectic composition

exhibits the lowest melting temperature which is important in soldering
microelectronic components which are very sensitive to heat.
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Figure 1- 12: Phase diagram of the Pb-Sn system at 1 atm
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1.4 Methodology and programme of work.

The overall aims of this work are to synthesize and characterize new alloys
within the C-Si-Ge-Sn system focusing on Ge-Sn at high pressures and temperatures,
establish the P, T stability regimes of these compounds and compare their structure
and stability to those of the pure elements. The main idea is to use high pressures
and high temperatures to change the mixing and reactivity of the elements and access
bulk Ge(1X)SnX solid solutions. This will be examined by modifying the atomic and
electronic structures generally, and atomic radii, crystal structures, electronegativity,
and band gaps in particular.
We principally used piston cylinder (maximum 3.5 GPa and 2100 K) and
multianvil (up to 25 GPa and 3000 K) methods for high pressure and temperature

22

synthesis. These larger volume methods allowed us to monitor in imaging mode the
evolution of phase relations as function of pressure and temperature. Analysis of
frequently intimately mixed, compositional and structurally varied reaction products
required use of high resolution scanning, field emission gun and transmission
electron microscopy measurements for characterization. These provide analysis with
extremely high spatial resolution as well as simultaneous structural, chemical and
morphological information. We also note that a precursor to these high resolution
analysis are detailed and careful processing procedures of recovered products,
including cutting, polishing, dispersing and sectioning techniques, such as advanced
focused ion beam methods implemented for high pressure analysis. As discussed we
focused on Ge-Sn but performed supporting ambient pressure experiments on the
Pb-Sn system to assist in understanding the mixing properties of Ge-Sn.

23

Chapter 2: Experimental

Two techniques were principally used to vary P, T namely a piston-cylinder
apparatus which allows for pressures and temperatures up to 3.5 GPa and 2100 K
respectively and a multianvil apparatus which allows for pressures and temperatures
up to 27 GPa and 2500 K respectively. Additional in-situ diamond anvil cell (DAC)
techniques are discussed in the appendix R.
Piston-cylinder vessels were available in the School of Geosciences at the
University of Edinburgh. Multianvil methods were used to access higher pressures
and temperatures up to 24 GPa and 1700 K. Those experiments were carried out
principally in Germany, at the Bayerisches Geoinstitut, University of Bayreuth and
one preliminary experiment at the department of Earth Sciences, University of
Bristol.
Various group IV alloys were also synthesized in parallel, at ambient pressure and
high temperature with controlled atmosphere furnaces. Those control experiments
were essential to help us in delineating the effect of high pressure and high
temperature on the syntheses and on verifying literature results. Sample processing
was done in two steps namely sample recovery by grinding/cutting of the capsule,
followed by sample polishing for examination with Scanning Electron Microscopy
(SEM) and Field Emission Gun Scanning Electron Microscopy (FEG-SEM) for
higher resolution measurements. Both methods were coupled with Energy
Dispersive X-ray analysis (EDX). SEM and FEG-SEM investigations in imaging
mode provided us with knowledge of sample morphology and EDX analysis, with
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semi-quantitative analysis of composition. When high resolution characterization
was needed, additional sample processing was required for Transmission Electron
Microscopy (TEM) measurements. The latter technique gave information on the
structure of the reaction products using electron diffraction, as well as chemical
analysis with EDX, and morphology in high resolution imaging mode. A
challenging sample nano-processing method, Focused Ion Beam (FIB), has also
been carried out on recovered products for particular TEM investigations. This
technique is generally used in microelectronics.
Samples recovered from extreme conditions of temperature and pressure are handled
with care to guard against possible structural or chemical perturbation of recovered
metastable samples. For instance, temperature quenched samples could be modified
while being processed for characterization and also during characterization using
high powered electron beams. There is also a risk of oxidation while cutting or
polishing them either because of heating, contact with water or just exposure to air
for prolonged periods. Consequently, all samples were stored mostly in vacuum
desiccators to minimize risks of contamination or chemical reaction with air.

Thus, controlled atmosphere furnace, piston-cylinder and multi-anvil devices used
for materials synthesis are presented in this chapter. Description and principles of
each technique are detailed. Then, experimental conditions are specified for the
material syntheses. Finally, sample processing and characterization tools are
presented as they are crucial for the results of the investigation.

25

2.1 High temperature furnace with inert atmosphere (1500 K).

A tube furnace has been used for experiments at ambient pressure and temperature
up to 1500 K. Higher temperatures are possible (1650 K) for short periods but the
life of the furnace is dramatically shortened. As samples are subjected to oxidation,
especially at high temperature, an inert atmosphere was required. An overview and a
schematic diagram of its constituent parts are shown in figure 2-1 a) and b)
respectively.
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b)

Figure 2- 1: Overview of a tube furnace (maximum safe temperature: 1500K) with gas
mixing facility (a) and a schematic diagram of the general layout of the furnace with its gas,
power and thermocouple connections, (b).
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2.1.1 Furnace configuration and temperature control

The furnace consists of a vertical tube around which a Pt heating element is wound
(figure 2-2). The top and bottom of the furnace tube are cooled by two water jackets.
The gas mix (90 % argon, 10 % hydrogen approximately) is introduced at the top of
the furnace and flows downwards, past the sample and exits at the base. The exhaust
gas is vented to the lab via a buffer space (a section of large diameter Cu pipe). The
purpose of this buffer is to reduce the possibility of air being sucked into the furnace
tube where it can react explosively with the H2 component. In the event of an
explosion the buffers act as safety valves in that rubber end-bungs blow out rather
than more catastrophic rupture to the furnace tube or quench flask.

The 1 Atm Furnace
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Figure 2- 2: Diagram of the furnace with its constituent parts.
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The sample is suspended from a ceramic probe which is itself suspended from a
brass flange fixed to the top of the furnace tube. The combination of 0-ring seals
and the pressure in the gas line

(-j

0.3 bars above the atmospheric pressure) prevents

air access to the furnace and, therefore, the sample. Samples were quenched by
dropping them into a half filled sand quench flask that forms a gas tight seal at the
bottom of the furnace tube. This allows the samples to be quenched from high
temperature to room temperature without any contact with air, preventing potential
oxidation.
There is a temperature gradient along the tube furnace, so it is first important to
localise the hot-spot inside the tube (see appendix C for temperature profiles in the
furnace). The hot-spot is positioned approximately half way down the furnace tube
and is monitored and controlled by a Pt/Pt87Rh13 thermocouple.

2.1.2 Probe assembly and sample mounting.

The probe (figure 2-3), from which the sample is suspended, consists of a ceramic
tube that contains an axial thermocouple and a pair of thick platinum wires. As a
consequence two pairs of leads exit from the top of the probe. The platinum wire
cage containing the sample is fixed to those thick platinum wires. When an electric
pulse with high intensity is applied to the thick platinum wires, the thin platinum
wires from the cage melt, and the capsule drops to the bottom of the furnace in the
quench flask and it is then temperature quenched (figure 2-2).

FT

Probe Assembly Components
Axial Thermocouple
lead
quench
wires

TF
lange

Thermocouple
sheath

Quench wires
wall plug

Figure 2- 3: Schematic diagram of the ceramic probe.

The quench wires should be kept plugged into their wall sockets when the probe is
in use so that they do not come into contact with potentially hot furnace components.
The thermocouple wires are connected to a digital thermometer (Fluke type R). The
probe is mounted on top of the furnace tube by a brass flange which is held in place
by three fixing screws. The probe is made gas-tight by two 0-ring seals at the brass
flange and by silica-wool insulation packed into the probe.

It is most important that the suspension technique used to fix the sample onto the
probe, does not lead to contact of the sample with the furnace ceramic tube.
Otherwise the tube would be potentially contaminated. This would lead in the long
term to destruction of the A1203 furnace tube. Further, the sample is loaded in a
capsule made of appropriate material not reactive with the sample. The capsule is
closed with a lid and placed in a platinum wire cage. The Pt wires are twisted at the
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top of the cage in order to keep the lid on when the capsule is dropped for the
quench. The Pt cage is then fixed at the end of a ceramic tube by twisting the thin Pt
wires from the cage to the thick Pt wires coming out of the ceramic probe. The
specimen is therefore held about 1 cm below the end of the probe where the
temperature is measured by the thermocouple (figure 2-4).

4
- -

Ceramic probe

--

Quench wire
Capsule

Figure 2- 4: Sample mounting on the ceramic probe and a zoom in of the capsule.

2.1.3 Starting an experiment

The first step is to reach the appropriate temperature at the furnace hot spot. To do
so, the final temperature and the heating rate parameters must be entered in the
temperature controller: the dwell time generally used is not more than 373 K/ hour;
faster heating would damage the alumina tube furnace. The temperature is generally
raised overnight before the probe can be inserted in the furnace.
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Having attached the sample to the probe, the mounting flange is slid down the probe
so that the flange is close to the sample. Next, the probe is carefully inserted into the
furnace and the flange fixed with three mounting screws. The thermocouple is
connected to the digital thermometer and the quench lead to the "dummy" wall
socket (figure 2-1 b). The sample is then at the top of the furnace and the
temperature reading at the top gives about 315 K. Then, the argon line is opened for
about 30 minutes to flush air from the furnace interior and the supply lines. Once an
argon atmosphere is ensured in the furnace, the hydrogen line is opened to attain an
approximate mix of 90% Ar and 10% H2 in the furnace (90 cc/ min for Ar and 10 cc/
min for H2, adjusted with gas flow meters). The probe is thus slid into the furnace at
the rate of 5 cml10 mins until the sample is situated in the hot spot, the temperature
previously set up with the temperature controller to run the experiment. This rate is
appropriate to allow the probe to warm up gradually thus reducing thermal shock in
the ceramics.

2.1.4 Quenching runs and sample retrieval

The drop quench is the most effective way to recover the sample from its state at
high temperature. It consists of dropping the sample into a quench flask at the
bottom of the furnace. The quench is achieved as follows. First, the quench
connection is moved from the dummy to the active quench socket on the wall (figure
2-1 b).
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Next, the system is activated by inserting the jack plug into the socket corresponding
to the furnace used. Then, the quench switch is switched on briefly to fuse the
suspension wires holding the sample Pt cage to the probe. Once the sample has
fallen into the quench flask, the jack is removed to disable the system and the
quench plug is inserted back into the dummy socket. After quenching, the H2 supply
is switched off and the probe may be withdrawn gradually by 10 cm steps every 10
minutes to allow the probe to cool down relatively slowly. The furnace is flushed
with pure argon for 30 minutes. After this, the sample can be safely retrieved from
the quench flask. The argon supply is finally switched off and the temperature of the
furnace lowered.

2.2 Experiments carried out in the inert atmosphere tube furnace.

In order to verify ambient pressure phase diagrams of group IV binary alloys
previously reported, several samples have been heated in the furnace previously
described. Results of those runs represent could then be compared with our
measurements at high pressures and temperatures.

2.2.1 Germanium and tin samples

Germanium and tin starting elements have been ordered from Alfa Aesar (Germany).
In order to avoid oxidation of the starting materials, pure elements have been
ordered as germanium pieces and tin foil and were both stored in a dessicator.
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Germanium pieces, up to 2 cm diameter, Puratronic, 99.9999+% (metals basis) were
ground in a mortar to make Ge powder. Small tin pieces were cut from a Sn foil,
25*50 mm, 1.0 mm thick Puratronic, 99.9985% (metals basis) with a clean scalpel
(stainless steel blade). After this, they were weighed to obtain an approximate
atomic composition of 50 % Ge and 50% Sri. Then, they were placed in a graphite
capsule (see the capsule and lid dimensions in figure 2-5).
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Figure 2- 5: Graphite capsule and lid dimensions (mm).

Two capsules prepared, as previously described, have been heated under inert
atmosphere (90% Ar-10% 142). Germanium melts at 1211 K and tin at 505 K at
ambient pressure 46 . The temperature of the furnace was raised to 1500 K to melt
germanium and tin. Different heating times were applied: 10 minutes (capsule 1)
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and 120 minutes (capsule 2), then sample were temperature quenched. A summary
of the experimental conditions are shown in table 2-1.

Heating time

Temperature (K)

Pressure (atm)

Capsule 1

1500

1

120

Capsule 2

1500

1

10

(mm)

Table 2- 1: Experimental conditions of 2 runs with germanium and tin starting elements.

2.2.2 Lead and tin sample

A lead foil was ordered from Sigma Aldrich, 0.5 mm thick, with 99.999% purity.
Small pieces of lead were cut from the foil with a clean scalpel (stainless steel blade).
Tin pieces, from the same foil as previous experiments, were prepared with the same
procedure. Both materials were weighed and loaded in a graphite capsule in order to
have the atomic composition 50% Sn and 50% Pb atomic ratio in the capsule. Lead
melts at 600 K at ambient pressure and tin at 505 K

46, so the temperature of the

furnace was raised to 623 K to melt of both metals. This temperature was held for 2
hours and then the sample was quenched.

2.3 Piston-cylinder apparatus (up to:

3.5 GPa- 2100 K)

Figure 2- 6: Overview of two piston-cylinders located in the Grant Institute (University of
Edinburgh). Pressures up to 3.5 GPa can be reached with press A on the left, and up to 3
GPa with press B on the right.

This pressure vessel was used for synthesis of alloys with pressures up to 3,5 GPa.
The equipment from the Grant Institute (University of Edinburgh) is able to reach
2100 K (figure 2-6). Different types of samples have been prepared with this
apparatus. The group IV binary Ge-Sn system has been investigated as well as
several nitrides (Bi-N, Fe-N). The latter have been investigated to explore different
capsule techniques in the piston-cylinder (sealed and unsealed capsules)

75.In this

section, the piston cylinder apparatus principle and its operating mode are presented
as well as the experimental conditions for the synthesis of Ge-Sn samples. The main
steps for a piston-cylinder experiment are as follows: preparation of the high pressure
cell, loading of the high pressure cell assembly in the stack, application of the
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pressure and then the temperature and finally recovery of the sample after
decompression.
A double capsule technique was used for the Ge-Sn alloys synthesis to avoid
contamination from the environment.

2.3.1 Experiment preparation and principle of the piston-cylinder 75

The first part of the experimental run required the construction of the high pressure
cell. The parts which formed the high pressure cell are shown in figure 2-7. The high
pressure cell assembly consists of two sets of parts surrounding the graphite heater:
(1) inner set of parts which surround the capsule and thermocouple; (2) an outer set
of sleeves consisting of Pyrex glass and the solid media made of salt. A number of
salt (sodium chloride) sleeves were constructed as part of the high pressure cell
preparation. The high pressure is applied to the assembly from below with the
tungsten carbide piston, from above with the main body of the press and from the
sides by the salt sleeve that transmits the load to the sample. Note that the pressure
applied on the side is less than the pressure coming from above and below; the
conditions are then not perfectly hydrostatic. All piston cylinder runs were carried
out with a half inch cylindrical hole bomb which means the diameter of each
pressure assembly was slightly less than 0.5 inches in order to fit in the bomb.
Of the components detailed in figure 2-7, the parts that were not available and which
had to be machined were the outer capsules (iron, molybdenum), the silver steel top
piece, the salt sleeve and the thermocouple.
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The iron, molybdenum capsules and silver steel top spacer were made in the
chemical engineering workshop, to the dimensions (in mm) detailed in figure 2-5 for
the outer capsules and in figure 2-8 for the silver steel top piece.
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Figure 2- 7: Details of the high pressure cell assembly (arrows point at the completed cell
assembly).

Through hole has to
be concentric with
outer dianietci

2.50

12O

01*
900

10.32

Included Angle Through hole

Figure 2- 8: Top view (on the left) and longitudinal cross section view (on the right) of the
silver steel spacer machined in the workshop (chemical engineering, University of
Edinburgh). Distances are given in millimetres.
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2.3.1.1 Salt sleeve pressure medium construction.

The salt sleeve construction essentially involves loading salt (NaCl) into a set of dies
and compressing with a small amount of water to facilitate recrystallization. The end
product is a robust homogeneous material that can be cut to the required length.

Preparation of the salt

The salt used was of "analar" grade as impurities can cause a number of deleterious
effects such as reaction with the capsule and melting at lower temperatures than
would be anticipated. Furthermore, the salt used in this preparation was a mix of both
fine and coarse salt.
Approximately 200 g of large grain size analar salt was loaded into a ball mill
together with 10 stainless steel ball bearings. It was important to check that the ball
mill did not move due to vibration and that it was sitting reasonably level; otherwise
there is the possibility that the barrel of the mill may jam. The ball mill was left
running overnight to produce medium grain size salt.
Approximately 50 g of the medium grain size salt was ground to small grain size
by hand using a mortar and pestle. In this step, it was easier to use small aliquots
rather than grinding a large amount all at once.
Approximately equal proportions of all three grain sized salts were then mixed
thoroughly in ajar. This mixture formed a wide distribution of grain-sizes giving low
porosity when packed tight to produce a correspondingly dense pressed end product.

(4) The salt from the jar was then measured out into aliquots for pressing. The mass
of salt per aliquot used was approximately 4.5 grams. This was including a lO%
excess allowance for the final machining of the salt sleeves to size.

Pressing the salt sleeves

The salt sleeve press components are shown in figure 2-9. Before assembling the
press, the parts were inspected to make sure they were free from corrosion or pitting.
All the components were wiped clean with a paper towel ready for greasing.
A thin layer of silicone grease was carefully applied to coat the inside of the die
bore, collar and bottom plug by initially greasing the core rod and sliding the core
rod back and forth through the bore of each component. This allowed the grease to
be applied evenly.

CORE ROD

COLLAR

PUSHER

-.

DIE

—J

-BOTTOM PLUG

Figure 2- 9: Schematic diagram showing the components required for pressing the salt
sleeves.

The press was assembled by first connecting the bottom plug to the bore of the
die and then sliding the core rod into the bore of the bottom plug whilst maintaining
it concentric with the bore die.
With the core rod in position, approximately 114 of the salt required for the salt
sleeve was then tipped into the die bore. Then using a syringe, two drops of tap water
were added to the salt on opposite sides. It is worth noting that although the water
assists recrystallization during pressing, excess water can create porosity which can
lead to movement in the cell as the porosity is eliminated whilst applying pressure
and temperature causing thermocouple failure due to movement. Thus it was
essential to keep the amount of water added to a minimum.
The remaining salt was then loaded into the die.
The collar was then slid down the core rod and into the die.
The bench press was setup with a hollow cylinder. This was done to allow the
core rod to protrude from the base of the bottom plug when the salt sleeve was
pressed and to allow the core rod and salt sleeve to be recovered once the bottom
plug was removed.
The entire assembly was then transferred into the bench press.
The top of the pusher rod was placed close to the ram using a spacer.
The ram was then pumped to force the pusher rod down the bore of the die. This
allowed the salt to be compressed between the collar and the bottom plug as shown
in figure 2-10. Pumping was continued until the salt was able to support a load of one
tonne. Then the salt was left under compression for 10 minutes. Due to the sail
compressing and deforming during this period, the pump pressure decreased slightly.
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If the pressure decreased significantly during this period (-1/4 to 1/2 of original
pressure), the ram was re-pumped and left for a further 10 minutes.
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Figure 2- 10: Schematic cross-sectional diagrams showing the salt compression process:
(a) initial position, (b) compressed salt.

Recovering the salt sleeve
The pump pressure was released slowly and the die assembly was removed from
the bench press.
The bottom plug was removed and the die assembly was transferred back to the
bench press.
The ram was then pumped as before and the salt sleeve was forced out of the die
(the sleeve leaves the die in a 'jerky' motion).
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Once the sleeve was completely out of the die, the die assembly was dismantled
and the salt sleeve was slid of the core rod. The salt sleeve is very delicate after
extrusion, therefore it was important to be careful when handling.
The salt sleeve was then left on top of an oven to dry and harden.
This procedure for salt sleeve construction was repeated for each salt sleeve.

2.3.1.2 Thermocouple construction.

Two wires, one platinum (Pt) and the other platinum and rhodium (Pt87Rh13) were
used to construct a thermocouple.
A pair of im length Pt and Pt87Rh13 wires were cut. Differentiation between the
two wires was through a simple test: by taking a length of the wire and holding it
between finger and thumb such that -20 mm stuck out, the wire was flicked with the
finger nail. The Pt would bend when it was flicked (as it is soft) whereas the
Pt87Rh13 was "springy" and did not bend so easily.
Both wires were straightened by carefully rolling them on a clean metal block
with a metal roller.
After straightening the wires, both were cleaned using a tissue soaked in acetone.
It was essential to handle the wires carefully at this stage to prevent a kink in either
wire.
Both wires were then inserted into a polythene insulating tubing leaving enough
length of bare wire to load the thermocouple sheath and extend -20 mm beyond the
sheath.

42

A standard sized thermocouple sheath with square ends was carefully cleaned
by squirting a little acetone down the two bores. Although the thermocouple sheaths
are cut to standard sizes, not all fit through the bore of the stainless steel top piece
and steel cone. Therefore, a thermocouple sheath was selected by first checking the
fit by inserting the sheath through the bore of the stainless steel top piece and silver
steel cone as shown in figure 2-11. Furthermore, if it was not possible to locate the
correct size, then the bore of the silver steel cone and the stainless steel top piece
was enlarged using a drill.

THERMOCOUPLE SHEATH
-

10.32 mm

-

__

STAINLESS STEEL CONE

SILVER STEEL TOP PIECE

Figure 2- 11: Thermocouple sheath size check.

The bare thermocouple wires were again rolled straight and cleaned with acetone
as before, then inserted into the thermocouple sheath bringing the sheath flush to the
polythene insulation.
The -'20 mm extending wire was carefully entwined (figure 2-12).

Figure 2- 12: The thermocouple as it was after both wires were entwined.
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(8) The entwined wires were then fused into a bead -4 mm in diameter (less than the
diameter of the thermocouple sheath) using an are welder (figure 2-13).

WIRES IN POLYTHENE INSULATING TUBING

THERMOCOUPLE SHEATH

-

BEAT)

Figure 2-13: Constructed thermocouple.

It was important to be careful and use a protective welder glass when using the arc
welder as the electric arc produces UV light that causes damage to the retina. The
thermocouple sheath was placed in the vice with the entwined wire end pointing up.
At the other end of the wires, some of the polythene insulating tubing was thread
—20 mm. Both bare wires at this end were then connected to the brown lead wire
using a crocodile clip to complete the circuit for welding. This last step was not
followed in earlier attempts at fusing the bead which resulted in a bead forming with
only one wire, in some instances, and the thermocouple sheath damaged in the other.

2.3.1.3 Capsule preparation.

Before loading the capsule it was crucial to thoroughly clean the tweezers and
spatula used with acetone to avoid contaminating the sample. The starting elements
Ge and Sn were placed in an inner graphite capsule which was then placed in an
outer capsule (iron or molybdenum). The same procedure used for the Ge and Sn
preparation for high temperature experiments in the controlled atmosphere furnace is
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followed (see section 2.2.1 before). Using a clean spatula, the graphite inner capsule
was filled with a layer of Sn, then with a layer of Ge and so on until the capsule is
filled to the top with the desired Ge-Sn ratio. Before placing the graphite lid, the
capsule content is packed with a clean rod to minimize the empty space. The graphite
lid was ground with a diamond file to be flush with the capsule (see dimensions of
the capsule in figure 2-14). The inner capsule is placed afterwards in the outer
capsule and an additional lid to close it. The lid was tightly fitted and its nib was
snipped off using pliers before grinding it flush.
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Figure 2- 14: Dimensions in millimetres of the inner graphite capsule where the starting
elements are placed.

2.3.1.4 Sizing of parts.

(1) A 1.5 mm thick graphite disk spacer was cut from a cylindrical block of graphite,
12.50 mm in diameter as shown in figure 2-15.
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The pressure medium salt sleeve was cut to a height of 30.0 mm using the
diamond saw.
The height of the Pyrex sleeve was ground down to 32.0 mm (with same outer
height as the graphite heater) using a diamond wheel. The outer surface of the Pyrex
sleeve was then marked all around in the central area

(-j

5

mm in from the edge on

both sides) using a diamond pen. This was to inhibit cracks and to avoid that the
pyrex sleeve breaks suddenly while applying the pressure. With this method, the
pressure could be transmitted smoothly to the sample. This Pyrex sleeve provides
thermal insulation around the graphite heater.

Graphite rod

Diamond saw

Figure 2- 15: Diamond saw used to cut the graphite disk spacer, the salt sleeve, boron
nitride and alumina spacers. For harder materials, water was used as a lubricant to avoid
any damage to the blade).

(4) The internal height of the graphite heater was measured to be 30.0 mm using a
thin stick. As the outer capsule height with the lid was 6.0 mm, the top and bottom
alumina spacers were ground down accordingly to allow the capsule to be positioned
flush between the upper face of the bottom boron nitride spacer and the lower face of
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a ceramic wafer, with the top alumina spacer situated above the ceramic wafer. As
the ceramic wafer was 0.5 mm thick, the top and bottom alumina spacers were
ground down to 11.5 mm and 12 mm respectively using a diamond saw. The ceramic
wafer is needed to avoid any reaction between the thermocouple and the capsule.
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Figure 2- 16: Pressure cell components with dimensions in millimetres.

It was essential to position the capsule in the middle of the graphite heater (diameter
and height wise) as the temperature profile along the height of the graphite furnace
follows a Gaussian distribution. This placement ensures that the hot spot is at the
centre of the graphite furnace.

2.3.1.5 Assembling the high pressure cell.

The high pressure cell was assembled by first inserting the bottom boron nitride
spacer, then the double capsule, followed by the ceramic wafer and finally the top
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alumina spacer into the graphite heater. The graphite heater was then inserted into
the Pyrex sleeve and the Pyrex sleeve into the salt sleeve. This assembly was then
placed on a brass ring.
A rectangular piece of lead foil was cut using a brass template then rolled as thinly as
possible. One side was then coated with a Mo-grease lubricant called 'molycot&.
The lead foil was then wrapped around the cell assembly with the molycote side
facing outward.
STAINLESS STEEL CONE
SILVER STEEL TOP PIECE
PYROPHYLITE SLEEVE
[HERMOCOUPLE SHEATH
[OP ALUMINA SPACER
GRAPHITE HEATER
PYREX SLEEVE
SALT SLEEVE
CERAMIC WAFER
DOUBLE CAPSULE
BORON NITRIDE SPACER
LEAD FOIL
BRASS RING

Figure 2-17: Schematic diagram of the cross section of the pressure cell

2.3.1.6 Loading the bomb

A 1/2 inch bore stainless steel bomb (12.70 mm) with the engraving name "BE 29"
was selected. The tungsten carbide bore and the lower and upper faces of the bomb
were checked for any serious cracks and chips. The bore was then cleaned with a
wire brush and the lower and upper faces were cleaned with tissues soaked in

acetone. Next, a thin film of silicone grease was applied to both the upper and lower
faces of the bomb avoiding the tungsten carbide core. The silicone grease protects
the bomb surface from the cooling water as it flows above and below the bomb when
applying the temperature. A detailed view of all the elements assembled together is
given in figure 2-18. The cell assembly was then loaded into the bore of the bomb
from below (the top face being the one with the engraving). The graphite disk spacer
was then inserted, followed by a steel mitre ring spacer. An electrical insulating
pyrophylite sleeve was selected and checked that it fit the stainless steel top piece
and the bore of the bomb. An electrical insulating melinex foil was then cleaned
using acetone. The pyrophylite sleeve covered on the outside face by a thin layer of
molycote was slid into the central hole of the melinex insulator so that it is just held
in place.
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Figure 2- 18: Detailed view of all the elements assembled together for a piston-cylinder
experiment
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2.3.1.7 Assembling the stack.

It was essential that components were cleaned thoroughly using acetone to remove
any grit or dirt which would otherwise provoke damage to the bomb, and potential
failure of the run if the bomb breaks.
The bleed valve of the small ram (figure 2-21) was opened and the small ram was
pumped down using a hydraulic jack until the oil stopped pouring out into the oil
recovery tank. This step is important because if the small ram is not completely down
after the last experiment, the stack elements would not fit correctly. The small ram
assembly was then slid onto the shelf for easy access.
The procedure for the stack assembly was performed in the following order.
The face of the small ram was cleaned thoroughly using acetone.
The 'short' large tungsten carbide piston and 'long' small tungsten carbide piston
were cleaned using acetone. Then a thin film of molycote grease was applied around
the sides but not on the faces.
The top face of the bridge piece was cleaned thoroughly using acetone. Then a
thin film of silicone grease was applied on the top face and around the '0'- ring,
avoiding the tungsten carbide core as for the bomb.
The bridge piece was fit on top of the small ram and the large piston was slid
down the bore so that it rested on the small ram face.
A steel shim was placed on the large piston face inside the bridge piece bore to
avoid direct contact between the large and the small carbide pistons. Then the small
piston was placed in the bore of the bridge piece using the aluminium alignment ring
to insure that it stays concentric. It was important to check that the small ram was
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central in the bore and that the small piston did not protrude more than 2 mm above
the level of the bridge piece. If at this stage there was a protrusion, then the stack
would have had to be disassembled and checked for correct positioning of pistons,
that there is no dust between the faces and that the small ram is fully pumped down.
The loaded bomb was then placed carefully (vertically down) onto the bridge
piece so that the small piston was located in the bore of the bomb.
The pyrophylite sleeve, held in the central hole of the melinex insulator, was
then fitted.
The stainless steel top piece and the stainless steel cone were then fitted ensuring
that the silver steel top piece was aligned correctly with the cell assembly. This was
checked by inserting an alignment wire into the thermocouple bore.
The top plate faces were cleaned using acetone. Then a thin film of silicon grease
was applied to the lower face of the top plate, avoiding the tungsten carbide core.
It was then checked that the thermocouple wire was clean and that it fit easily
into the bore of the top plate.
The alignment wire was then slid into the thermocouple bore of the top plate.
The top plate was then positioned on top of the bomb with the alignment wire
inserted into the thermocouple bore so that the top plate rested on top of the bomb
with the thermocouple holes aligned and so that the alignment wire could be easily
withdrawn.
With the alignment wire still in position, the small ram assembly was then slid
into position on top of the main ram against guide pins.
The alignment wire was then removed and replaced with the thermocouple. It
was important that the thermocouple was slid down carefully without pushing it with
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excessive force. If the thermocouple jammed, it was withdrawn and reinserted. The
correct insertion of the thermocouple is one of the most delicate and important stages
in the stack assembly.
Making sure the thermocouple was firmly seated on the ceramic wafer, the
thermocouple was positioned such that the wires did not cross or make contact with
the bomb assembly. Thus, the thermocouple wires were bent at 900 to lie along a
groove on the surface of the top plate.
A steel spacer was positioned on top of the top plate allowing the thermocouple
wires to lie in the access groove.
An additional aluminium spacer was positioned on top of the steel spacer, and
finally, two electrical insulating squares of melinex were placed on top of the
aluminium spacer.

2.3.1.8 Applying the pressure to the assembly.

Before following the procedure in this part, the valves to the other press were
checked to ensure that they were all closed.
The following procedure was used to (i) apply initial confining pressure to the bomb
using the main ram, (ii) connect the power and cooling water circuits, and (iii) apply
remaining pressure using the small ram. The details given here are for an experiment
on press B at 3 UPa and 1500 K for 10 minutes. For other runs on press A, at 3.5
GPa and longer heating time, the procedure is similar, just a few parameters need to
be changed (view the two piston cylinders in figure 2-6).
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(i) Applying initial confining pressure to the bomb using the main ram

The small ram bleed valve was opened and the small ram advance valve was
closed to secure that no pressure was applied to the pressure cell yet.
The main ram advance valve was opened and the main ram bleed valve was
closed. In this way the pressure is applied to the stack first.
It was ensured that the air bleed valve for the hydraulic pump was closed to
advance the ram faster and to decrease the gap between the stack and the body of the
press more rapidly.
The Olin pump valve was opened gently to advance the main ram using a stroke
rate of less than 2 per second. Whilst the main ram was being advanced, the main
ram line pressure gauge was observed, and pumping was stopped on reaching a
consistent rise with each stroke. Initially no pressure rise was noticed as the stack
reached the ram top plate and the main ram was rising.
The air bleed valve for the pump was opened and the main ram was pumped until
150 tonnes were acting on the main ram. The main ram advance valve was adjusted
such that the pressure rise was steady over approximately a 1 hour period.
Once the gauge reading was 150 tons on the main ram, the Olin pump valve and
the main ram advance valves were closed and the stack was allowed to settle for a
few minutes.

(ii) Connecting power and cooling water circuits

(1) A multimeter was used to check that the thermocouple was still intact (a broken

54

thermocouple at this stage would require that the main ram be depressurised and
disassembled and the thermocouple remade). Furthermore, a multimeter was used to
check the resistance across the top plate and the bomb. A high resistance indicated
that the melmex insulating foils were intact. As with a broken thermocouple, a low
resistance would require the main press be depressurised and the insulators checked
for holes and grit and cleaned or replaced respectively.
The cooling water connections were clipped onto the bridge piece and top plate.
The power connection points were cleaned with fine scotch wool to ensure a
good electrical contact and the cables were bolted in place. It was ensured that
neither copper cable could short out against the press frame by placing melinex
insulators between any possible contacts.

Cooling water
connections

Electrical power
connections
Melinex
insulator

Figure 2- 19: View of the stack when the pressure is applied to the main ram and the power
and cooling water connections established.

(ii) Applying remaining pressure using the small ram.

The small ram bleed and advance valves were opened momentarily

(-
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seconds): this allowed any remaining pressure in the line to bleed off harmlessly.
The small ram bleed valve was then closed to let the small ram move once the
pump is started again.
With the air bleed valve opened, the small ram was pumped using a stroke rate of
1 per second. The pump valve was gently closed until a consistent rise was obtained
with each stroke allowing the small ram to be pumped smoothly. In turn, this allowed
the pressure to be applied to the pressure cell smoothly thus reducing the risk of a
damaged thermocouple. Once 6800 psi oil pressure (-3 GPa) were reached, the
valves were closed and the pump switched off.

2.3.1.9 Applying high temperature to the capsule.

In this part of the experimental run, the reactants were heated whilst under pressure
using electric current delivered to the bomb through the power cables. From the
connection on the top plate, the electrical power passes through the silver steel and
stainless steel cone spacers, the graphite furnace, the graphite disk spacer, the two
carbide pistons and the steel bridge piece to the other connection.
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(i) Connecting the temperature controller, thermocouple and multimeter
wires

A cold junction was made by filing up a 'Dewar' flask with ice. A little water
was also added to form an ice and water mixture at the bottom of the flask.
The Dewar flask of ice was connected to the thermocouple wires: the Pt wire (+)
was connected to the blue wire, whilst the Pt87Rh13 wire (-) was connected to the
white wire.
The controller wires were then connected to the cold junction wires and a
multimeter was also connected to verify the controller readings.
An overview of the connected wires is shown in figure 2-20.

(ii) Switching on and programming of the controller

It was ensured that the switch, "OFF1" was off so that the fuse was out of its
socket and visible ensuring that the rig could not power-up.
The switch "OFF2" was pressed down to connect the power to the controller
(figure 2-21 for an overview of the pressure and temperature controls).
The "SAFETY CIRCUIT BY-PASS" was switched on- a red indicator light
turned on at this point to confirm the safety circuit by-pass was operational.
The "SET" switch was pressed down to turn on the cooling water circulation.
Upon releasing the switch the controller stayed on indicating that the thermocouple
and cooling circuit is correctly set up.
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1-CO?4TROU WIRES

2-11UEMOCOUPLE WIRES
3-THERMOCOUPLES CONNECTION TO
THE COLD JUNCTION
4-DEWAR FLASK, COLD JUNCTION
5-WIRES TO MULTIMETER

Figure 2- 20: Overview of wiring connections for temperature measurement.

Figure 2- 21: Pressure and temperature controls for the piston cylinder.

It was checked that the controller gave an appropriate EMF (Electromotive
Force) for the temperature of the cell (room temperature at this stage) and that the
multimeter also gave the same reading. Conversion tables were used to convert the
digital voltage reading form the controller and multimeter (millivolts) to temperature
(degrees Celsius) according to the thermocouple types used.
The controller parameters were selected using the buttons on the controller
panel. The temperature controller shows three parameters (a) SP, the present set
point EMIF which is controlled by the program; (b) OP (operating power), the
percentage power being drawn; (c) TIIv1E, the amount of time (minutes) the program
has left to run.
In the programme mode the following parameters were set:
Pri- rate of rise of the set point EMF was set to 0.5mV/min
PL1- the level to which EMF will rise was set to 13.22 mV corresponding to
1500 K using the conversion tables for Pt-Pt87Rh13 thermocouples.
Whilst in the long scroll mode, the following time constants were set (these values
are based on the type of pressure cell used):
Pb-

the proportional band was set to 50

ti-

the time integral was set to 6

td-

time differential was set to 1.0.

(iii) Controlling the electrical power

The upper power limit or Heat Level (HL) for the controller was set as a percentage
of the maximum power available to prevent the equipment from overheating if a
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malfunction were to occur. When the power was initially turned on, HL was set to
zero to prevent a power surge. HL was then set to approximately 20% and then
gradually increased as the power required for the run increased. The HL value was
kept at approximately 5% above the OP value.

The power was supplied to the press by closing switch "OFF1".
The FIlL value was raised to 20% and the "RUN/HOLD" button on the controller
was pressed to start the program. The HL value was raised throughout the run to
achieve a sufficient temperature rise towards the set point. As it took a short while
for the power to rise to a sufficient level for heating the cell, it was best to allow the
set point EMT to raise approximately 0.1mV above the thermocouple EMF reading
and then pausing by pressing the "RUN/HOLD" button. While applying the power,
the pressure was observed to drop so the pump was used to readjust the pressure.
Once the thermocouple EMF had risen to the set point and was steady, the
program was then started by pressing the "RUN/HOLD" button. The power was
increased by maintaining I-IL above the operating power until the operating power
was reached (- 41.9 %).
Upon reaching the set point (approximately 60 minutes), the cell was left at 1500
K for a further 10 minutes.
After 10 minutes, the run was quenched by switching "OFFI" off. The
temperature dropped from 1500 K to about 380 K after 20 seconds. The temperature
was back to about 340 K after one minute from the time the quench was initiated.
Once the thermocouple EMIF was back to room temperature, the controller and
cooling water were switched off using "OFF2".

2.3.1.10 Decompression and sample retrieval.

This part of the experimental run was performed particularly carefully as
decompression of the stack and removal of the carbide parts whilst disassembling
could cause pressurised pieces to break away from there surroundings and spring.

The small ram bleed valve was opened very slowly and gently to reduce the
pressure incrementally over a period of approximately 90 minutes to atmospheric
pressure.
Similarly, once the small ram pressure had reduced to atmospheric, the main ram
bleed valve was opened and again the pressure was reduced to atmospheric over a
period of one hour.
The main ram was lowered using a hand hydraulic pump to allow the stack to be
removed and disassembled.
Wearing face protection, the stack was disassembled and the bomb was removed
carefully.
The pressurised cell was removed gently from the bore of the bomb using a bench
press.
Once the pressurised cell was recovered and the lead foil around the cell was
removed, a needle was used to remove the outer parts of the cell in order to reach the
outer capsule.
Once recovered, the outer capsule was ground down using a diamond wheel and
two halves of the double capsule with the graphite inner capsule containing the
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sample, were recovered. The reaction product was then extracted from the
surrounding graphite. It was then ready to be processed for characterization.

2.3.2 Experiments carried out with a piston cylinder

The first runs were carried out at the highest pressure of 3.5 GPa reachable with
press A. Different outer capsule materials and heating times were explored. A
summary of the experimental conditions of the different runs is presented in table
2-2. The parameters entered in the temperature controller and read on the small ram
pressure gauge for those three experiments are presented in table 2-3.

Heating

Run

Outer

Inner

At.%

At.%

Temperature

Pressure

ID

capsule

capsule

Ge

Sn

(K)

(GPa)

ED650

iron

graphite

56

44

1300

3.0

120

A

ED654

molybdenum

graphite

73

27

1500

3.5

120

A

E0666

molybdenum

graphite

60

40

1500

3.0

5

B

time

Press

(mm)

Table 2- 2: Experimental conditions for synthesis of Ge-Sn using a piston cylinder
apparatus. Run ID is the name used in the apparatus recording book. All the experiments
were temperature quenched.

Run ID

Pressure
(GPa)

Small ram
pressure

Temperature(K)

Set Point

Operating

Heating

(mV)

Power (%)

Limit (%)

reading (psi)

ED650

3.0

6800

1300

10.50

40.5

46.0

ED654

3.5

8000

1500

13.22

47.8

53.0

ED666

3.0

6800

1500

13.22

41.9

47.0

Table 2- 3: Experimental parameters for the syntheses.
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The starting elements were melted under pressure to increase mixing and possibly
the reactivity between them. Germanium melts at about 1150 K at 3 GPa and tin
melts at 600 K at the same pressure
germanium at around 1100 K

At 3.5 GPa, tin melts at around 640 K and

40 Therefore the temperature was set to 1550 K to be

well above the melting curve of the two elements thus ensuring that both elements
were in the liquid state. The recovered samples were cut along the vertical axis of
the capsule to see monitor any temperature gradient effects and the recovered
products from run ED666 was polished for SEM characterization (see sample
processing in section 2.5).

roll

2.4 Multi anvil apparatus (up to 25 GPa- 3000 K)
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.

This high pressure high temperature vessel was used to explore another pressure,
temperature domain of the Ge-Sn system. Syntheses from 7 GPa to 24 GPa were
carried out under different temperature conditions. A first experiment was
undertaken in the Department of Earth Sciences at the University of Bristol on a
Walker type press. The other runs were carried out at the Bayerisches Geoinstitut
(BGI), University of Bayreuth (Germany) funded by the University of Edinburgh
Small Project Grant programme and the EU "Research Infrastructures:
Transnational Access" Programme. The multi anvil apparatus method and procedure
is described in this part as together with the detailed conditions of the experiments.
The operating procedure for the Walker type press is similar to the operating
procedure of the multianvil apparatus so it is not detailed here.

2.4.1 Experimental procedure for the multianvil apparatus
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The description of the multianvil apparatus given here was for an experiment at 18
GPa and 1500 K. The assembly required for this pressure is called 10/5. The
pressure is applied to the sample by a hydraulic force transmitted to eight tungsten
carbide anvils which have truncations at a corner. The truncations apply force on the
faces of an octahedral pressure medium (MgO see below for further details). The
truncation has a 5 mm edge and the octahedron has a 10 mm edge,
1-1 hence the name
10/5 assembly. The sample is contained in this pressure medium. For the other runs
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the procedure is similar but with different dimensions of the pressure cell
components or parameters for pressure and temperature protocols. Two presses were
used at the BGI: a 1200 ton hydraulic press (Sumitomo) and a 1000 ton hydraulic
press (Hymag) (figure 2-22).

Figure 2- 22: Overview of the two multianvil presses at the BGI high pressure lab (on the
left, a 1200 ton press, Sumitomo UHP1200 model and, on the right, a 1000 ton press,
Hymag model).

The various assemblies used are presented in table 2-4 with the maximal pressure
attainable in each one and the pressure actually used during the runs.

Assembly type

Pressure applied (GPa)

Maximum pressure (GPa)

18/11

7,8,9 and 10

10

14/8

14

16-17

10/5

18

20

10/4

24

24-25

Table 2- 4: Assembly types used according to the pressure of the experiments and to the
maximum pressure attainable for each assembly.
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2.4.1.1 Capsule construction.

The capsule was used to contain the reagents and was made from 25 micron thick
rhenium foil. The dimensions of the capsule to be made depended on the assembly
being used, as shown in the table below:
The following procedure was for the preparation of a 10/5 capsule. It was repeated
for the capsules for other assemblies, except that the size of the rods, capsule dies
(figure 2-23), rhenium discs and rhenium foil starting dimensions were changed
accordingly.
(1) A rectangular piece of rhenium foil with dimensions 6 mm by 3.8 mm was cut
and wrapped around a metal rod of 1.4 mm diameter. While still on the rod, the foil
was placed into a 1.7 mm capsule die and folded using a 1.6mm diameter rod in
order to create a cylinder of the required diameter. The foil dimensions allowed for
a 1 mm wrap overlap and 1 mm at the top and bottom for folding over in order to
seal the capsule.

Figure 2- 23: Capsule die used to prepare a capsule with 1.7 mm diameter for a 10/5
assembly.

The rod was used to move the cylinder until 1 mm of its length protruded from
the die surface, as measured using a caliper. The cylinder was then pinched against
the die using the rod to hold it in place whilst tweezers were used to fold over the
protruding foil in order to create a seal at one end of the cylinder. The sealed end
was tapped against the solid die surface using the rod and a hammer to ensure a
good seal. A 1.4 mm diameter rhenium disc (machined from the 25 micron foil) was
placed inside the cylinder on the sealed surface to improve the seal further.
The outer surface of the sealed end of the capsule was placed on the adjustable
(with respect to height) rod of the capsule die, and the capsule moved so that 1 mm
of its open end protruded from the top of the die (figure 2-24, photo on the left).

Shat, flcs.Lant

Figure 2- 24: Overview of the capsule die with the rhenium capsule inside and 1 mm
protruding from the top surface of the die.

The required molar ratios of reagent powders were weighed out in excess of that
required for the capsule (to allow for some spilling) and then the target amounts
were mixed together thoroughly on weighing paper. Germanium and tin starting
elements were identical to reactants used for piston cylinder and high temperature
furnace experiments (in section 2.2.1), except for three experiments (identified as
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S3619, S3620 and S3621) where tin powder was used instead of tin foil. Tin powder,
100 mesh (-450 microns) with 99.999 % purity (metals basis) was ordered from
Alfa Aesar.
The paper was then folded into a funnel and the reagent mixture transferred into the
open end of the capsule using a spatula. The rod and hammer were used to tap the
solids down to ensure tight packing. The reagent mixture was added under a
microscope to identify when the capsule was frill, as the contents came into focus
when the microscope was focused on the capsule die surface.
(5) A rhenium disc (1.4 mm diameter) was placed on top of the reagent mixture and

the protruding 1 mm of foil folded over to create a seal as before. The hammer and
rod were again used to ensure a good seal. One end of the capsule is shown in figure
2-25. A good sealing of the capsule is required, so both ends of the capsule are

checked with an optical microscope.

Figure 2- 25: Verification of the rhenium capsule seal with an optical microscope.

2.4.1.2 Thermocouple construction.

The thermocouple was required to measure the temperature at the top of the capsule
during the experiment. Both wires were tungsten-rhenium, one containing 3%
rhenium (W97Re3) and the other containing 25% rhenium (W75Re25 ). They were
distinguished from one another by colour as the 3% rhenium wire was grey while
the 25% rhenium wire had a blue tint. Both wires were 0.15 mm in diameter.
Inside the octahedral pressure cell, the thermocouple wires were held in an
alumina cylinder of diameter equal to the inner diameter of the MgO thermocouple
sleeve. This cylinder contained four holes drilled through its centre which housed
the thermocouple wires. The alumina cylinder came already machined (1.6 mm
diameter) but the required length had to be broken off from the bulk material and
ground flat with an electrical diamond grinder (similar to a dentist's tool). Pliers
were used to do this roughly and the electric grinder used to achieve the correct final
length (2.2 mm). The required length matched that of the MgO thermocouple outer
sleeve (figure 2-27 for dimensions of the pressure assembly).
An approximate 10 cm length of each wire was cut and each of them fed
through a single hole in the alumina cylinder. Once through, pliers were used to
bend back a small section to make a hook. The bent back section for each wire was
then fitted into one of the two remaining holes in the alumina. This created a
contact between the two wires at one end of the alumina cylinder which was in
contact with the top of the capsule once the octahedron was assembled.
A small alumina sleeve was required on each of the wires to insulate them from
the electrical current passing through the molybdenum ring as they exited the

octahedron. The required length (just longer than the width of the Mo ring) was
broken from a machined stick of outer diameter 0.6 mm and ground to the required
size using an electrical grinder.
A small length of copper coil was wrapped around the wires in order to maintain
a temperature signal if a wire was to break on compression, as the coil will stretch
instead of break thus keeping a contact between the two broken sections. The coils
were made by hand wrapping 0.125 mm diameter copper wire around a fastened
piece of thermocouple wire and the wrapped sections were gradually pushed
together using tweezers. The coils were then slid onto the actual thermocouple
wires.
The final step was to slide black and red wire covers onto the wires to signify
which was positive and negative. The 3% rhenium wire was the positive (black) and
the 25% rhenium wire the negative (red). The thermocouple assembly is shown in
figure 2-26.

Figure 2- 26: Overview of the thermocouple used for the temperature reading in a 10/5
assembly.
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2.4.1.3 Octahedral assembly.

The octahedra are made of MgO doped with 5% Cr2O3 and constitutes the pressure
medium of the assembly. Depending on which assembly was being used, the size of
the octahedron and its associated components were different. The dimensions for a
10/5 assembly is detailed in figure 2-27. The dimensions for other assemblies are
given in Appendix E.
The octahedron came already prepared with its central hole drilled and its outer
ZrO2 sleeve and MgO rings fitted. The rest of the components also came already
prepared according to the dimensions in figure 2-27. The purpose of each of the
pieces was as follows:
.

Zr02 sleeve

-

to electrically and thermally insulate the lanthanum chromate

furnace.
MgO rings

-

to provide a soft medium at the top and bottom of the ZrO2

sleeve to prevent it from failing under pressure.
LaCr03 furnace

-

to provide electrical heating of the sample. Used instead

of graphite due to the high temperatures involved.
Molybdenum (Mo) ring and disc

-

electrical contacts between the cubes and

the furnace.
.

MgO sleeves electrical insulation of the capsule and thermocouple from the
-

furnace. There are separate sleeves for the capsule/spacer and thermocouple
for ease of assembly.
.

Crushable alumina spacer

-

to place the capsule in the centre of the furnace

where the hottest temperatures and lowest thermal gradients occur.
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.

Pyrophyllite

—

a soft material to fill the gap around thermocouple wires

without breaking them on compression.
MgO
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Figure 2-27: Dimensions (in mm) of the octahedral components for a 10/5 assembly
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Two grooves were cut in the octahedron using a diamond tipped circular saw.
The thermocouple wires were inserted in grooves to prevent them from being
crushed into the octahedron surface on compression. Small holes were drilled at the
end of each groove for the end of the copper coil to fit in.
The octahedron and all of its components except the Mo ring and disc and the
pyrophyllite were fired in a platinum crucible at 1300 K in a furnace for a few hours
to remove all water (including chemisorbed water in the MgO and lanthanum
chromate binder). Once complete the components were allowed to cool to ambient
temperature (overview of the components in figure 2-28).
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Thermocouple assembly
Capsule

'7

Crushable alumina spacer
MgO sleeves
LaCrO3 furnace sleeve
MgO octahedra

-

Figure 2- 28: Overview of the 10/5 pressure assembly components whose dimensions are
given in figure 2-27. Only the molybdenum ring and disk are not shown in this photo.

The capsule was placed inside its MgO sleeve along with the crushable alumina
spacer. It was difficult to achieve the exact capsule length required and so the
alumina spacer was ground down using a small hand file in the event that it
protruded from the combined capsule and MgO spacer sleeve.
The furnace was slid inside the octahedron and the Mo disc placed at the bottom
(the end without grooves). The MgO sleeve containing the alumina spacer and
capsule was then inserted with the spacer nearest the Mo disc so that the capsule is
sitting at the centre of the octahedron (hence at the centre of the furnace where the
temperature is the highest). The MgO thermocouple sleeve was inserted on top of
the MgO sleeve surrounding the capsule and the Mo ring placed at the top, sitting
flush with the octahedral surface.
A pen was used to mark where the Mo ring touched the two grooves in the
octahedron, and two matching grooves for the thermocouple were cut on these
marks approx 3/4 of the way through the Mo ring. The cuts were made using a hand
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held drill with a circular diamond wheel attachment. The width of the grooves
matched that of the alumina thermocouple sleeves.
The thermocouple was inserted and pushed in with tweezers to ensure that the
thermocouple junction made contact with the capsule. The small alumina sleeves
around the thermocouple wires were fitted into the Mo ring. They provide a good
electrical insulation between the Mo ring and the thermocouple wires. The
thermocouple wires are then pushed into the grooves of the octahedron using a razor
blade. (See figure 2-29 for a view of the octahedral mounted with all the
components).
A small section of the pyrophyllite was ground down using a small file to make
space for the thermocouple wires and was cemented into the octahedra along with
the Mo ring and the thermocouple wires. One end of the copper coil was cemented
into the end of the thermocouple grooves to hold it in place. Ceramic cement with a
liquid binder was used and applied using a razor blade. The free space in the
octahedron was then filled and the thermocouple held at the right place (figure 2-30).

MgO
Mo ring
Thermocouple
4-hole alumina
Alumina
insulation sleeve
MgO ring

Figure 2- 29: Top side of the octahedra once all the components are inserted inside. The
octahedral edge is 10 mm.
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N
Figure 2- 30: A 10/5 pressure assembly mounted and ready to be dried overnight in a
vacuum oven at 500 K.

The capsule, alumina spacer and Mo disc were removed from the octahedron
and the octahedron placed in a vacuum oven at around 500 K overnight to dry the
cement and remove any volatiles from it. The capsule was removed as it was not to
be subjected to temperature that could cause chemical and structural changes before
the experiment.
Once the cement had dried, the capsule, alumina spacer and Mo disc were reinserted into the octahedron and the Mo disc secured using a small amount of
ceramic cement. The pyrophyllite was ground down and excess cement removed
from the octahedron surface using a file to reveal the Mo ring in order that good
electrical contact would be made with a cube.
An approximate cost for the octahedral assembly is between £50 and £100.

2.4.1.4 Tungsten carbide anvil preparation.
Eight tungsten carbide cubes of 32 mm side length were used.
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The surfaces of the cubes were cleaned using a razor blade and some ethanol if
needed to remove any glue, paper and plastic from previous runs.
The truncation in best condition for each cube was selected in order to avoid
failure of a cube during compression.
On four of the cubes, PTFE tape was applied to the three faces adjoined to the
selected truncation and trimmed flush with the cube edges using a razor blade. The
tape was used to provide electrical insulation between the cubes so that the current
would only pass through the furnace in the pressure cell.
On the other four cubes, pyrophyllite gaskets were stuck around the selected
truncations using a small amount of PitMulti-2 glue. These gaskets came already
machined. For each assembly there was a short and a long gasket. The short gaskets
were fitted so that their edges sat flush with the edges of the cube and the long
gaskets fitted, so that their left edge sat flush with another gasket surface while their
right edge sat flush with the edge of the cube. One cube had 3 short gaskets attached,
another had two short ones and a long one, another two long ones and a short one
and the final cube had three long ones attached. This meant that when the cubes
were fitted together, the octahedron would be completely enclosed by the gaskets,
which squash down as the cubes move closer together during compression ensuring
that the force on the octahedron is hydrostatic.
Cardboard paper, 0.2 mm thick for the 10/4 or 10/5 (0.4 mm thick for the 18/11),
was cut and stuck to the faces of the cubes with gaskets on them using a thin layer of
UIHIU superglue. The cardboard paper was trimmed flush with the cube edges using
a razor blade. Like the PTFE tape, the cardboard paper was used to provide
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electrical insulation between the cubes (overview of the two anvil "dressing" types
in figure 2-3 1).

Figure 2- 31: On the left, a tungsten carbide anvil prepared with 2 long and one short
pyrophyllite gaskets around the truncation, and cardboard paper on three faces. On the
right, tungsten carbide anvils covered on three faces with some insulating tape.

The cubes with three short gaskets and two short gaskets were placed opposite
each other with a short gasket on the upper surface of each cube, and fitted together.
Two cubes with the PTFE tape were placed beside these cubes so that the selected
truncations were in the centre and would be applying pressure to the octahedron.
The octahedron was placed onto the truncations and the gaskets marked where
the thermocouple wires crossed them. A groove was filed into each of the gaskets
for the thermocouple wires, allowing the octahedron to sit properly in the gaskets
(figure 2-32).
Gaskets were placed at the outer corners of the cube as spacers and the cubes
with the remaining gaskets placed on top to completely enclose the octahedron. The
remaining two cubes with PTFE tape were fitted on top with the selected truncations
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in the centre to complete the arrangement. The cubes in contact with the Mo ring
and disc were noted.

Figure 2- 32: Assembling the cubes and the pressure cell.

Re-enforced glass fibre epoxy resin sheets were glued to each face of the overall
cube arrangement to keep it fixed once the spacers were removed. Small triangles
were cut out of these sheets to allow space for the thermocouple wires as they exited
the cubes. Two copper foil contacts were fitted into grooves cut in the epoxy sheets
on the two cubes touching the Mo ring and disc. The copper provided the electrical
contact between the outer anvils and the cubes in order to pass the current through
the furnace.
Once the glue had dried, the spacers were removed and the assembly was ready
for the experimental run (figure 2-33).
When handling the cubes, safety glasses were worn as the cubes could
spontaneously shatter as they can store a large amount of the energy supplied to
them when under compression.

Figure 2- 33: Anvil cluster ready to be loaded in the multianvil press.

2.4.1.5 Setting and applying pressure and temperature.

(1) The assembly was placed inside the outer anvils of the press and the
thermocouple wires connected to the corresponding positive and negative wires for
reading the temperature (figure 2-34)

Figure 2- 34: Carbide assembly placed in the lower anvil of the hydraulic press.
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(2) The anvils were driven into the press and the pressure applied according to the
pressure profile input to the press control software. This involved gradually
increasing the pressure to that required, at which point the pressure was held
constant to allow the temperature application to be carried out, followed by
decompression. See an example of a pressure profile for an 18 GPa experiment in
table 2-5.

Equivalent pressure on the

Time (mm)

Press oil pressure (bar)

0

5

0.2

20

10

0.5

240

350

18

120

350

18

1000

0

0

sample (GPa)

Table 2-5: Pressure profile for an 18 GPa experiment on a Sumitomo multianvil apparatus.

Applying temperature involved gradually increasing the current through the
furnace to increase the temperature of the sample. Temperature increase rates were
typically around 100 K per minute. The power and voltage reading should remain
stable while increasing the temperature. In case of significant drop, the temperature
had to be quenched as it meant there was a short so the current was not going
through the furnace but somewhere else. The capsule was consequently not being
heated any longer.
After decompression, the assembly was removed from the press and the cubes
removed to obtain the octahedron.

Ell

(5)

The octahedron was broken down by careful crushing using a hammer and pliers

to break pieces away and retrieve the capsule from inside.

rpi1iBT1T11TI
Figure 2- 35: Octahedron before the pressure is applied on the left and retrieved
octahedron from a 10/5 assembly after an experiment at 18 GPa on the right.

2.4.2 Synthesis of Ge-Sn samples using the multianvil apparatus.

Various pressures from 7 GPa to 24 GPa were used with the multianvil vessel to
synthesize Ge-Sn samples. Different compositions of the starting elements were
used in the capsules and different capsule preparation methods were explored to
maximize strength and prevent leakage. Various temperature regimes were also
explored to promote crystal growth. Temperature quenching was used to try to
recover a metastable structure from the melt at high pressure. The melting curve of
tin extrapolated from experimental data to 5 GPa suggests that tin would melt at
about 1500 K at 24 GPa 40. Germanium similarly by extrapolation would melt at
about 1300 K at 24 GPa 40. Therefore, all runs were heated up to 1500 K to melt the

reactants. Some runs were quenched from those P, T conditions after 10 minutes
heating time. Other runs were cooled down to lower temperature and left there for
various times to anneal Ge-Sn, and then temperature -quenched. Different methods
of preparation were used to contain Ge-Sn starting elements. First, single wrapped
rhenium capsule foil was tried but appeared to be unstable while heating the sample.
Then double wrapped rhenium capsule foil was used but unfortunately did not much
improve the stability. A challenging method was then tried by significantly reducing
the amount of starting material: A 2-hole alumina sheath generally used for the
thermocouples was filled with the Ge-Sn mix and then contained in a single
wrapped molybdenum foil capsule.
A double wrapped rhenium foil capsule was also used but rhenium discs were added
at the top and at the bottom of the capsule to improve the strength of the crimped
ends. Finally a double capsule method was tested: an inner capsule crimped at one
end and with two rhenium disks on top of the packed starting elements. This was
then placed in an outer rhenium foil capsule crimped at both ends. The last two
capsule preparation methods seemed to be the most stable ones.

2.4.2.1 Ge-Sn at 7 GPa and 1500 K (S3400)

An approximate mix consisting of 50 at.% Ge and 50 at. % Sn was contained in a
rhenium double capsule (inner capsule: 1 mm diameter, outer capsule: 1.2 mm
diameter, double capsule final length: 2.1 mm). An 18/11 assembly was prepared for
this run. The pressure was attained after two hours and then the temperature was

raised. This sample was left for 10 minutes at 1500 K and then it was quenched. The
power and voltage reading were stable as was the thermocouple reading during the
entire experiment. The octahedron was recovered after 15 hours decompression and
the capsule labelled S3400 (experiment name) and prepared for characterization.

2.4.2.2 Ge-Sn at 8 GPa and 1500 K and annealed at 820 K (S3620)

An approximate mix consisting of 50 at.% Ge and 50 at. % Sri was contained in a
double wrapped rhenium capsule foil (length: 3.3 mm, diameter: 2.0 mm). Two
rhenium disks were added at the bottom and two more disks at the top of the capsule.
An 18/11 assembly was prepared for this run. Noteworthy is that tin powder was
used in this run instead of tin foil. The pressure was attained after two hours and
then the temperature was raised. This sample was left for 5 minutes at 1500 K and
then cooled down to anneal. The thermocouple was working while raising the
temperature but the reading was lost when cooling down. In this situation, power
was monitored according to previous runs with similar conditions. The temperature
applied was thus not so accurate. The temperature was then cooled down to around
820 K and maintained for one hour before quenching. The octahedron was
recovered after 15 hours decompression, the capsule labelled S3620 and prepared
for characterization.
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2.4.2.3 Ge-Sn at 9 GPa and 1500 K (112139)

An approximate mix consisting of 50 at.% Ge and 50 at. % Sn was contained in a
rhenium double capsule (inner capsule: 1 mm diameter, outer capsule: 1.2 mm
diameter, double capsule final length: 2.1 mm). An 18/11 assembly was prepared for
this run. The pressure was attained after two hours and then the temperature was
raised. This sample was left for 20 minutes at 1500 K and then it was quenched. The
power and voltage readings were stable as was the thermocouple reading during the
entire experiment. The octahedron was recovered after 15 hours decompression, the
capsule labelled H2139 and prepared for characterization.

2.4.2.4 Ge-Sn at 9 GPa and 1500 K and annealed at 1000 K (S3540)

An approximate mix consisting of 50 at.% Ge and 50 at. % Sn was contained in a
double wrapped rhenium capsule foil (length: 3.5 mm, diameter: 2.0 mm). Two
rhenium disks were added at the bottom and two more disks at the top of the capsule.
An 18/11 assembly was prepared for this run. The pressure was attained after two
hours and then the temperature was raised. This sample was left for 5 minutes
around 1500 K and then cooled down to anneal. The thermocouple broke while
pressure was raised so the power was applied following previous runs with similar
experimental conditions in order to attain the right temperature (maximum estimated
error ±50 K). After 10 minutes at 1000 K, the sample was quenched. Power and
voltage readings were stable during this run. The octahedron was recovered after 15
hours decompression, the capsule labelled S3540 and prepared for characterization.

2.4.2.5 Ge-Sn at 10 GPa and 1500 K and annealed at 770 K (S3621)

An approximate mix consisting of 50 at.% Ge and 50 at. % Sn was contained in a
double wrapped rhenium capsule foil (length: 3.2 mm, diameter: 2.0 mm). Two
rhenium disks were added at the bottom and two more disks at the top of the capsule.
An 18/11 assembly was prepared for this run. Noteworthy is that tin powder was
used in this run instead of tin foil. The pressure was attained after three hours and
then the temperature was raised. This sample was left 5 minutes at 1500 K and then
cooled down to anneal. The thermocouple was working while raising the
temperature but the reading was lost when cooling down. In this case, power would
be monitored according to previous run with similar conditions but unfortunately
there was a difference in power applied for the same temperature reading so we
considered that the power would be the same at the same temperature while heating
up or cooling the sample down. The temperature was then cooled down to around
770 K and maintained for one hour before quenching. The octahedron was
recovered after 16.5 hours decompression, the capsule labelled S3621 and prepared
for characterization.

2.4.2.6 Ge-Sn at 14 GPa and 1500 K (H2136)

A 2-hole alumina sheath generally used for thermocouples was filled with an
approximate mix consisting of 50 at.% Ge and 50 at. % Sn. This was then wrapped
with a molybdenum foil crimped at both ends and with an alumina disk and
molybdenum disk at the top and at the bottom inside the molybdenum capsule

(length of alumina sheath: 1.0 mm, diameter: 1.6 mm, molybdenum capsule length:
1.8 mm, diameter: 1.65 mm). A 14/8 assembly was prepared for this run. The
pressure was attained after 2.5 hours and then the temperature was raised. This
sample was left for 10 minutes at 1500 K and then quenched. Power and voltage
were stable and the thermocouple worked properly during the entire experiment. The
octahedron was recovered after 15 hours decompression and the sample labelled
H2136. It was not possible to take the capsule out of the octahedral assembly. One
part of the sample could be removed from the 2-hole alumina sheath so it was kept
for characterization in a dessicator. The other part was polished for SEM
characterization.

2.4.2.7 Ge-Sn at 18 GPa and 1500 K (run 0309- University of Bristol)

An approximate mix consisting of 50 at.% Ge and 50 at. % Sn was contained in a
single wrapped rhenium capsule foil (length: 1.1 mm, diameter: 1.2 mm). A 10/4
assembly was prepared for this experiment. The pressure was attained after 4 hours
and then the temperature was raised. At about 1100 K the thermocouple fluctuated
somewhat but the temperature was still raised gently. Once 1350 K was reached the
thermocouple reading was lost. Power was applied following previous runs done on
this Walker press with similar conditions. Finally the temperature applied to the
sample reached about 1500 K but for only 3 minutes as power and voltage readings
were unstable; the temperature thus had to be quenched. The capsule was recovered
after 18 hours decompression and then prepared for characterization.
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2.4.2.8 Ge-Sn at 18 GPa and 1250 K (H2135)

An approximate mix consisting of 50 at.% Ge and 50 at. % Sn was contained in a
double wrapped rhenium capsule foil (length: 1.9 mm, diameter: 1.7 mm). A 10/5
assembly was prepared for this run. The pressure was attained after 4 hours and then
the temperature was raised. At about 1000 K, the power and voltage reading started
to fluctuate. The temperature was still raised slowly (from 1000 K to 1250 K in
about 7 minutes). At about 1250 K the instability was too significant to carry on, so
the temperature was quenched. The octahedron was recovered after 16.5 hours
decompression, the capsule labelled H2135 and prepared for characterization.

2.4.2.9 Ge-Sn at 18 GPa and 1500 K (112138)

An approximate mix consisting of 50 at.% Ge and 50 at. % Sn was contained in a
double wrapped rhenium capsule foil (length: 1.8 mm, diameter: 1.0 mm). A 10/4
assembly was prepared for this run. The pressure was attained after 3.5 hours and
then the temperature was raised. The temperature shown by the thermocouple was
wrong probably because of a reading at the wrong place in the assembly. Power was
applied following a previous run to reach the right temperature. The sample was left
for 30 minutes at about 1500 K and then the temperature was quenched. The
octahedron was recovered after 16.5 hours decompression, the capsule labelled
H2138 and prepared for characterization.
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2.4.2.10 Ge-Sn at 18 GPa and 1700 K (S3401)

An approximate mix consisting of 50 at.% Ge and 50 at. % Sri was contained in a
rhenium double capsule (inner capsule: 1 mm diameter, outer capsule: 1.2 mm
diameter, double capsule final length: 2.1 mm). Two rhenium disks were added at
the bottom and two more disks at the top of the capsule. A 10/5 assembly was
prepared for this run. The pressure was attained after 3.5 hours and then the
temperature was raised. The thermocouple broke while applying pressure so the
power was monitored from a previous run to apply the correct temperature. The
sample was left at 1700 K for 10 minutes and then it was quenched. The power and
voltage reading were stable during the entire experiment. The octahedron was
recovered after 16.5 hours decompression, the capsule labelled S3401 and prepared
for characterization.

2.4.2.11 Ge-Sn at 24 GPa and 1500 K (S3397)

An approximate mix consisting of 50 at.% Ge and 50 at. % Sn was contained in a
single wrapped rhenium capsule foil (length: 2.1 mm, diameter: 1.2 mm). A 10/4
assembly was prepared for this run. The pressure was attained after 5.5 hours and
then the temperature was raised. At about 1300 K, the thermocouple reading was
lost so the power was applied following a previous run to reach 1500 K. After 5
minutes at about 1500 K, the power and voltage reading became unstable so the
temperature was quenched. The octahedron was recovered after 16.5 hours
decompression, the capsule labelled S3397 and prepared for characterization.

2.4.2.12 Ge-Sn at 24 GPa and 1500 K (112137)

An approximate mix consisting of 50 at.% Ge and 50 at. % Sn was contained in a
double wrapped rhenium capsule foil (length: 1.6 mm, diameter: 1.0 mm). A 10/4
assembly was prepared for this run. The pressure was attained after 4.5 hours and
then the temperature was raised. The thermocouple was broken so the power was
applied following a previous run to reach the right temperature. The sample was left
for 10 minutes at about 1500 K and then the temperature was quenched. Power and
voltage readings were stable during the entire experiment. The octahedron was
recovered after 16.5 hours decompression, the capsule labelled H2137 and prepared
for characterization.

2.4.2.13 Ge-Sn at 24 GPa and 1500 K and annealed at 1000 K (112295)

An approximate mix consisting of 50 at.% Ge and 50 at. % Sn was contained in a
rhenium double capsule (inner capsule: 1.0 mm diameter, outer capsule: 1.2 mm
diameter, double capsule final length: 1.5 mm). A 10/4 assembly was prepared for
this run. The pressure was attained after 4.5 hours and then the temperature was
raised. The thermocouple was broken so the power was applied following a previous
run to reach the right temperature. The sample was left for 5 minutes at about 1500
K and then the temperature was decreased to about 1000 K. The sample was
quenched after 10 minutes at 1000 K. Power and voltage readings were stable during
the entire experiment. The octahedron was recovered after 16.5 hours
decompression, the capsule labelled H2295 and prepared for characterization.

2.4.2.14 Ge-Sn at 24 GPa and 2000 K (112296)

An approximate mix consisting of 50 at.% Ge and 50 at. % Sn was contained in a
rhenium double capsule (inner capsule: 1.0 mm diameter, outer capsule: 1.2 mm
diameter, double capsule final length: 1.5 mm). A 10/4 assembly was prepared for
this run. The pressure was reached after 4.5 hours and then the temperature was
raised. The thermocouple reading was not correct according to the amount of power
used to heat the sample up. After comparison with previous runs, the temperature
was found higher than the temperature read with the thermocouple. At about 2000 K
the voltage and power were unstable so the sample was quenched. The sample was
left for about 3 minutes at between 1900 K and 2000 K. The octahedron was
recovered after 16.5 hours decompression, the capsule labelled H2296 and prepared
for characterization.

2.4.2.15 Ge-Sn at 24 GPa and 1500 K and annealed at 1050 K (112319)

This experiment is similar to the run labelled H2295 but the annealing temperature
was a bit higher (1050 K) and it was held for 5 hours before quenching. The capsule
was labelled H2319 and prepared for characterization.
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2.4.2.16 Ge-Sn at 24 GPa and 1500 K and annealed at 1000 K (S3619)

An approximate mix consisting of 75 at.% Ge and 25 at. % Sn was contained in a
rhenium double capsule (inner capsule: 1.0 mm diameter, outer capsule: 1.2 mm
diameter, double capsule final length: 1.5 mm). Tin was loaded in the capsule as a
powder.
A 10/4 assembly was prepared for this run. The pressure was reached after 4.5
hours and then the temperature was raised. The thermocouple was broken so the
power was applied following a previous run to reach the right temperature. The
sample was left for 5 minutes at about 1500 K and then the temperature was
decreased to about 1000 K. The sample was quenched after 5 hours at 1000 K.
Power and voltage readings were stable during the entire experiment. The
octahedron was recovered after 16.5 hours decompression, the capsule labelled
S3619 and prepared for characterization.

2.4.3 Control experiments at 24 GPa with end members.

2.4.3.1 Ge at 24 GPa and 1500 K (112293)

Germanium powder was contained in a rhenium double capsule (inner capsule: 1.0
mm diameter, outer capsule: 1.2 mm diameter, double capsule final length: 1.5 mm).
A 10/4 assembly was prepared for this run. The pressure was attained after 4.5 hours
and then the temperature was raised. The thermocouple reading was wrong so the
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power was applied following a previous run to reach the right temperature. The
sample was left for 5 minutes at about 1500 K and then the temperature was
quenched. Power and voltage readings were stable during the entire experiment. The
octahedron was recovered after 16.5 hours decompression, the capsule labelled
H2293 and prepared for characterization.

2.4.3.2 Sn at 24 GPa and 1500 K (H2294)

Pure tin from a tin foil was contained in a rhenium double capsule (inner capsule:
1.0 mm diameter, outer capsule: 1.2 mm diameter, double capsule final length: 1.5
mm). A 10/4 assembly was prepared for this run. The pressure was attained after 4.5
hours and then the temperature was raised. The thermocouple was broken so the
power was applied following a previous run to reach the right temperature. The
sample was left for 5 minutes at about 1500 K and then the temperature was
quenched. Power and voltage readings were quite stable during the entire
experiment. A voltage drop was noticeable at around 1300 K but the temperature
held. The octahedron was recovered after 16.5 hours decompression, the capsule
labelled H2294 and prepared for characterization.

All these Ge-Sn multianvil experiments are summarized in table U-i in appendix U.
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2.5 Sample processing for characterization.

In this part, sample processing for different types of characterization is
described. Indeed, the recovered samples vary in size or shape depending on the
vessel with which they were prepared. For instance, high temperature furnace and
piston cylinder syntheses allowed recovery of the reaction product itself without
capsule material. For multianvil experiments it was not possible to remove the
capsule material. The first step generally was to cut the capsule or retrieved sample
in two halves along the vertical axis in order to most effectively monitor thermal
gradient effects on the sample. Then, one half was prepared by grinding/polishing
for SEM investigation and the other half stored in a desiccator for either TEM or
further SEM investigations.

2.5.1 Cutting the retrieved samples with an annular diamond saw.

For the ambient pressure samples (Ge-Sn or Pb-Sn), it was possible to
extract the samples from the capsule. However piston-cylinder recovered capsules
had to be opened first in order to take the sample out. Indeed, the outer capsule wall
was too thick to cut with an annular diamond saw. The outer capsule (Mo or Fe) was
thus ground with a diamond wheel very gently to avoid damage of the sample. Then,
the inner graphite capsule could be ground with clean stainless steel needles to
retrieve the sample.

93

For multianvil capsules, as the rhenium foils were thin as compared to piston
cylinder capsules, the capsule material could be directly cut with a diamond wire
saw (see section 2.5.2) but not all multianvil capsules could be cut with this method
which was only accessible at the Bayerisches Geoinstitut (Germany). Thus, some of
the multianvil capsules were cut with an annular diamond saw.

The annular blade used to cut the samples was 170 micron thick diamond
coated steel (figure 2-36). The diamond grain size was about 40 microns (360 grit).
The blade was circular and tensioned around its circumference in the chuck (I.D: 90
mm, O.D: 173 mm). This facility was accessible in the Thinning Section of the
Grant Institute (University of Edinburgh). The steps followed for cutting samples
were as follows:

Sample fixed on a glass slide
with a resin (crystal bond)

Figure 2- 36: Annular diamond saw 170 microns thick, 360 grit (Malvern Instruments,
Microslice 2, Thinning Section, The Grant Institute, WE).
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A glass slide was initially mounted in the saw and a groove cut in its surface.
The slide was then removed and heated on a hot plate to 400 K in order to raise
it to the flow point temperature of the temporary adhesive. The temporary adhesive
used was Crystalbond 509 (Agar Scientific) since it leaves no residue, making it
suitable for high purity work and does not clog the diamond saw blade as compared
to conventional waxes.
The Crystalbond was pressed onto the glass slide surface to let it liquefy and the
capsule dropped into it and pressed in using tweezers. The central axis of the
capsule was aligned with the groove cut in the glass slide. The slide was allowed to
air cool and the adhesive hardened within a few minutes.
The slide was mounted in the saw and the lubricant flow to the blade started.
Water or oil was used to lubricate the blade, and avoid damage of the diamond
coating. Castrol Ilocut 430 was the oil used which is a highly refined mineral oil, red
in colour, and is non-water absorbant to prevent contamination of the sample. The
oil flow was sufficient to just keep the blade wet and was recycled via a sump and
pump.
A 100 g adjustable counterbalance was used to push the capsule into the blade.
The blade was initially started slowly to create a notch in the capsule and then
increased to 175 rpm. The counterbalance load and blade rotation speed were kept
constant throughout cutting to achieve the best finish on the cut surface thus
reducing the amount of polishing required.
Once the capsule had been cut all the way through, the glass slide was removed
from the saw (figure 2-37). Acetone was applied to the adhesive to dissolve it and
the two half pieces of the capsule recovered. The two pieces were soaked in acetone
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for 30 minutes to remove all oil and adhesive. One half of the capsule was to be
polished while the other was kept in storage as back-up in the event of problems at
the polishing or analysis stage of the other capsule half. The unpolished half also
served as a possible control for any effect of the polishing itself.

fit.
,

\
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-
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Figure 2- 37: Overview of a multianvil capsule mounted on a glass slide with Crystalbond
509 resin after cutting with the annular diamond saw. The narrow parallel lines are
scratches from the diamond blade.

2.5.2 Cutting multianvil recovered capsules with a diamond wire saw.

A more precise method for cutting multianvil capsules is with a diamond
wire saw. As capsules are usually of order I mm in size, the thickness of the annular
saw was quite significant. In order to minimize sample loss during the cutting
process, an 80 micron diamond wire saw was used in the Bayerisches Geoinstitut
(Germany), after synthesis (Well model 4240). If this was not done, they were cut
with the annular diamond described before.
The steps for cutting the capsules were the following:
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Super glue was placed on the diamond saw sample holder and then the capsule
was set in the glue.
After a few minutes drying, the sample holder was placed on the diamond wire
saw apparatus. Using an optical microscope, the wire was moved in order to cut
the capsule in the middle, along the vertical axis (figure 2-38).
The lubricant used was water. The diamond wire saw rotation was started and
brought very slowly towards the capsule. A small tension was applied to avoid
too much friction between the wire and the capsule. Water was added regularly
to lubricate the wire.
Every 10 minutes, the diamond wire saw was moved forward in order to keep
the tension and carry on with the cutting.
After about 30 minutes, the capsule was cut through, so the diamond wire
rotation was stopped and the sample holder removed.
The two capsule halves were retrieved from the holder and the super glue
removed with a clean scalpel blade.

(a)

(b)

Figure 2- 38: Sample holder view with an optical microscope (a) and an overview of a
capsule being cut with an 80 micron diamond saw (Well model 4240).
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2.5.3 Grinding/polishing process of the samples.

After the samples or capsules were cut, the crossing-sectional surface was
polished for characterization. Care was required here also in the sample processing
to avoid contamination of the sample. Several polishing processes were thus
employed, with or without water as lubricant.

The polishing process without water was then followed:

The cut surface of the capsule was placed face down on the bottom of a one inch
inner diameter Teflon holder. The bottom of this holder was removable. The
diameter of the holder matched that required for the polishing equipment.
36 % of hardener to 100 % of resin were used to make an epoxy resin mix. This
was poured into the holder on top of the capsule to a depth of 5-10 mm; sufficient
for the SEM.
Upon mixing the resin, air was stirred into it which could have contaminated the
capsule contents. The capsule and resin in the holder were placed into a vacuum
desiccator which was pumped down to 0.93 atm to remove the air. The vacuum
pump was stopped at this pressure to prevent the resin from boiling. The desiccator
was left at this pressure for 5 minutes to let the air bubbles out from the resin.
The capsule in the holder was inspected under the microscope to ensure the cut
surface remained face down. If not, a small needle was used to flip the capsule to the
correct position while the resin was still liquid.

The resin was left at room temperature to harden in the holder several hours
(usually overnight), or for an hour on a hot plate at around 350 K, depending on
timescale. Once hardened and cooled the holder bottom was removed and the resin
disc containing the sample popped out. The face of the resin not holding the capsule
(rear face) was not flat and so was cut using a water cooled saw. A flat rear face was
required so the sample would sit flat on the SEM stub. It was possible to use water at
this stage because the capsule was still covered by epoxy resin.
Grinding was required to expose the capsule surface before polishing. Some
cutting oil was squirted onto 800 grit (-10-11 im grain size) silicon carbide paper
and the sample worked around on this in a circular motion by hand. The sample was
periodically checked under the microscope to determine if the capsule surface was
exposed and the grinding continued until this was the case.
The same procedure was carried out on 2500 grit (-3 tm grain size) silicon
carbide paper. This was a "pre-polish" whose purpose was to remove the large
scratches from the grinding rather than removing material as in the grinding stage.
The sample was then loaded into the polishing equipment (Buehler Metasery
2000). The cloth used for polishing was a general purpose non-woven textile
(Kemet PSU-M). The samples were pressed into the cloth by spring loaded 0.5 kg
rods used for each sample. A standard lubricant (Buehler Metadifluid) was applied
throughout polishing at a rate of about imi/min to prevent the cloth from getting too
hot.
The first polishing stage was done with 6 micron diamond solution (Buehler
Metadi Supreme) which was applied to the polishing cloth (Kemet PSU-M). This
polishing stage was carried out at 100 rpm for 10 minutes.

(10) Two further polishing stages were carried out with 3 micron and 1 micron
diamond solutions (DP suspension, Struers or Buehler Metadi Supreme). The same
duration and speed were used as in (9). For each diamond solution a separate
polishing cloth (Kemet PSU-M) was used and the samples cleaned using petroleum
spirit between stages. These measures were taken to prevent carry over of different
grades of diamond solution between polishing stages. Petroleum spirit was used
instead of acetone for cleaning, as the latter can soften the epoxy in the presence of
the lubricating oil. Between each polishing stage, the sample was examined under
the microscope to ensure that the polishing was satisfactory.

The polishing process using water was as follows:

The first steps from (1) to (8) are identical to the previous polishing process. The last
stages are:
The first polishing stage was done with 8 micron diamond paste (Buehler
Ultraprep) with lapping oil lubricant (Buehler automet) on a standard polishing cloth
(Kemet PSU-M). This polishing stage was carried out at 100 rpm for 10 minutes.
Then, the sample is polished for 10 minutes with alumina powder ultrafine,
0.3 micron (Peter Walters UK Ltd) on the same type of polishing cloth as before
with an aqueous lubricant.
Finally, the sample is polished with colloidal silica solution (with sodium
hydroxide, pH= 9.5), 0.02 micron sphere diameter (Mastermet 2, Buehler) on
Neoprene clothe (Chemomet, Buehler) for 6 minutes. The colloidal silica solution is
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poured on the polishing cloth with a molecular dispensing system (Primet 3000,
Buehler).

This polishing process allows better quality polishing but this is not suitable for
water sensitive samples as the colloidal suspension and alumina solution contain
water.

2.6 Characterization tools: Presentation and method.

In this section, the characterization tools used are presented: SEM, FEGSEM with EDX for composition analysis and TEM for higher resolution analysis
and added, seminal structural characterization. To these are added, focused ion beam
(FIB) for TEM section preparation and scanning white light interferometry (SWLI)
for quality assessment of polishing, particularly with regards height variations.

2.6.1 SEM principle and sample preparation.

2.6.1.1 Background.

The objective of a microscope, at its simplest, is to observe features that are
beyond the resolution of the human eye (approximately 100 tm). An optical
microscope does this directly since the eyes use visible light wavelengths. Reflected
or transmitted light from the sample enters the eye after passing through a
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magnification column. One can typically resolve approximately 5 jtm features with a
120 X long working distance optical microscope. A near field optical microscope can
resolve features down to about 1 tm (1400 X).
SEM provides magnification of images of up to 300000X by using electrons
rather than light to form an image (the wavelength of electrons not being nearly so
limiting as that of visible light and in the SEM, the electron beam being under
vacuum limits its scattering). Just as the optical microscope uses lenses to bend the
light waves and adjust for focus, the SEM uses electromagnets to bend an electron
beam used to produce an image on a screen. The use of electromagnets also allows
more control over the degree of magnification, thus providing greater clarity in the
image produced (section 2.6.1.3).
The image of the sample surface produced is very similar to what one would
expect if one could see the surface visually. Unlike the optical microscope, the SEM
also provides information concerning the composition near the surface of the
material.
However, the sample requirements of the SEM are more stringent than those
of an optical microscope: the sample has to be vacuum compatible and must be either
conducting or coated with a thin layer of conducting material.

2.6.1.2 Operating principles.

In the SEM (schematic diagram shown in figure 2-39), the image is formed
and presented by a very fine electron beam, which is focused (in vacuum) by two
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successive condenser lenses into a beam with a fine spot size (-4-100 nm, depending
on the instrument). The electron beam is generated by thermionic emission from a
heated filament in vacuum: tungsten or lanthanum hexaboride (LaB6 ). Both have
high melting points and high electrical conductivities with LaB6 additionally having
a lower work function. The beam then passes through the objective lens where pairs
of scanning coils deflect the beam over the sample surface in a series of lines and
frames called a raster. The scanning process is similar to the much weaker electron
beam in an ordinary television.

Electron gun
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Figure 2- 39: Schematic diagram of the SEM.
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As the electrons from the incident electron beam penetrate the surface of the
sample, a number of interactions occur that can result in the emission of electrons,
photons and X-rays from (or through) the surface. A reasonable fraction of the
electrons emitted are collected by appropriate detectors, and the output is used to
modulate the brightness of the cathode ray tube whose x- and y- inputs are driven in
synchrony with the x-y voltages restoring the electron beam. This allows an image to
be produced on the cathode ray tube (every point that the beam strikes on the sample
is mapped directly onto a corresponding point on the screen). The incident electrons
are inelastically scattered by atoms in the sample. Through these scattering events,
the incident electrons effectively spread and fill a 'pear shaped' volume extending
about 1 pm beneath the surface. Interactions in this region lead to the subsequent
emission of electrons and photons which are detected to produce images and a
spectrum of the elements present (figure 2-40).
Primary electrons
X-Rays

Light

Backscattered electrons

Secondary electrons

Auger electrons

—1pm
Specimen

Heat
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Figure 2- 40: Interactions between the electron beam and the specimen.
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Although there are many signals generated when the incident electron beam
penetrates the surface, the signals of main interest are secondary electrons,
backscattered electrons and X-rays.

In simplified terms, the image formed from the detection of secondary
electrons provides topographical information and the image formed from the
detection of backscattered electrons provides chemical information. On this latter
point, the variation in the image contrast is based on the atomic number of the
element present: the higher the atomic number, the brighter the contrast and the
lower the atomic number, the darker the contrast.

The EDX spectrum from a SEM analysis of a sample is generated from the xrays detected. The spectrum is a plot of the number of counts detected against
energy. The beam electron can interact with a tightly bound inner-shell electron,
ejecting the electron and leaving a vacancy in that shell, and the atom in an excited
state. The atom relaxes to its ground state through a limited set of allowed transitions
of outer-shell electrons to fill the inner-shell vacancy. The energies of the electron
shells are sharply defined, with the values characteristic of atomic species. The
energy differences of the transitions are therefore also characteristic values. The
energy of the X-rays produced will be characteristic of atomic species. There may be
multiple characteristic X-rays for certain atomic species depending on the number of
transitions that take place to refill the inner shell.
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2.6.1.3 Characteristics of the SEM used for the investigations.

A Philips XL30 CP SEM was accessible from the Edinburgh Materials and
Micro Analysis Centre (EMMAC), the Grant Institute, UoE. It was equipped with an
energy dispersive X-ray analyser (Oxford Instruments EDX-detector- SiLi crystal)
and PGT spirit analysis software for chemical analysis. The stated image resolution
of the microscope is 3.5 nm at 30 kV using the secondary electron detector 79. From
our experience, at best 100 nm image resolution was attainable in backscatter
electron mode (BSE) at 20 W. The backscatter detector allows imaging of the
specimen with a mean atomic number difference of >0.1. The resolution of images
in BSE mode is less than in secondary electron (SE) mode. Most of the
investigations were done in backscatter electron mode to observe chemical contrast
on the images. The electron beam acceleration voltage used was 20 kV or 10 kV to
minimize bulb effects and enhance lighter element detection. The acquisition time
for EDX analysis was typically 60 seconds. The PGT spirit EDX analysis system
allows qualitative and semi-quantitative analysis as well as X-ray imaging of
samples. The energy dispersive X-ray detector (SiLi crystal) can detect elements
heavier than and including carbon

79

.

The minimal energy difference between two

peaks on a spectrum which can be resolved is 127 eV with this type of detector

8O

For semi-quantitative analysis, standards were used as far as possible to improve the
results. An estimated spatial resolution for EDX measurements would be about 0.5
Jtm3 assuming the volume emitting X-rays to be a sphere with 0.5 gm radius (this
volume actually is "pear" shaped as shown in figure 2-40).
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2.6.1.4 SEM sample preparation.

An important characteristic of SEM is that the samples have to be either
conductive materials or coated with a conductive layer. For our purpose, Ge-Sn
alloys which are theoretically predicted to be semiconducting alloys, the decision
was taken to coat polished samples with a thin carbon layer (few nanometers). If
needed, this layer is easily removed with clean tissue soaked with petroleum spirit.
The carbon layer improves the quality of the image by increasing the electrical
conductivity of the sample surface. Once the coating was ready, the sample was
placed on a carbon tape stuck on the SEM sample holder. Additional carbon paint
was applied between the coated surface and the SEM holder in order to enhance
good electrical contact. This is done to avoid any accumulation of electrons at the
sample surface which induces charging effects and consequently white lines
appearing on the SEM image.

2.6.1.5 Highest SEM resolution: FEG-SEM.

When higher SEM resolution was required, the investigations were carried
out with a FEG-SEM, accessible in the School of Biological Sciences (UoE)

81 The

model used was Hitachi S-4700 type II cold FEG SEM equipped with an EDAX
Phoenix X-ray microanalysis system for elemental analysis (SiLi crystal detector),
and a Yttrium-Aluminium-Garnet (YAG) scintillator BSE detector

82, The stated

image resolution for this FEG-SEM is 1.5 nm at 15 kV in SE mode and 3.0 nm at 15
kV in BSE mode 83 From our experience at best 30 nm image resolution was
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attainable in BSE mode at 20 kV. The minimal energy difference between two peaks
on a spectrum which can be resolved is 127 eV with this type of EDX detector. An
estimated spatial resolution for EDX measurements would be about 0.02 tm3
assuming the volume emitting X-Rays to be a sphere with 0.160 j.tm radius (this
volume has "pear" shaped as shown before in figure 2-40).

Fine tungsten tip

Figure 2- 41: FEG tungsten tip used to generate the electron beam.

The higher resolution in a FEG-SEM stems mainly from the much finer
tipped electron source as compared to that employed in a common SEM. Indeed, the
resolution depends on the size of the electron spot which is correlated with the
brightness of the beam. In the particular field emission gun, the electrons are
extracted from a very fine tungsten tip with only few atoms at the end (by means of
a high electric field gradient) (see FEG tip in figure 2-41). The size of the electron
beam is very fine and consequently of high electron density (high brightness)

84 The

tungsten tip, typically prepared by electrochemical etching, is very sharp so it is very
sensitive to contamination that is why ultra high vacuum is required in the electron
gun: 10 9 Ton instead of 10 5 Ton in SEM using a tungsten filament 84

.

2.6.2 TEM principle and sample preparation

This technique is the highest resolution characterization tool used for the
investigations. The stated image resolution for the TEM used (see the TEM
characteristics in part 2.5.2.2) is 0.19 nm at 300 kV

85 In our investigations, the

image resolution attainable was about 1.5 nm at 300 W. The spatial resolution
stated for EDX measurements is 10 gm

86

In microdiffraction mode, the

resolution for the distances observed between atomic planes in the patterns was
about 0.05 A.
In this part, the operating principles of the TEM are presented and the sample
preparation, which is not trivial, as only thin samples can be investigated with TEM
(electron transparency is needed). An additional technique was used for thinning
samples, FIB, which is implemented here for analysis of targeted regions of the
reaction products from high pressure-high temperature experiments.

2.6.2.1 TEM operating principle.

TEM analyzes information from a thin sample by collecting the transmitted
electrons from an incident beam. The spatial variation of this information (the
"image") is then magnified by a series of magnetic lenses until it is recorded by
hitting a fluorescent screen, photographic plate, or light sensitive sensor such as a
CCD (charge-coupled device) camera (see schematic view of TEM in figure 2-42).
The TEM involves a high voltage electron beam which is emitted by a
thermionic or field emission source, similar to a SEM. Magnetic lenses are used to
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focus the electron beam onto the sample. The resolution in TEM is much higher than
SEM because of the higher acceleration voltage and also because the sample volume
investigated is very small (only very thin samples are electron transparent). As there
are several electromagnetic lenses in the apparatus, there are aberrations which limit
its performance 80

Several operating modes allow the user to collect information from the
sample. One is the imaging mode where very high resolution can be obtained from
diffracted or transmitted electrons. The bright field mode (BF) is the imaging mode
where the transmitted electrons are collected to create the image. In this mode, the
dark regions on the image reveal areas where not many electrons were transmitted,
thus the electron beam was diffracted. On the contrary, bright regions on the image
reveal areas where most electrons from the incident beam were transmitted so no
diffraction occurred. There is another imaging mode called dark field (DF) imaging,
where the diffracted electrons are collected to form the image. Here the bright
regions on the image reveal areas from the sample where diffraction occurs. Dark
regions exhibit areas from the sample where incident electrons were not diffracted.

In diffraction mode, the user obtains electron diffraction patterns from the
sample which gives access to the crystallographic structure. There are different
diffraction configurations. In selected area electron diffraction (SAED) mode, the
diffracted electrons are collected from an area of about 0.4 j.im diameter when using
a 10 pm hole aperture 80. If there are large single crystals in the sample (larger than
the selected area), the diffraction pattern will be spotty. But in the event of small
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crystals, the SAED mode collects electrons from multiply oriented grains so the
diffraction pattern exhibits continuous uniform rings.

Electron gun

—
Condenser tenses

X-Ray detector
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-
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-
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Figure 2-42: Schematic diagram of a TEM

80,87

In order to study very small areas of the sample, microdiffraction is used by
focusing the beam and decreasing aperture diameter. The diffraction patterns
obtained are usually composed of discs. In our investigations, microdiffraction
patterns were in fact spot patterns because of the presence of a diaphragm in the
apparatus reducing the size of the discs to spots on the screen which improved the
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quality of the measurements. The images and diffraction patterns were recorded with
a digital camera, connected to a computer.
The distances between spots or rings on the diffraction patterns are
dependent on the distances between reflecting planes of atoms from the sample
(figure 2-43).

Incident beam

rZ
rn

Diffraction spots

Figure 2- 43: Relationship between the distance observed between the spots on the
diffraction pattern (R), the camera length (L) and the d-spacing (d) of the planes of atoms in
the sample

80

From figure 2-43, the relation below is observed:

L

= tan 2O 20
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From the Bragg equation, the relation becomes:
Rxd=2xL
where XL is the camera constant (X: wavelength of the electron beam), R is the
distance measured on the diffraction pattern and d is the distance between parallel
atom planes (hkl) from the sample

'°

Using further crystallographic relations allow evaluation of crystal lattice parameters.
The procedure is identical for the SAED patterns analysis.

In addition to imaging and diffraction, there is also the facility of
investigating the sample chemistry by collecting X-rays with a detector similar to
that in a SEM. The improvement of the results is significant in a TEM as the X-rays
are coming from a much thinner volume compare to the bulk sample in a SEM.

2.6.2.2 Characteristics of the TEM used for the investigations

88,89

The TEM investigations have been carried out with a Philips CM30 at the
Laboratoire de Metallurgie Physique et Genie des Maténaux, University of Lille
(France) 88 This TEM was equipped with a LaB6 filament, a Gatan SS CCD camera
and with Digital Micrograph software for acquisition of electron diffraction patterns
and bright-field images, and with an EDX detector for chemical analysis. Electron
diffraction and bright-field images were obtained using 300 kV acceleration voltage.
Microdiffraction and SAED patterns were collected from the samples. SAED was
used for collecting ring patterns from the polycrystalline matrix. Microdiffraction
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was used for obtaining zone-axis diffraction spot patterns from individual grains.
The appropriate spot sizes used for the samples was found to be spot size 9 (- 18 nm)
for the TEM Philips CM30 in order to avoid beam heating (see in appendix L for the
effects of beam heating on a FIB sample). All the microdiffraction patterns were
interpreted using the program Electron Diffraction (version 7.01

89

Additional chemical microanalysis was carried out using the EDX detector in spot,
line scan or mapping mode in Scanning Transmission Electron Microscope (STEM)
r

IV
T

i

2.6.2.3 TEM sample preparation.

Sample nano-processing with FIB technique

The measurements were performed at FBI Laboratories in Bristol (UK)

90 with a

FEI FIB 200 TEM model in order to prepare TEM thin samples. The main purpose
for using the FIB technique is to be able to investigate independently with TEM, the
Ge-rich and Sn-rich regions observed in most of the samples. Thus the samples
processed with FIB were selected according to the FEG-SEM images: Samples
S3397 and H2139 were chosen because larger apparently homogeneous areas
containing both Ge and Sn were observed in those samples (see in chapter 3). Thus,
the first step is to localize an area on the surface of the sample where both typical
regions are observed (figure 2-44). Then a film of platinum (1-2 urn) was deposited
on the surface to protect the sample from the Ga ion beam. Once the site was ready
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for milling, trenches were milled parallel to each side of the Pt protective film

91

(figure 2-45).
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section from the sample
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with both regions (Ge-rich
and Sn-rich).

Figure 2- 44: FIB image of the area where a sample section was cut (January 2004).

Pt protective film (1-2 pm)
Thin section 80-100 nm thick

5-6 pm

15-18 pm

Figure 2- 45: Schematic cross-sectional view of a FIB milled sample.
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Once the area was selected, two crosses were drawn on the sample at the extremities
of the section to be cut and the Pt protective layer deposited on the sample surface
selected. Then the sample was excavated by bombardment with Ga ions.
Progressively the section was thinned (see the section in thinning process in figures
2-46 and 2-47). In the end, the section was detached from the bulk by cutting very
carefully with the ion beam starting from the bottom of the hole towards the surface
at both extremities (low current beam was employed to avoid destruction of the
section). The section was not completely detached at one extremity to maintain it in
place and move it from the FIB apparatus to the optical microscope where it was
loaded onto a copper grid (figure 2-48).

:)(

Protective Pt layer
Thin section

Figure 2- 46: Overview of the section after thinning with Ga ions and before cutting from
the bulk at the extremities.
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Figure 2- 47: Overview of the section before cutting (rotated to observe the depth of the
hole after Ga bombardment).

Figure 2- 48: Overview of the section at the end of the thinning process (on the left) and
after detaching one side of the foil to load afterwards onto a copper grid (on the right). The
final thickness of the section was about 80 nm.
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When the thin foil was about 300 nm thick, FIB cuts were made at the base and
sides to partially detach the foil from the bulk sample. The final steps were
performed at low beam current in order to achieve the final thickness (80-100 nm).
In the final stages, the foil was floating free in the milled trench. The sample was
then removed from the FIB apparatus and placed under an optical microscope with
long working distance objectives lenses and a micromanipulator. A glass needle
attached to the micromanipulator was used to remove the thin foil from the bulk
sample. While viewing the area with the microscope, the tip of the needle was
positioned over the foil and carefully lowered to contact it. Electrostatic forces
attracted the foil to the tip of the needle which was then raised from the sample
surface. The microscope stage was then moved to bring a TEM grid into view. The
glass needle with the film was then lowered to the grid with the micromanipulator
and the thin foil dropped onto the carbon film from the TEM grid because the
electrostatic force between the thin foil and the glass needle is lower than the
electrostatic force between the thin foil and the carbon film 91. The grid was placed
in a holder and stored in a vacuum desiccator (overview of vacuum desiccator in
appendix S).

. Powder sample from the bulk.

Even though FIB sections were thin, thinner samples were sometimes required to
ensure higher structural and chemically uniformity of sampling (see chapter 3). In
this case, some reaction product from the unpolished half capsule was dispersed
onto a thin carbon film of a three millimetre diameter copper grid (Agar scientific),
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400 mesh (about 37 jm box size). Sometimes the polished half capsule was required
to pinpoint and select product from a specific desired area. In order to avoid taking
rhenium from the capsule, fine particles from the bulk were taken with a tungsten
carbide needle (10 jm tip, Agar Scientific) while viewing with an optical
microscope (long working distance, 126 X total magnification Olympus microscope
SZ series), (figure 2-49). While viewing with the microscope, the particles were
placed on a TEM copper grid (labelled or non-labelled). A droplet of absolute
methanol (99.9+ %) was applied with a clean syringe, to disperse the fine particles
on the carbon film.

Iq
"00~

37 pm

(C)
Figure 2- 49: The main steps for loading a TEM grid from a polished sample. A fine
tungsten carbide needle (A) was used to scratch the polished sample surface and take fine
particles from the bulk (B). The fine particles are dispersed on a TEM copper grid using a
solvent (C).
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This operation was repeated several times in order to place a significant amount of
product in the grid. The TEM grid was then placed in a box which is stored in a
vacuum desiccator (appendix S).

2.6.3 Scanning white light interferometry (SWLI).

This technique is used for high-precision surface structure analysis 92 . In order to
compare and choose the appropriate polishing process, SWLI was used to
investigate the roughness/ height profile of two samples which were polished using
two different processes. The interferometer used for the characterization was New
View 100 (Zygo Corporation).
The apparatus creates a 3D image of a surface. An incandescent lamp illuminates an
interferometric microscope objective via a beam-splitter prism

92 This objective has

a beam splitting element that transmits one portion of the beam to a reference mirror
and the other beam to the sample surface (figure 2-50).
The two beams reflected from object and reference are recombined and projected
onto a CCD video camera, which generates a signal proportional to the resultant
beam intensity produced by the interference effect

92 The objective lens focuses the

image of the sample surface onto the sensing element of the camera, so that each
pixel in the digital image corresponds to a point of the surface. The objective is held
in place by a piezo-electric that is capable of vertical scans. Interferograms are
acquired while scanning the surface and after computer processing, a 3D map of the
sample surface is obtained.
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Figure 2- 50: Simplified view of a scanning white light interferometer
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Chapter 3: Results

In this chapter the results of the sample investigations with SEM, FEG-SEM
and TEM are presented, starting with ambient pressure experiments and proceeding
to the highest pressure ones. SEM imaging in BSE mode using 20 kV acceleration
voltage (10 kV for some EDX measurements) coupled with EDX analysis provided
the first results on morphology, particle size, chemical composition and distribution
of the samples. Further analyses were carried out with FEG-SEM and TEM for
several samples in order to obtain high resolution structural, chemical analysis and
morphological information. Also, analysis of two different polishing processes using
SWLI is presented. A SEM overview of the polished half-capsule is shown for each
sample and then higher magnification images of the different regions observed in the
sample are depicted. The EDX spectra from the different chemical contrasts
observed and also the semi-quantitative results (whenever semi-quantitative analyses
• were carried out) are presented for each sample.
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3.1 Ambient pressure experiments on Ge-Sn and Pb-Sn.

3.1.1 Ge-Sn samples
The SEM results carried out on capsule 1 (experimental conditions in chapter 2,
section 2.2. 1) are presented in Appendix F.

3.1.1.1 Capsule 2 (1 atm and 1500 K for 120 minutes and quenched).

The SEM analysis shows two main regions in the sample, namely a dark and a
bright region (figure 3-1 and 3-2).

Figure 3- 1: Overview of the polished cross section of the Ge-Sn sample (capsule 2) with
SEM in BSE mode.

123

Figure 3- 2: Higher resolution SEM image in BSE mode showing spots where EDX
analyses were performed.

EDX spot analyses performed on the two distinct areas exhibit a very Ge rich area in
the dark contrast regions and a very Sn rich area in the bright regions (figure 3-3 and
3-4).

Energy (KeV)

Figure 3- 3: EDX spectrum from spot analysis 2 in the dark region in figure 3-2.
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Figure 3- 4: EDX spectrum from spot analysis 1 in the bright region in figure 3-2.

Using Ge and Sn standards (see appendix G), semi-quantitative analyses were
performed at several spots in the dark and bright regions. These reveal that the dark
contrast regions contain on average 98.6 at % Ge and 1.4 at % Sn and the bright
regions contain on average about 4.7 at % Ge and 95.3 at % Sn (table 3-1).

Dark area (spot 2)

Bright area (spot 1)
Ge (at %) (±3%)

Sn (at %) (±3%)

Ge (at %) (±3%)

Sn (at %) (±3%)

6.2

93.8

98.7

1.3

5.6

94.4

99.1

0.9

2.2

97.8

98.6

1.4

-

97.9

2.1

95.3

98.6

1.4

-

4.7

Table 3- 1: Semi-quantitative results from analyses carried out in the bright and dark areas.
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3.1.1.2 SWLI results: sample polishing evaluation.

Those measurements with SWLI were performed to investigate different ways of
polishing the samples for SEM characterization because SWLI provides a 3D
mapping of the polished surface. One half of capsule 2 with the Ge-Sn sample was
polished with colloidal silica solution (syton). The second half capsule from this
sample was polished with alumina particles (see the polishing section in chapter 2).
After syton polishing, there is a significant height difference between the germanium
rich and the tin rich areas: the Ge rich areas are about 1 tm higher than the Sn rich
areas (figure 3-5). The second polishing with alumina particles does not exhibit this
accentuated height difference between the two areas: at most 0.5 pm height
differences are observed (figure 3-6).
The polishing quality was better with the polishing method employing syton, but the
height difference obtained was about twice that of the other polishing method. The
Ge rich phase was higher than the Sn rich phase after polishing. At ambient pressure
the large well separated individual areas of Ge and Sn made this height difference
less problematic for characterization. At higher pressures where the various regions
were much more intimately mixed, these height differences could represent a barrier
for accurate analysis of the lower lying phase. For this reason, the colloidal silica
solution (syton) was not employed for polishing.
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+0.93746
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1 -1.81462

Figure 3- 5: 3-D map of the Ge-Sn surface polished with syton obtained with SW LL The red
coloured regions correspond to the very Ge rich regions and the yellow coloured ones
correspond to the very Sn rich regions.

+1,02511

PM

-0.84092

Figure 3- 6: 3-D map of Ge-Sn polished with alumina particles obtained with SWLI. The
dark red coloured regions correspond to the very Ge rich regions and the light red-orange
coloured regions correspond to the very Sn rich regions. The blue, green and yellow regions
are from the epoxy resin in which the sample is embedded.
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3.1.2 Pb-Sn at 623 K for 120 minutes.

SEM images in BSE mode show two regions namely bright and dark ones (figure
3-7). Higher magnification shows the two main regions to exhibit a "bubble" like
morphology (figure 3-8). EDX analyses were performed to characterize those two
regions. The dark region is found to be Sn rich and the bright region Pb rich (figure
3-9, 3-10 and 3-11). Semi-quantitative results using EDX are presented in table 3-2.
The average composition of the Pb rich area is 89.9 at % Pb and 10.1 at % Sn and
the Sn rich region has an average composition of 7.7 at % Pb and 92.3 at % Sn.
The atomic ratio Pb/Sn observed in the semi-quantitative analyses from areas with
similar contrast varied significantly depending on where the analysis was carried out.
Indeed EDX analyses from spots 2 and 3, in figure 3-9, give different compositions
even though the contrast observed is similar. Spot 2 gives an approximate
composition of 91.0 at % Pb and 9.0 at % Sn as compared to 57.0 at % Pb and 43.0
at % Sn for spot 3 analyses. This difference in composition is also observed in the
Sn-rich areas (spot 1 and 4 in figure 3-9). Spot 1 analysis exhibits 96.6 at % Sn and
3.4 at % Ge while spot 4 analysis shows 72.4 at % Sn and 27.6 at % Pb.
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Epoxy resin

Figure 3- 7: Overview of the polished half capsule Pb-Sn sample with SEM in BSE mode.
The bright contrast regions exhibit a dendritic structure.

Figure 3- 8: SEM image in BSE mode showing the morphology and chemical distribution
within the Pb-Sn sample. The dark and bright regions are not well separated. The average
composition of the dark contrast region was 92.3 at % Sn and 7.7 at % Pb. The average
composition of the bright contrast region was 89.9 at % Pb and 10.1 at % Sn.
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Figure 3- 9: SEM image in BSE mode showing 4 spots where EDX analyses were
performed. Spot 1 analysis gave a composition of 3.4 % at Pb and 96.6 at % Sn whereas
spot 4 analysis gave 27.6 at % Pb and 72.6 at % Sn. Spot 2 analysis gave 91.0 at % Pb and
9.0 at % Sn whereas spot 3 analysis gave 57.0 at % Pb and 43.0 at % Sn.

Energy (Key)

Figure 3- 10: EDX spectrum from spot analysis 1 in the dark region.
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Figure 3- 11: EDX spectrum from spot analysis 2 in the bright region.

Bright area

Dark area
Pb (at %) (±3%)

Sn (at %) (±3%)

Pb (at %) (±3%)

Sn (at %) (±3%)

91.0

9.0

27.6

72.4

57.0

43.0

3.3

96.7

97.1

2.9

4.0

96.0

97.4

2.6

3.4

96.6

95.1

4.9

3.3

96.7

96.8

3.2

4.7

95.3

94.6

5.4

-

-

89.9

10.1

7.7

92.3

Table 3- 2: Semi-quantitative analysis carried out in the bright and dark areas at different
locations along the sample.
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3.2

Piston-cylinder high pressure experiments.

The results from the first experiments (runs ED650 and ED654) where the capsule
material was also investigated are shown in appendix F. The last experiment
(labelled ED666) is presented here.

3.2.1 Run ED 666 (3 GPa and 1500 K for 5 min and quenched)

The recovered sample was polished and carbon coated for the SEM measurement.
BSE images showed dark and bright regions (figure 3-12). EDX analyses were
performed in order to identify the two regions (figure 3-13). EDX spectra revealed
that the dark regions were Ge rich and the bright regions were Sn rich (figure 3-14
and 3-15). Using pure Sn and pure Ge standards, semi-quantitative analyses were
performed at different sample locations to obtain an approximate composition for
both regions. The composition found on average in the Ge rich region was Ge: 97,5
at% and Sn: 2.5 at% and for the Sn rich region it was found to be Sn: 95.8 at% and
Ge 4.2 at% (table 3-3).
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Epoxy resin

Figure 3- 12: Overview of the sample with SEM in BSE imaging mode

I

5 p

Figure 3- 13: Higher magnification SEM image in BSE mode of the dark and bright regions
with 2 spots pinpointed where EDX analyses were performed.
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Figure 3-14: EDX analysis from the dark area (spot 1).

Se

C
0

0

Energy (Key)

Figure 3- 15: EDX analysis from the bright area (spot 2).
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Bright area (spot 2)

Dark area (spot 1)
Ge (at %) (±3%)

Sn (at %) (±3%)

Ge (at %) (±3%)

Sn (at %) (±3%)

98.3

1.7

3.8

96.2

96.6

3.4

3.1

96.9

98.2

1.8

4.8

95.2

96.8

3.2

5.0

95.0

97.5

2.5

4.2

95.8

Table 3- 3: Semi-quantitative analysis carried out in the bright and dark areas in different
locations along the sample.

3.3

Multianvil press experiments.

3.3.1 Run S3400 (7 GPa- 1500 K and quenched)

The capsule was cut, polished and carbon coated for SEM investigations. BSE
images showed two main regions of dark and bright contrast inside the capsule at
low magnification (figure 3-16). The rhenium capsule foil is easily noticed on the
SEM image and we also observed an intermediate layer inside the capsule between
the foil and the capsule interior. This layer has been observed in virtually all high
pressure syntheses employing rhenium foil and germanium in the reactant mix. At
higher magnification, two contrasts were actually observed within the bright regions:
a brighter thin area encircling a darker region (figure 3-17 and 3-18). There was no
contrast difference observed in the dark areas. EDX analyses were performed in
several places to identify the chemistry of the different contrasts (figures 3-19, 3-20
and 3-21). Spot 1 analysis in the darker contrast exhibited an average composition of
98.4 at% Ge and 1.6 at% Sn. The average composition at the centre of the bright
area (spot 2) was found to be 27.5 at% Ge and 72.5 at% Sn. Finally, the outside part
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of the bright areas with brightest contrast (spot 3) showed an average composition of
13.8 at% Ge and 86.2 at% Sn (table 3-4).

Epoxy resin

Rhenium cap

Figure 3- 16: Overview of the sample S3400 with SEM in BSE imaging mode. The darkest
contrast on the left and right side of the capsule is the epoxy resin. The brightest is the
rhenium capsule foil.

Figure 3- 17: Higher magnification SEM image in BSE mode showing the dark and bright
regions. There is a difference of contrast within the bright regions, the contrast being
brighter at the periphery and darker in the centre. The 3 different spots show where the EDX
analyses were performed.
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Figure 3- 18: High resolution SEM image of the bright region in BSE mode. A brighter
contrast is observed at the periphery of this area. The small dark regions are holes,
scratches or particles coming from the polishing process.
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Figure 3-19: EDX analysis from the dark area (spot I in figure 3-17).
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Figure 3-20: EDX analysis at the centre of the bright area (spot 2 in figure 3-17).
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Figure 3- 21: EDX analysis at the periphery of the bright area (spot 3 in figure 3-17).

Dark area (spot 1)

Bright area centre (spot 2)

Bright area periphery (spot 3)

Ge (at %)

Sn (at %)

Ge (at %)

Sn (at %)

Ge (at %)

Sn (at %)

(±3%)

(±3%)

(±3%)

(±3%)

(±3%)

(±3%)

97.7

2.3

23.9

76.1

11.0

89.0

99.0

1.0

28.7

71.3

16.5

83.5

-

29.8

70.2

-

-

1.6

27.5

72.5

13.8

86.2

-

98.4

Table 3- 4: Semi-quantitative results from analyses carried out in different contrast areas at
several locations along the sample.
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3.3.2 Run S3620 (8 GPa-1500 K- annealed at 820 K for lh and quenched)

SEM images in BSE mode revealed clearly two main areas separated by a sharp
boundary inside the rhenium capsule (figure 3-22 and 3-23). At higher magnification,
the area on the right of the boundary exhibited two contrasts: dark contrast regions
with different sizes and shapes and bright regions around the dark contrast regions
(figure 3-24 and 3-25). A wide range of different shapes is observed in the dark
contrast areas. These ranged from large regions with sharp edges to very small
bubble shaped regions. Several intermediate geometries were also observed:
dendrites or agglomerates of bubbles were found at the periphery of larger dark
contrast regions (figure 3-24) apparently capturing the evolution from small
crystallite to large crystal via intermediate dendrite structures. Still, further large
dark contrast regions were found which were separated from further bubbles with
the same dark contrast by bright contrast regions (figure 3-25). EDX analyses were
performed to characterize the dark and bright contrast regions observed on the right
of the sharp boundary. Ge and Sn standards were used for semi-quantitative
measurements. The EDX spectra from the dark region (spot 1 in figure 3-25)
exhibited a very strong peak of Ge and a very weak peak of Sn (figure 3-26). The
average composition found for the Ge rich region is 98.6 at. % Ge and 1.4 at % Sn
(table 3-5). The EDX spectra from the bright area exhibited very strong Sn peaks
and a very weak Ge peak (figure 3-27). The average composition in this Sn rich
region was 95.0 at % Sn and 5.0 at % Ge (see the details in table 3-5).
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Sharp boundary

Rhenium capsule

Epoxy resin

Figure 3- 22: Overview of sample S3620 with SEM in BSE imaging mode. Two main
regions separated by a sharp boundary are observed in the capsule. The outer and very
dark contrast is the epoxy resin and the brightest contrast is the rhenium capsule foil. Small
parts of the rhenium foil are also observed inside the capsule.

Figure 3- 23: Higher magnification view of the sharp boundary separating the two main
areas in the capsule.

140

''

•

-

r(

-

.p

•'"

P••

\

_•-...

L-

--

,

-.

,•

j.'.t
..,-

-I
:

'.

Figure 3- 24: SEM overview in BSE mode of a region on the right of the sharp boundary.
This image may capture the evolution of crystal formation via an intermediate dendritic
architecture. The very bright contrast region at the bottom right corner is part of the rhenium
capsule foil.
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Figure 3- 25: SEM image in BSE mode showing 2 spots were EDX analyses were carried
out to identify the two different contrast regions.
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Figure 3- 26: EDX spectrum from spot 1 in the dark contrast area.
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Figure 3- 27: EDX spectrum from spot 2 in the bright contrast area.
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Bright area (spot 2)

Dark area (spot 1)
Ge (at %) (±3%)

Sn (at %) (±3%)

Ge (at %) (±3%)

Sn (at %) (±3%)

98.6

1.4

6.5

93.5

99.2

0.8

2.3

97.7

98.5

1.5

4.1

95.9

98.1

1.9

7.2

92.8

98.6

1.4

5.0

95.0

Table 3- 5: Semi-quantitative results from analyses carried out in bright and dark regions at
the right of the boundary.

The region on the left part of the sharp boundary also exhibited two regions of
different contrast (figure 3-23), namely bright contrast regions which looked similar
to the bright contrast regions observed on the right of the boundary and dark contrast
regions which were not as dark as the ones observed on the right of the boundary
(figure 3-28). The bright regions had a bubble shape whereas the dark contrast
region was present as a matrix surrounding the bright bubbles. EDX spectra were
carried out to chemically identify these regions. An EDX spectrum acquired from
spot 3 revealed a strong Sn peak and a small Ge peak (figure 3-29). Semiquantitative analysis from this dark contrast region revealed a composition of 75.4
at % Sn and 24.6 at % Ge (table 3-6). An EDX spectrum from a bright bubble region
(spot 4) exhibited a very strong Sn peak and very Ge weak (figure 3-30). Semiquantitative analyses carried out in similar contrast areas revealed an average
composition of 93.8 at % Sn and 6.2 at % Ge (table 3-6).
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Figure 3- 28: SEM image in BSE mode of the region on the left of the boundary. Bright
contrast bubbles have similar contrast to the bright contrast in the region on the right of the
boundary. Dark contrast regions appear less dark than the dark area on the right of the
boundary. EDX analyses were performed on spots 3 and 4 for characterization of the two
regions.
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Figure 3- 29: EDX spectrum from spot 3 analysis in the dark region on the left part of the
boundary.
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Figure 3- 30: EDX spectrum from spot 4 analysis in the dark area from the left part of the
boundary.

Bright area (spot 4)

Dark area (spot 3)
Ge (at %) (±3%)

Sn (at %) (±3%)

Ge (at %) (±3%)

Sn (at %) (±3%)

24.6

75.4

5.6

94.4

-

-

6.7

93.3

24.6

75.4

6.2

93.8

Table 3- 6: Semi-quantitative results from analyses carried out in bright and dark regions on
the left of the boundary.
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3.3.3 Run H2139 (9 GPa- 1500 K and quenched)

The sample was cut, polished and carbon coated for the SEM measurements. There
was no clear difference of contrast inside the capsule at low magnification except for
the intermediate contrast layer just close to the rhenium capsule foil (figure 3-31). At
higher magnification, there were three regions of different contrast observed inside
the capsule. The brightest contrast regions had needle shaped form and were
randomly dispersed in the capsule (figure 3-32). The two other regions of different
contrast observed are intimately mixed. These are a dark contrast region sometimes
exhibiting bubble shape and bright contrast regions, with no clearly defined shapes
(figure 3-33). The intermediate contrast layer observed exhibited an agglomerate of
smaller regions with sharp edges (figure 3-32).

Rhenium capsule

Intermediate contrast
layer

Epoxy resin

Figure 3- 31: Overview of the sample H2139 with SEM in BSE mode. The brightest contrast
region is the rhenium capsule foil and the darkest is the epoxy resin. Intermediate contrast is
observed inside the capsule, just between the foil and the centre of the capsule.
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Figure 3- 32: SEM image in BSE mode showing the different contrasts observed in the
capsule. Randomly dispersed bright needles coexist with less bright and dark contrasts
which are intimately mixed. On the left, the intermediate layer morphology is observed next
to the capsule foil.

Figure 3- 33: SEM image in BSE mode at high magnification showing the bright and dark
main contrast regions in the capsule. At the very bottom part of the image a brighter contrast
needle is observed. EDX analyses were performed at the location of the spots.
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EDX analyses were performed in the bright and dark areas to identify these regions
as well as in the brighter contrast needle shaped regions (figure 3-33). The EDX
spectrum from spot 1 in the dark area exhibits an intense Ge peak and smaller Sn
peaks (figure 3-34). The EDX spectrum from spot 2 in the bright area exhibits both
Sn and Ge intense peaks (figure 3-35). Finally an EDX spectrum acquired from spot
3 in a bright contrast needle shaped region exhibits the presence of Ge, Sn and Re
(figure 3-36). Semi-quantitative analyses were also carried out to obtain an average
composition from the bright and dark area (table 3-7). The composition of the dark
area was found to be approximately 70.8 at% Ge and 29.2 at% Sn whereas the bright
area was found to be about 57.7 at% Ge and 42.3 at% Sn. The semi-quantitative
analysis from the bright contrast needle shape gave about 54.8 at% Ge, 23.4 at% Sn
and 21.8 at% Re.
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Figure 3- 34: EDX spectrum from spot 1 analysis in the dark area.
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Figure 3- 35: EDX analysis from spot 2 analysis in the bright area.
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Figure 3- 36: EDX spectrum from spot 3 analysis in the brighter contrast with a needle
shape. Semi-quantitative results gave an approximate composition of 54.8 at% Ge, 23.4
at% Sn and 21.8 at% Re.
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Bright area (spot 2)

Dark area (spot 1)
Ge (at %) (±3%)

Sn (at %) (±3%)

Ge (at %) (±3%)

Sn (at %) (±3%)

70.0

30.0

59.3

40.7

73.1

26.9

59.9

40.1

69.4

30.6

57.0

43.0

-

54.5

45.5

29.2

57.7

42.3

-

70.8

Table 3- 7: Semi-quantitative analysis results carried out in several locations from the dark
and bright areas.

3.3.4 Run S3540 (9GPa- 1500 K- annealed at 1000 K for 10 min and
quenched)

SEM images in BSE mode at low magnification revealed the presence of a main
bulk region in the capsule, darker regions in the four corners of the capsule cross
section, a few randomly dispersed bright contrast regions and an intermediate
contrast between the capsule foil and the capsule bulk (figure 3-37).

Darker contrast at the
corners
Epoxy resin
Main contrast
Intermediate contrast layer
Bright contrast areas

Figure 3- 37: SEM image in BSE mode showing an overview of the S3540 sample.
Different contrasts are observed in the cross section.
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At higher magnification the main bulk region in the capsule exhibits bright and dark
contrast regions (figure 3-38). EDX analyses revealed that the dark contrast regions
are Ge rich (spot 1 in figure 3-38, figure 3-39) and the bright contrast is Sn rich (spot
2 in figure 3-38, figure 3-40). Semi-quantitative measurements using Ge and Sn
standards showed the dark contrast area (spot 1) to have an average composition of
83.9 at % Ge and 16.1 at % Sn. Semi-quantitative analyses from several bright
contrast area (spot 2) exhibited an average composition of 71.6 at % Ge and 28.4 at
% Sn (see the details in table 3-8).

Figure 3- 38: SEM image in BSE mode showing the main area from the sample overview:
dark and bright contrasts are revealed at higher magnification. Two labelled spots show the
location where EDX analyses were performed.
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Figure 3- 39: EDX spectrum from analysis in the dark area (spot 1).
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Figure 3-40: EDX spectrum from analysis in the bright area (spot 2).
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Bright area (spot 2)

Dark area (spot 1)
Ge (at %) (±3%)

Sn (at %) (±3%)

Ge (at %) (±3%)

Sn (at %) (±3%)

82.2

17.8

75.1

24.9

84.4

15.6

71.0

29.0

80.9

19.1

61.9

38.1

85.7

14.3

76.5

23.5

81.2

18.8

72.7

27.3

85.9

14.1

70.5

29.5

85.7

14.3

73.6

26.4

85.3

14.7

-

-

85.3

16.1

71.6

28.4

Table 3- 8: Semi-quantitative results from analyses carried out in the dark areas (similar to
spot 1) and the bright areas (similar to spot 2) in the centre of the capsule.

The corners of the capsule were also investigated at higher magnification. Large
dark contrast regions with cracks were observed in each corner together with smaller
bright contrast regions (figure 3-41). At higher magnification, it was observed that
the bright areas from the corners exhibited an even brighter contrast close to the dark
contrast regions (figure 3-42). It was also observed that the boundary between
corners and the centre of the capsule were very sharp and that the difference
between the bright and dark contrasts in the corners was more pronounced than the
difference in the dark and bright contrasts in the centre (figure 3-46). EDX analyses
and semi-quantitative measurements were performed in the different contrast
regions (see the location and spectra in figures 3-42, 3-43, 3-44 and 3-45). It was
found that the composition of very dark contrast regions (spot 3) was 99.1 at % Ge
and 0.9 at % Sn. The bright area (spot 4) composition was 60.6 at % Sn and 39.4
at% Ge whereas the very bright contrast regions (spot 5) were richer in Sn with 69.3
at % Sn and 30.7 at % Ge (see details in table 3-9).
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Figure 3- 41: Overview of a capsule corner in BSE mode. Very dark contrast and very
bright contrast regions were observed.

Figure 3- 42: BSE image at higher magnification of the contrasts observed in the corners of
the capsule. The spots show the locations of EDX analyses.
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Figure 3- 43: EDX spectrum from analysis in the dark region (spot 3).
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Figure 3- 44: EDX spectrum from analysis in the bright region (spot 4).
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Figure 3- 45: EDX spectrum from analysis in the very bright region (spot 5).

Dark area (spot 3)

Bright area (spot 4)

Brightest area (spot 5)

Ge (at %)

Sn (at %)

Ge (at %)

Sn (at %)

Ge (at %)

Sn (at %)

(±3%)

(±3%)

(±3%)

(±3%)

(±3%)

(±3%)

98.9

1.1

38.8

61.2

30.7

69.3

99.2

0.8

40.1

59.93

-

-

98.4

1.6

39.4

60.6

30.7

69.3

Table 3- 9: Semi-quantitative results from analyses carried out in the dark areas (similar to
spot 3) and the bright areas (similar to spot 4 and 5) in the corners of the capsule.
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Figure 3- 46: High magnification SEM image in BSE mode showing the boundary between
the contrast regions observed in the corners of the capsule and the main contrast region in
the centre.

A particular feature was observed in the capsule where a bright layer encapsulated a
darker uniform contrast region (figure 3-47). EDX analyses were performed in this
region. The EDX measurements revealed the presence of Ge and Re in the bright
contrast layer and a composition of 80.9 at % Ge and 19.1 at % Sri in the darker
contrast region (figure 3-48 and 3-49).

Figure 3- 47: SEM image in BSE mode of a particular dark contrast area encapsulated in a
bright contrast frame. Two spots show the location of EDX measurements.
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Figure 3- 48: EDX spectrum from the bright contrast layer (spot 6). Ge and Re are
detected.
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Figure 3- 49: EDX spectrum from the dark contrast encapsulated region (spot 7).
Semi-quantitative results gave an average composition of 80.9 at % Ge and 19.1 at % Sn.
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3.3.5 Run S3621 (10 GPa- 1500 K- annealed at 770 K for lb and
quenched)

SEM images in BSE mode at low magnification revealed the presence of a main
dark contrast region in the capsule with a few bright contrast regions randomly
dispersed in this main region. A bright contrast region was observed at one corner of
the capsule, delimited by a sharp boundary to the main dark contrast in the capsule
(figure 3-50 and 3-51). Because the capsule broke during the processing stage, the
half capsule prepared for SEM investigation was composed of two parts. The very
dark contrast between those two parts was epoxy resin (figure 3-50). At higher
magnification two contrasts were observed in the corner part of the capsule which
appeared bright on the overview image (figure 3-50 and 3-51).

Epoxy resin
Main dark contrast area

Bright contrast area at the
corner

Figure 3- 50: SEM overview of the sample S3621 in BSE mode.
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Epoxy resin

Main dark contrast area

Bright contrast area
at the corner

Figure 3- 51: SEM overview in BSE mode of one part of the capsule where the regions with
different contrast were separated by a sharp boundary. A thin somewhat brighter contrast is
also observed adjacent to the main dark contrast region.

EDX analyses were performed in the dark and bright regions from the corner part of
the capsule and semi-quantitative measurements gave a composition of 39.1 at % Ge
and 60.9 at % Sn in the bright areas and 81.1 at % Ge and 18.9 at % Sn in the dark
areas (see EDX analysis locations in figure 3-52, and EDX spectra and semiquantitative details in figures 3-54, 3-55 and table 3-10). The main contrast region
was examined at higher magnification as well. There was no apparent contrast
difference in this region but the presence of many cracks (figure 3-56). EDX
analysis performed in this region revealed that it was a Ge rich area (figure 3-57).
Semi-quantitative results in this region exhibited an average composition of
87.6 at % Ge and 12.4 at % Sn, with slightly different compositions within this main
region (table 3-10).
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Figure 3- 52: SEM image in BSE mode at higher magnification from the corner part of the
capsule. Spots show the location of EDX measurements.

Figure 3- 53: SEM image in BSE mode of the boundary between the main contrast region
observed in the capsule (on the left) and the corner part (on the right).
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Figure 3- 54: EDX spectrum from the bright contrast region in the corner of the capsule
(spot 1).
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Figure 3- 55: EDX spectrum from the dark contrast area in the corner of the capsule
(spot 2).
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Figure 3- 56: SEM image in BSE mode of the main contrast region. Many cracks were
observed in this area.

0

0

Energy (Key)

Figure 3- 57: EDX spectrum from the main contrast region in the capsule.
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Bright area corner (spot 1)

Dark area corner (spot 2)

Main contrast area

Ge (at %)

Sn (at %)

Ge (at %)

Sn (at %)

Ge (at %)

Sn (at %)

(±3%)

(±3%)

(±3%)

(±3%)

(±3%)

(±3%)

43.6

56.4

83.2

16.8

87.0

13.0

39.8

60.2

79.3

20.7

86.6

13.4

37.0

63.0

80.9

19.1

86.8

13.2

36.1

63.9

-

-

86.0

14.0

-

-

-

-

87.5

12.5

-

-

-

-

86.5

13.5

-

-

-

-

86.5

13.5

-

-

-

-

90.1

9.9

-

-

-

-

90.0

10.0

-

-

-

-

89.4

10.6

-

-

-

-

86.8

13.2

-

-

-

-

87.8

12.2

-

-

-

-

87.7

12.3

39.1

60.9

81.1

18.9

87.6

12.4

Table 3- 10: Semi-quantitative results from analyses carried out in the bright and dark
contrast regions in the capsule corner and in several locations in the main contrast area.

3.3.6 Run 112136 (14 GPa- 1500K and quenched)

The recovered sample investigated with SEM in BSE mode was of smaller size due
to the different set up used in this experiment (see in chapter 2, section 2.4.2.6).
SEM images revealed two different contrast regions at low magnification (figure
3-58). Dark contrast, as well as bright contrast regions were observed at higher
magnification (figure 3-59). It was noticed that the bright and dark contrast regions
were small (figure 3-60). Larger dark contrast areas with a bubble shape were also
found which were bracketed by thin brighter strips (figure 3-60). EDX analyses
were performed in the two different contrast areas (see spectra in figure 3-61 and
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3-62). Semi-quantitative analyses results gave an average composition of 44.2 at %
Ge and 55.8 at % Sn in the bright contrast regions and 49.3 at % Ge and 50.7 at %
Sn in the dark contrast regions (table 3-11).

Epoxy resin

Figure 3- 58: SEM overview of sample H2136 in BSE mode.

Figure 3- 59: SEM overview of the bright and dark contrast features in BSE mode.
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Figure 3- 60: High magnification SEM image of the dark contrast bubble regions and the
bright contrast strips. The spots show the EDX analyses locations.
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Figure 3- 61: EDX spectrum from the analysis in the dark contrast region (spot 1).
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Figure 3- 62: EDX spectrum from the analysis in the bright contrast region (spot 2)

Dark contrast area (spot 1)

Bright contrast area (spot 2)

Ge (at %) (±3%)

Sn (at %) (±3%)

Ge (at %) (±3%)

Sn (at %) (±3%)

42.8

57.2

42.7

57.3

56.2

43.8

49.7

50.3

43.0

57.0

40.3

59.7

53.2

46.8

-

-

51.1

48.9

-

-

49.3

50.7

44.2

55.8

Table 3- 11: Semi-quantitative analyses results from the bright and dark contrast area
acquired at different locations with similar contrasts marked by spot 1 and spot 2 in figure
3-60.
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3.3.7 Run 0309 (18 GPa- 1500 K and quenched)

The SEM investigations in this run exhibited two regions of different contrast in the
capsule (figure 3-63 and 3-64). The dark contrast regions, spot 1 in figure 3-64, were
found to be Ge rich with EDX analyses (figure 3-65) and the bright contrast regions,
spot 2 in figure 3-64, were found to be Sn rich (figure 3-66). The semi-quantitative
results revealed an average composition of 63.6 at % Ge and 36.4 at % Sn in the
dark contrast regions and 31.6 at % Ge and 68.4 at % Sn in the bright contrast
regions (table 3-12).

Epoxy resin

Re capsule

Figure 3- 63: SEM overview of sample 0309 in BSE mode. The sample exhibits bright and
dark contrast regions.
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1

Figure 3- 64: SEM image in BSE mode at higher magnification revealing the bright and dark
contrast regions. EDX analyses were performed where the spots are shown.
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Figure 3- 65: EDX spectrum from the analysis in the dark contrast area (spot 1).
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Figure 3- 66: EDX spectrum from the analysis in the bright contrast area (spot 2).

Dark contrast area (spot 1)

Bright contrast area (spot 2)

Ge (at %) (±3%)

Sn (at %) (±3%)

Ge (at %) (±3%)

Sn (at %) (±3%)

62.6

37.4

32.7

67.3

63.7

36.3

31.7

68.3

64.6

35.4

30.4

69.6

63.6

36.4

31.6

68.4

Table 3- 12: Semi-quantitative analyses results carried out in the dark and bright regions
(spot 1 and 2 respectively).

3.3.8 Run S3397 (24 GPa- 1500 K and quenched)

The SEM images in BSE mode exhibited no pronounced contrast difference inside
the Re capsule at low magnification (figure 3-67). At higher magnification, small
bright and dark contrast areas were revealed (figure 3-68 and 3-69). EDX analyses
were performed in the dark contrast region (spot 1 in figure 3-69) and both Ge and
Sn were identified (figure 3-70). The bright contrast regions (spot 2 in figure 3-69)
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also contain both elements but with a higher amount of Sn (figure 3-71). Semiquantitative analyses results gave an approximate composition of 67.0 at % Ge and
33.0 at % Sn in the dark contrast regions and 51.1 at % Ge and 48.9 at % Sn in the
bright contrast regions (table 3-13).

Epoxy resin

Re capsule

Figure 3- 67: SEM overview of sample S3397 in BSE mode.

Figure 3- 68: SEM image in BSE mode at higher magnification revealing small bright and
dark contrast regions.
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Figure 3- 69: SEM image in BSE mode of the dark and bright contrast regions at high
magnification. EDX analyses were performed at the pinpointed spot locations.
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Figure 3- 70: EDX spectrum from the analysis in the dark contrast region (spot 1).
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Figure 3- 71: EDX spectrum from the analysis in the bright contrast region (spot 2).

Dark contrast area (spot 1)

Bright contrast area (spot 2)

Ge (at %) (±3%)

Sn (at %) (±3%)

Ge (at %) (±3%)

Sn (at %) (±3%)

60.1

39.9

50.5

49.5

63.2

38.8

49.7

50.3

72.3

27.7

53.0

47.0

67.5

32.5

-

-

67.5

32.5

-

-

71.3

28,7

-

-

67.0

33.0

51.1

48.9

Table 3- 13: Semi-quantitative analyses results carried out in the dark contrast (spot 1) and
the bright contrast regions (spot 2).

3.3.9 Run H2295 (24 GPa- 1500 K- annealed at 1000 K for 10 min and
quenched)

The SEM images in BSE mode exhibited at low magnification, an intermediate
bright contrast layer close to the Re capsule foil and the presence of bright and dark
contrast regions elsewhere (figure 3-72). The bright and dark contrast regions were
also observed at higher magnification (figure 3-73 and 3-74). EDX analyses
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revealed that these dark (spot 1 in figure 3-74) and bright contrast (spot 2 in figure
3-74) regions contained both Ge and Sn (figure 3-75 and 3-76). The dark contrast
areas were found to be Ge-rich and the bright contrast regions, Sn-rich. Semiquantitative results gave an average composition of 55.6 at % Ge and 44.4 at % Sn
in the dark contrast regions and 29.6 at % Ge and 70.4 at % Sn in the bright contrast
regions (table 3-14).

Intermediate layer

Epoxy resin

Rhenium capsule

Figure 3- 72: SEM overview of sample H2295 in BSE mode.
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Figure 3- 75: EDX spectrum from the analysis in the dark contrast region (spot 1).
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Figure 3- 76: EDX spectrum from the analysis in the bright contrast region (spot 2).
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Dark contrast area (spot 1)

Bright contrast area (spot 2)

Ge (at %) (±3%)

Sn (at %) (±3%)

Ge (at %) (±3%)

Sn (at %) (±3%)

54.3

45.7

26.9

73.1

54.0

46.0

36.0

64.0

52.1

47.9

28.0

72.0

58.2

41.8

26.8

73.2

56.5

43.5

30.4

69.6

57.9

42.1

28.4

71.6

56.1

43.9

31.2

68.8

-

28.8

71.2

44.4

29.6

70.4

-

55.6

Table 3- 14: Semi-quantitative results from analyses carried out in the dark and the bright
contrast region (spot 1 and spot 2 respectively).

3.3.10 Run H2319 (24 GPa- 1500 K- annealed at 1050 K for 5 h and
quenched)

The SEM images in BSE mode at low magnification revealed the presence of dark
and brighter contrast regions as well as large intermediate bright needle shaped
regions (figure 3-77). The large bright contrast needles were analysed with EDX and
were found to be composed of Ge and Re (see EDX spectrum in appendix F, figure
F-15). The other bright and dark contrast regions were examined at higher
magnification (figure 3-78) and EDX analyses were performed at different locations
to chemically identify both areas. The dark contrast region (spot 1 in figure 3-79)
was analysed with EDX and both Ge and Sn were detected but with a higher Ge
content (figure 3-80). The bright contrast region contains both Ge and Sn but with a
higher Sn content (figure 3-81). The semi-quantitative analyses results gave an
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average composition of 65.1 at % Ge and 34.9 at % Sn in the dark contrast regions
and 47.8 at % Ge and 52.2 at % Sn in the bright contrast regions (table 3-15).

Epoxy resin

Figure 3- 77: SEM overview of sample H2319 in BSE mode.

Figure 3- 78: SEM image in BSE mode of the bright and dark contrast regions at higher
magnification.
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Figure 3-79: SEM image in BSE mode of the dark and bright contrast regions. EDX
analyses were performed at the pinpointed spot locations.
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Figure 3- 80: EDX spectrum from the analysis in the dark contrast area (spot 1).
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Figure 3- 81: EDX spectrum from the analysis in the bright contrast area (spot 2).

Dark contrast area (spot 1)

Bright contrast area (spot 2)

Ge (at %) (±3%)

Sn (at %) (±3%)

Ge (at %) (±3%)

Sn (at %) (±3%)

64.9

35.1

47.6

52.4

65.2

34.8

48.1

51.9

65.1

34.9

47.8

52.2

Table 3-15: Semi-quantitative results from analyses carried out in the dark contrast (spot 1)
and the bright contrast regions (spot 2).

3.3.11 Run S3619 (24 GPa- 1500 K- annealed at 1000 K for 5h and
quenched)

The SEM images in BSE mode at low magnification revealed the presence of a large
dark contrast region as well as a large intermediate bright contrast layer near the Re
capsule foil as well as smaller size needle shaped features inside the capsule (figure
3-82). The large intermediate bright contrast layer was analysed with EDX and
found to be composed of Ge and Re (see EDX spectrum in appendix F, figure F-15).
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The large dark contrast area was observed at higher magnification (figure 3-83).
Some bright contrast regions were localised in this dark contrast region and EDX
analyses were performed at different locations to identify both regions. The dark
contrast region (spot 1 in figure 3-84) was analysed with EDX and both Ge and Sn
were detected with slightly more Sn (figure 3-85). The bright contrast regions (spot
2 in figure 3-84) contain both Ge and Sn as well but with significantly more Sn
(figure 3-86). The semi-quantitative analyses results gave an average composition of
44.9 at % Ge and 55.1 at % Sn in the dark contrast regions and 24.8 at % Ge and
75.2 at % Sn in the bright contrast regions (table 3-16).

Epoxy resin

Rhenium capsule

Figure 3- 82: SEM overview of sample S3619 in BSE mode.
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Figure 3- 83: SEM image in BSE mode of a large dark contrast region (where no small
bright regions were observed).

Figure 3- 84: SEM image at high magnification in BSE mode of the small bright contrast
regions observed in the large dark contrast region. EDX analyses were performed at the
pinpointed spot locations.
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Figure 3- 85: EDX spectrum from the analysis in the dark contrast region (spot 1).
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Figure 3- 86: EDX spectrum from the analysis in the bright contrast region (spot 2).
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Epoxy resin

Figure 3-87: SEM overview of sample H2293 in BSE mode.

Figure 3- 88: SEM image at high magnification in BSE mode of the dark contrast region.
EDX analyses were performed to identify the dark contrast region (spot 1). The small bright
contrast regions observed contain both Ge and Re.
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Figure 3- 89: EDX spectrum from the analysis in the dark contrast region (spot 1).

3.3.13 Run H2294 pure Sn (24 GPa- 1500 K and quenched)

The SEM images in BSE mode exhibited at low magnification a large dark contrast
region and randomly dispersed very dark contrast regions (figure 3-90). The very
dark contrast regions were identified as pure carbon coming from the diamond
polishing process. The dark contrast region was identified as pure Sri (figure 3-91
and figure 3-92).

Rhenium capsule

Epoxy resin

Figure 3- 90: SEM overview of sample H2294 in BSE mode.

10.

Figure 3- 91: SEM image at high magnification in BSE mode of the dark contrast region.
EDX analyses were performed to identify the dark contrast region (spot 1). The small bright
contrast areas observed were identified as pure Re.
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Figure 3-92: EDX spectrum from the analysis in the dark contrast region (spot 1).
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Multianvil press sample investigations with FEG-SEM 81

3.4.1 Run S3400 (7 GPa- 1500 K and quenched)

The FEG-SEM was used in BSE mode to examine the samples with higher spatial
resolution than with the normal SEM. A very Ge rich region observed with SEM in
figure 3-17 (spot 1) is shown in figure 3-93. EDX measurement was carried out at
the location of spot 1 (figure 3-93). The semi-quantitative analysis from this region
gave a composition of 98.5 at % Ge and 1.5 at % Sri.

Figure 3- 93: FEG-SEM image in BSE mode of the very Ge rich region. EDX was
performed at the pinpointed spot location.
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Figure 3- 94: EDX spectrum from spot 1 analysis.

The bright Sn dominant regions corresponding to those observed with SEM in figure
3-17 (spot 2) were also examined. The intermediate bright contrast contains very
bright contrast features as well (figure 3-95). The very bright contrast regions (spot 2
in figure 3-95) exhibited very small dark contrast spots. The intermediate bright
contrast (spot 3 in figure 3-95) also contained small dark contrast areas. EDX
analyses were performed in those two regions (figure 3-96 and 3-97). The
composition determined was 91.9 at % Sn and 8.1 at % Ge for the very bright
contrast region (spot 2) and 72.1 at % Sn and 27.9 at % Ge for the intermediate
bright contrast region (spot 3).
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Figure 3- 95: FEG-SEM image in BSE mode of the very bright region (spot 2) and the
intermediate bright region (spot 3). EDX analyses were performed at the pinpointed spot
locations.
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Figure 3- 96: EDX spectrum from the analysis of the very bright contrast region (spot 2).The
unlabelled peak at the lowest energy is a Sn M-line.
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Figure 3- 97: EDX spectrum from the analysis of the intermediate bright contrast region
(spot 3). The unlabelled peak at the lowest energy is a Sn M-line.

3.4.2 Run H2139 (9 GPa- 1500 K and quenched)

The FEG-SEM images in BSE mode revealed that the bright contrast regions
observed with SEM in figure 3-33 (spot 2) also contain small dark contrast regions
(see the dark contrast areas around the bright contrast area marked by spot 2 in
figure 3-98). The dark contrast regions observed with FEG-SEM were considerably
larger than the bright contrast regions (see the dark contrast region marked by spot 1
in figure 3-98). EDX analyses were performed in the two regions at the pinpointed
spot locations (figure 3-99 and 3-100). The composition was 67.6 at % Ge and 32.4
at % Sn for the dark contrast region (spot 1) and 59.8 at % Sn and 40.2 at % Ge for
the bright contrast region.
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Figure 3- 98: FEG-SEM image in BSE mode of the dark contrast (spot 1) and bright
contrast region (spot 2).
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Figure 3- 99: EDX spectrum from the analysis of the dark contrast region (spot 1).
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Figure 3- 100: EDX spectrum from the analysis of the bright contrast region (spot 2). The
unlabelled peak at the lowest energy is a Sn M-line.

3.4.3 Run H2136 (14 GPa-1500 K and quenched)

The FEG-SEM images in BSE mode exhibited more details of the dark contrast
areas observed with SEM in figure 3-60 (spot 1). These dark contrast regions
contained very small bright contrast areas (figure 3-101). EDX analyses were
performed in the dark and bright contrast areas (see locations in figure 3-101). The
analyses were carried out at 10 kV to excite smaller volumes of the sample in order
to minimize the effects of compositional difference caused by greater depths (figure
3-102 and 3-103). A Sn M-line was observed in the spectra as was an 0-peak in
both regions, which is more intense in the bright contrast areas (see the shoulder on
the right of Sn M-line in figure 3-103). The composition was 77.8 at % Ge and 22.2
at % Sn for the dark contrast region (spot 1) and 64.3 at % Sn and 35.7 at % Ge for
the bright contrast region (spot 2).
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Figure 3- 101: FEG-SEM image in BSE mode of the dark contrast (spot 1) and bright
contrast regions (spot 2). Smaller bright contrast areas were observed in the dark contrast
region. EDX analyses were performed at the spot locations.
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Figure 3- 102: EDX spectrum from analysis of the dark contrast region (spot 1).
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Figure 3- 103: EDX spectrum from analysis of the bright contrast region (spot 2). The
shoulder observed on the right of the Sn M-line is an 0 peak.

3.4.4 Run 0309 (18 GPa- 1500 K and quenched)

The FEG-SEM images in BSE mode from the dark and bright contrast regions
observed with SEM in figure 3-64, exhibited the presence of small bright contrast
areas in the dark contrast regions and also the presence of small dark contrast areas
in the bright contrast regions (figure 3-104). EDX analyses were performed in the
dark contrast region (spot 1 in figure 3-104), in the small bright contrast areas
observed in the dark contrast region (spot 2) and in the bright contrast region (spot
3). The analyses were carried out at 10 kV to minimize the volume investigated. The
EDX spectrum from the dark contrast region exhibited a dominant Ge peak and a
small Sn peak (figure 3-105). A low intensity peak of oxygen was also present in
this spectrum. The EDX spectrum from the small bright area observed in the dark
contrast region exhibits an intense Ge peak and a relatively strong Sn peak (figure 3-
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106). The presence of a small oxygen peak was also observed in this spectrum on
the right of the Sn M-line peak. The EDX spectrum from the bright contrast region
exhibited an intense Sn peak and a relatively strong Ge peak. The Sn M-line was
clearly observed at low energy and a smaller oxygen peak was also present in this
spectrum (figure 3-107). No semi-quantitative measurements were carried out for
this sample.

Figure 3- 104: FEG-SEM image in BSE mode of the dark contrast (spot 1) and bright
contrast region (spot 3). Bright contrast areas were observed in the dark contrast region
(spot 2) and small dark contrast areas were also observed in the bright contrast region. EDX
analyses were performed at the pinpointed spot locations.
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Figure 3- 105: EDX spectrum from analysis of the dark contrast region (spot 1).
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Figure 3- 106: EDX spectrum from analysis of the bright contrast area observed in the dark
contrast region (spot 2).
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Figure 3- 107: EDX spectrum from analysis of the bright contrast region (spot 3).

3.4.5 Run S3397 (24 GPa- 1500 K and quenched)

The FEG-SEM images in BSE mode from the dark and bright contrast regions
observed with SEM in figure 3-69, exhibited the presence of lighter dark contrast
areas within the dark contrast regions proximal to the bright contrast areas (figure 3108). The bright contrast regions appeared to be grainy layers surrounding the
bubble shaped dark contrast regions. Those bright contrast regions also exhibited
very small dark contrast areas. EDX analyses were performed at 10 kV in the centre
of the dark contrast region (spot 1 in figure 3-108) and also in the bright contrast
region (spot 2). The EDX spectrum from the dark region exhibited an intense Ge
peak and a small Sn peak (figure 3-109). The EDX spectrum from the bright region
also exhibited an intense peak of Ge and a small peak of Sn, but the Sn peak is more
intense in the bright contrast area (figure 3-110). A small 0 peak was also observed
in the bright contrast area. No semi-quantitative measurements were carried out for
this sample.

Figure 3- 108: FEG-SEM image in BSE mode of the dark contrast (spot 1) and bright
contrast region (spot 2). The bright contrast regions also exhibited very small dark contrast
areas. The dark contrast regions showed a lighter dark contrast close to the bright contrast
areas. EDX analyses were performed at the pinpointed spot locations.
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Figure 3- 109: EDX spectrum from analysis of the dark contrast region (spot 1).
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Figure 3- 110: EDX spectrum from analysis of the bright contrast region (spot 2).
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3.5

Multianvil samples investigations with TEM

88,89

Following SEM and FEG-SEM characterization of the samples it became evident
that still higher spatial resolution was required in order to verify whether Ge and Sn
were intimately mixed (mechanically mixed) or had indeed reacted to form an alloy
as a result of applying high pressure and temperature. TEM investigations of the
samples required first preparation of thin enough samples to ensure electron
transparency. As previously described in the experimental section, two techniques
were used to achieve this step. Then, TEM investigations results (imaging, electron
diffraction and EDX) from FIB sectioned and powdered samples are presented.

3.5.1 FIB samples investigations with TEM

The two FEB samples were investigated using electron microdiffraction and SAED.
The idea was first to get a statistical view of the structure by collecting diffraction
patterns from numerous locations on the FIB section. The diffraction patterns were
processed with the software Electron Diffraction v7.01 (ED)

89 for structure

identification. The Ge and Sn endmember known structures from the literature were
entered in the database to compare them with the experimental patterns and check if
they match. Additional Sn and Ge oxides as well as pure Re, Pt and Re3Ge7
structures were entered in the database to complete the possible structures that might
appear in the experimental patterns (see the list of structures input in ED software in
appendix 0). Additional measurements with EDX in STEM mode were carried out
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for the S3397 sample in order to check for homogeneity and chemical composition
on a finer scale.
3.5.1.1 H2139 sample (9 GPa-1500 K)

This sample was investigated using electron diffraction only. Microdiffraction
patterns were acquired along the FEB section without major tilt of the sample. When
a relatively clean pattern was found while scanning the sample, the latter was
slightly tilted to obtain better quality patterns by searching for the optimal Bragg
position (diffraction position along a particular zone axis) from the crystallite
studied. Additional ring patterns (SAED) were acquired to collect diffraction data
from several crystallites at the same time. This was done to allow diffraction from a
larger area containing several crystallites with different orientation. Each ring
corresponds to a family of atom planes coming from crystallites in the selected area.

• Method for analyzing microdiffraction patterns with Electron Diffraction
v7.O]

89

The microdiffraction patterns were acquired with 580 mm camera length.
In each pattern, the first step is to find a lattice formed by two non parallel
directions of spots (see example in figure 3-111).
We then pinpoint the intersection of the two directions chosen near the centre of
the pattern (the most intense spot created by non-diffracted electrons from the
incident beam).
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The distances Dl and D2 between two spots along both directions were measured
as well as the angle 0, formed between the two axes (see example in figure 3-111).
Those parameters Dl, D2 and 0 are the experimental parameters needed for indexing
with ED.
Using a silicon standard, a microdiffraction pattern was acquired at 580 mm and
steps 1 till 3 were repeated (see Si standard patterns in appendix J).
The silicon standard lattice was reproduced on a transparency and then compared
directly on the computer screen with the generated silicon pattern along the same
zone axis in spot pattern mode, with ED. The constant corresponding to the camera
length in ED was adjusted until the experimental pattern from silicon matched the
generated pattern with ED. For instance, the value of the constant for this sample in
microdiffraction mode was 2550 (This number is also dependent on the size chosen
when printing the experimental patterns).
The structures from known structures previously recorded in the ED database,
were generated in automatic pattern indexation mode using the parameters measured
and was compared to each structure from the literature to find if one could match
(see examples in figure 3-112 and 3-113).
Several structures could match, since any one zone-axis alone is not exclusive.
Thus, spot intensities, extinctions, constraints on the fits were also helpful in
comparing the relative merit of candidate structures (see the comparison of two
possible matches found by the software in figures 3-112 and 3-113).
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Figure 3- 111: Microdiffraction pattern acquired from the H2139 sample FIB section using a
580 mm camera length. The two directions chosen are shown with the dashed lines. The
parameters measured and input in ED for indexing were: Dl = 31.5 mm, D2= 31.5 mm and
E)= 70°.
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Figure 3- 112: ED software interface analysis in automatic spot pattern indexation. The
experimental parameters measured from the pattern shown in figure 3-111 were input in the
software and the theoretical structures compared to this experimental spot pattern. The
generated pattern from the experimental data is represented by the black circles. Here, Ge
Fd3m is compared to the experimental pattern, and is represented by the red spots and
small grey circles. Each red spot is a reflection obtained from a family of atomic planes (hkl).
The corresponding (hkl) values are shown under each spot. The small grey circles represent
the forbidden reflections. After comparison of the two patterns, a good match was found
between the experimental and the Ge Fd3m pattern along zone axis [-110]. The parameters
encircled in purple are the errors chosen on the distances Dl and D2 measured (.D), the
angle 9 measured (SO) and the camera length L used (A Q. The intensity of the spots

can

be

modified as well ("intensity mag") to tighten or loosen the constraints accordingly. In this
case, the error parameters were: AD= 2 mm, A9 2', 6 L= 5% and Intensity Mag= 0.2.
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ED software interface analysis in automatic spot pattern indexing mode. The

experimental parameters measured from the pattern shown in figure 3-111 were input in the
software and the theoretical structures compared to this experimental spot pattern. Here,
the Ge02 P121/cl structure is compared to the experimental pattern. The theoretical
pattern exhibited additional spots (encircled in green in the figure) with shorter distances
from the centre of the pattern than the spots observed in the experimental pattern, so this
structure could be excluded. The error parameters used were: AD= 2 mm,

e= 2°, AL= 5%

and Intensity Mag= 0.2.

Using microdiffraction mode, eleven patterns were acquired from the sample. The
experimental patterns were compared with all the theoretical structures from the ED
database (see the list of the structures in appendix 0). The patterns could not be
indexed unambiguously (table 3-17). It was observed that several structures might fit
the same experimental pattern. A reason for that could be that structures with low
symmetry have many reflections resulting in a greater probability of one matching
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the experimental pattern. Further, high symmetry structures may have many
equivalent atomic positions, which can also increase the number of reflections
resulting in potentially coincidental matches.
Ge
Fd3m

Ge02
P121/cl

Pattern 1

Pattern 2

Pattern 3
Pattern 4
Pattern 5
Pattern 6
Pattern 7
Pattern 8
Pattern 9
Pattern 10
Pattern 11

x
x
x
x
x

Re3Ge7
Cmcm
x
x
x
x
x
x
x
x
x
x
x

Sn
141/amd
x

Table 3- 17: Results of the microdiffraction patterns indexing acquired from the FIB section.
As the diffraction patterns were only recorded along one zone axis, several structures could
possibly match the experimental data. Note, that all the other theoretical patterns (listed in
appendix 0) were also checked but not included in this table as they never matched the
experimental patterns. There was no record here of the error parameters so it is likely that
the default parameters were used: ID= 2 mm, t9= 2°, AL= 5% and Intensity Mag= 0.5.

.

89
Method for analyzing SAED patterns with Electron Diffraction v7.01

The SAED patterns were also acquired with 580 mm camera length.
As the silicon standard was a single crystal with [001] orientation the SAED
pattern was a spot pattern (see Si standard patterns in appendix J).
The silicon lattice standard was reproduced on a transparency and then compared
with the generated silicon pattern along the same zone axis in spot pattern mode
with ED. The constant corresponding to the camera length in ED was adjusted until
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the experimental pattern from silicon matched the generated pattern with ED. The
value of the constant for this sample in SAED mode was 2620.
3) The known structure ring patterns were generated using the same constant in ring
pattern mode with ED and printed on transparencies (see examples of generated
structures with ED in figures 3-114 and 3-115). Each experimental ring pattern was
then compared with the known structure ring patterns to find if one or more matched.
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Figure 3- 114: Ring patterns from the Ge Fd3m structure, generated with ED with the same
conditions used for the experimental patterns: 2620 constant, equivalent to 580 mm camera
length.
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Figure 3- 115: Generated 0 Sn (I41/amd) structure ring pattern with the same conditions as
used in taking the experimental patterns: 2620 constant, equivalent to 580 mm camera
length.

Four experimental SAED patterns were acquired using 580 mm camera length (see
two of the SAED patterns in figure 3-116). Spots and part-rings with higher intensity
were also present, in addition to complete rings. After comparison of the generated
ring patterns of the known structures from the ED database (see the list of the
structures in appendix 0) and the experimental ring patterns it was found that the
intense spots or parts of ring matched 13-Sn (I41 /arnd) and that the other rings
matched the Ge (Fd3m) structure. Some rings could match either Ge (Fd3m) or 13-Sn
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(I41 /amd) because both structures exhibit rings with very similar diameters. A
summary of the SAED pattern indexing is presented in table 3-18. In this table, the
Ge (Fd3m) and n-Sn (I41 Iamd) reflections are listed with the value of the interplanar
distances, the intensity and the family of atom planes (hkl) and the list of
experimental rings which could be identified with either Ge (Fd3m) or
(I41 /amd) structures. The most intense reflections from Ge (Fd3m) and from n-Sn
(I41 /amd) were observed in the experimental patterns. It was also observed that all
the experimental SAED patterns exhibited the same rings and were thus equivalent
(figure 3-116).

Figure 3- 116: Diffraction patterns in SAED mode from sample H2139 FIB section using
580 mm camera length. The SAED patterns exhibited the same rings. The black arrows
show the rings matching Ge (Fd3m) and the white arrows show the rings or part-rings
matching p-Sn (141/amd).
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A

hkl

dkI (±0.1 A)

3-Sn (141/amd)

Ge (Fd3m)

Experimental patterns
mt.

hkl

dhkl (±0.0001 A)

mt.

hkl

dhk; (±0.0001

A)

Int.

111

3.3

strong

111

3.2666

1867

200

2.9158

1772

200

2.9

weak

220

2.0004

1689

101

2.7928

829

101

2.8

weak

311

1.7060

591

220

2.0617

1030

220

2.0

strong

400

1.4145

821

211

2.0169

496

211

2.0

strong

331

1.2980

335

301

1.6587

327

521

112

1.4841

538

220

2.0

strong

422

1.1549

311

1.7

strong

511

1.0889

229

400

1.4579

520

400

1.4

medium

333

1.0889

229

321

1.4418

254

331

1.3

medium

440

1.0002

368

420

1.3040

404

422

1.2

weak

531

0.9564

168

411

1.2924

197

1.1

weak

620

0.8946

287

312

1.2045

335

511

1

Table 3- 18: Summary of the experimental SAED pattern indexing from sample H2139 FIB
section, shown in figure 3-116. The two SAED patterns exhibited the same rings, so for the
rings with the same diameter in the two patterns, the corresponding values from the
theoretical Ge (Fd3m) (in bold) or Sn (141/amd) structures were identical. The values of
interplanar distances (in A), intensity and family of atom planes (hkl) values are also shown
for Ge (Fd3m) (in bold) and Sn (141/amd).

3.5.1.2 S3397 sample (24 GPa- 1500 K)

This sample was investigated with electron diffraction in microdiffraction and
SAED mode and then with EDX in STEM mode. Thirty-four spot patterns were
acquired in microdiffraction mode with 580 mm camera length and eighteen ring
patterns in SAED mode with different camera length (370, 500 and 650 mm). The
microdiffraction pattern indexing results are listed in table 3-19. The structures from
the list in appendix 0, not shown in table 3-19, were checked but did not match any
of the experimental patterns. In most cases, several structures from the database
could match one experimental spot pattern. Nevertheless, about 18% of the
experimental patterns marked in blue in table 3-19 could not be indexed with any of
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the known structures from the database (see examples of patterns with no indexing
in figure 3-117).

—

—

—
Table 3- 19: Results of the microdiffraction pattern indexing with ED. The crosses showed
which structures from the ED database could match the experimental spot patterns. The
blue color showed the experimental patterns that could not be indexed with any of the
known structures from the database. The patterns which were of poor quality are written in
italic. The error parameters used were: AD= 2 mm, 46= 20, AL= 3%. (No record of Intensity
Mag parameter was kept so its default value was most likely used: Intensity Mag= 0.5).
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Figure 3- 117: Spot patterns from sample S3397 FIB section, acquired from two different
crystallites, using 580 mm camera length in microdiffraction mode. None of the known
structures from the ED database could match these patterns (pattern 6 and pattern 17 in
table 3-19).

Fourteen ring patterns were acquired in SAED mode using several camera lengths
(see two SAED patterns in figure 3-118). Using silicon standards at each different
camera length, the scale could be adjusted to compare the ring patterns obtained. It
was found that the experimental ring patterns all matched each other. After
comparison of the generated ring patterns of the known structures from the ED
database and the experimental ring patterns it was found that rings from Ge (Fd3m)
or 13-Sn (I41 /amd) structures could match the experimental ring patterns. Most of the
experimental rings matched Ge (Fd3m) (see the black arrows in figure 3-118).
Nevertheless a few rings could also match the 13-Sn (I41/amd) structure (see the
details in figure 3-118). Additional reflections were observed in the patterns which
match the 13-Sn (I41 /amd) structure (see the white arrows in figure 3-118). The most
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intense rings from the Ge (Fd3m) and 3-Sn (I41 /amd) structures were present in the
experimental SAED patterns (table 3-20).

Figure 3- 118: SAED patterns from different areas in sample S3397 FIB section, using 580
mm camera length. The black arrows show the rings matching Ge Fd3m and the white
arrows show the rings matching the 13-Sn (141/amd) structure. Note that few rings could
match either Ge or Sn because both structures exhibit rings with very similar diameters. The
pattern on the left was not of as good quality as the pattern on the right so that all the rings
with larger diameter were harder to observe.
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Ge (Fd3m)

Experimental patterns
hkl

dhk

(±0.1 A)

(±0.0001 A)

Int.

hkl

mt.

hkl

111

3.2666

1867

200

2.9158

1772

220

2.0004

1689

101

2.7928

829

dhkj (±0.0001

A)

13-Sn (141/amd)
dhkl

hit.

111

3.3

strong

200

2.9

weak

101

2.8

weak

311

1.7060

591

220

2.0617

1030

220

2.0

strong

400

1.4145

821

211

2.0169

496

220

2.0

strong

331

1.2980

335

301

1.6587

327

211

1.9

weak

422

1.1549

521

112

1.4841

538

311

1.7

strong

511

1.0889

229

400

1.4579

520

229

321

1.4418

254

420

1.3040

404

301

1.6

weak

333

1.0889

112

1.5

weak

440

1.0002

368

400

1.4

medium

531

0.9564

168

411

1.2924

197

400

1.4

medium

620

0.8946

287

312

1.2045

335

321

1.4

weak

533

0.8628

131

501

1.0950

135

331

1.3

medium

444

0.8167

226

431

1.0950

135

420

1.3
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711

0.7923

105

103

1.0434

119
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332

1.0400

237

440

1.0309
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422

1.2

medium
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0.7923

312

1.2
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0.7561
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1.1

medium

-

-

-

333
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-

-

-

-

-

-

-

-

440

1.0
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-

-
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1.0
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-

-

-

-

-

-
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0.9
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-

-

-

-

-

-

-

Table 3- 20: Summary of the experimental SAED pattern indexing from sample S3397 FIB
section, shown on the right in figure 3-118, with the corresponding values from the
theoretical Ge (Fd3m) (in bold) or Sri (I41/amd) structures, for each experimental ring. The
values of interplanar distances (in A), intensity and family of atom planes (hkl) values are
also shown for Ge (Fd3m) (in bold) and Sri (I41Iamd). The SAED pattern shown on the left
in figure 3-118 has the same indexing but larger diameter rings were hardly observed
because the pattern was not of as good quality as the pattern shown on the right in figure 3118.

The sample chemistry was then investigated using EDX in STEM mode. The image
of the area selected, exhibited dark and bright areas. First, mapping mode was used
to observe the distribution of Ge and Sri within the selected area (figure 3-119). A 2
pm square was selected and the acquisition time for the mapping was 60 seconds.
The bright region observed in the image was found to be Ge rich and the dark region
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Sn rich (figure 3-119). Two line scan measurements were performed in this area, the
exact location is shown in the image at the top of figure 3-119. Each line scan was
about 180 nm long, the spot size was 5.6 nm and the acquisition time was 60
seconds for each 20 nm step. The result of profile 1 (from the bright region observed
in the image in figure 3-119) exhibited the presence of both Ge and Sn. No large
variation was observed in the Ge and Sn composition along this line (figure 3-120).
The result of profile 2 (from a section of the dark region shown in the image in
figure 3-119) also exhibited the presence of both Ge and Sn. The composition of Ge
increased markedly while the Sn composition decreased once the line scan reached
the bright region (see the profile 2 results on the right in figure 3-120).
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Figure 3- 119: EDX mapping of the 2 pm square area shown in the image at the top. The
result of Sn distribution in this area is shown in green on the left and the Ge distribution in
this area is in red on the right. The two lines in the image show the location of two EDX line
scans (180 nm length for each line scan).
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Figure 3- 120: Results of EDX line scan I (left) and EDX line scan 2 (right). The upper plots
are for Ge and the lower ones for Sn.

Finally, EDX spot analyses were carried out in both regions. The spectrum acquired
from the bright area exhibited intense Ge peaks and relatively small Sn peaks (figure
3-121). A very small 0 peak was also observed in the bright area. Peaks from
carbon film and copper grid were also present in the spectrum as well as a very tiny
Ga peak. The spectrum acquired in the dark region exhibited intense Sn peaks and
relatively small Ge peaks (figure 3-122). Small 0, C, Ga and Cu peaks were also
observed.

217

U)
0

0

Energy (KeV)

Figure 3- 121: EDX spectrum from the spot analysis in the bright region where line scan 1
was carried out.
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Figure 3- 122: EDX spectrum from the spot analysis in the dark region where line scan 2
was carried out.
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3.5.2 Powdered sample investigations with TEM

3.5.2.1 S3397 sample (24 GPa-1500 K)

Powder from the polished S3397 sample was loaded in a copper grid in order to
investigate thinner sample sections than with FIB (figure 3-123). First, the sample
was investigated using microdiffraction mode and 500 mm camera length to acquire
spot patterns in different locations. Forty-six patterns were acquired and the results
of the indexing with ED are summarized in table 3-21. All patterns could be indexed
with one or several structures from the database (pure Ge, Sn or oxides).

Figure 3- 123: TEM image in bright field imaging mode of a particle agglomerate from
powder sample S3397.
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Table 3- 21: Results of microdiffraction patterns indexed with ED in automatic indexing
mode. No record of the error parameters was taken but most likely, the default values were
used: AD= 2 mm, Lie= 20, AL= 5% and Intensity Mag= 0.5.

Following this, ring patterns were acquired in SAED mode using a 500 mm camera
length (figure 3-124). These SAED patterns were exactly identical and they also
match the SAED patterns from the previous FIB section (see the SAED patterns in
figure 3-118). After comparison of the generated ring patterns of the known
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structures from the ED database and the experimental ring patterns it was found that
rings from Ge (Fd3m) or 13-Sn (I41!amd) structures could match the experimental
ring patterns. Most of the experimental rings matched Ge (Fd3m) (see the black
arrows in figure 3-124), a few of these though also closely overlap 13-Sn (I41 /amd)
rings as well (see the details in figure 3-124). Additional reflections were observed
in the patterns which matched the 13-Sn (I41 /amd) structure (see the white arrows in
figure 3-124). The most intense rings from Ge (Fd3m) and 13-Sn (I41 /amd) structures
were observed in the experimental SAED patterns (table 3-22).

Figure 3- 124: SAED patterns from different areas in powdered sample S3397 section,
using 500 mm camera length. The SAED patterns exhibited the same rings. The black
arrows show the rings matching Ge Fd3m and the white arrows show the rings matching

-

Sn (141lamd) structure. Note that a few rings could match Ge or Sn because both structures
exhibit rings with some very similar diameters.
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Ge (Fd3m)

Experimental patterns

13-Sn (141/amd)

dhk (±0.1 A)
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hkl

dhkl (±0-0001 A)
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3.3
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3.2666
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2.9158
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2.9
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2.0004
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829
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Int.
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2.0
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strong
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1.2980
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1.6587
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2.0
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422

1.1549

521
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1.4841

538
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1.7
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511

1.0889
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1.4579

520

301

1.7
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333

1.0889
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321

1.4418

254
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1.4

medium

440

1.0002

368

420

1.3040

404
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1.4

medium

531

0.9564

168

411

1.2924

197
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1.4

medium

620

0.8946
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312

1.2045

335

321

1.4

medium
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0.8628
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501

1.0950

135

331

1.3

medium

444

0.8167
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431

1.0950

135

422

1.2
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0.7923
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237
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1.1
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186
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1.0
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-

-

-

-

-
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Table 3- 22: Summary of the experimental SAED pattern indexing from powdered sample
53397, shown in figure 3-124. The two SAED patterns exhibited the same rings, so for the
rings with the same diameter in the two patterns, the corresponding values from the
theoretical Ge (Fd3m) (in bold) or Sn (141/amd) structures were identical. The values of
interplanar distances (in A), intensity and family of atom planes (hkl) values are also shown
for Ge (Fd3m) (in bold) and Sn (141/amd).

The investigations of powdered sample S3397 then focused on particular crystallites
rather than collecting diffraction patterns from throughout the sample to obtain a
statistical view of the structure. We thus investigated six particles using
microdiffraction and for some of them, EDX measurements were also performed.
The error parameters used in ED software for the microdiffraction pattern indexing
were: AD= 2 mm, M= 2°, AL= 3%. No record for the "Intensity Mac," value was
noted, but it was most likely the default value of 0.5.
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• Particle 1

Several spot patterns were acquired from the same particle shown in figure 3-125
along different zone axis by tilting the sample until clear spot patterns were visible.
Only one of the five microdiffraction patterns from this particle could be indexed
with phases stored in the ED database (Ge P43212, Ge P63/mmc and Ge02 P121/cl)
but all the others could not be identified (see two of the microdiffraction patterns
acquired in figure 3-126). EDX measurement from this particle revealed the
presence of both Ge and Sn (see EDX spectrum in figure 3-127).

Figure 3- 125: TEM image in bright field mode of the area studied with electron diffraction in
microdlifraction mode and with EDX. The location of particle I is indicated with the line.
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Figure 3- 126: Microdlifraction patterns from particle 1 acquired along different zone axis by
tilting the sample. The patterns shown could not be indexed with any of the phases stored in

ED.
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Figure 3- 127: EDX spectrum from spot analysis on particle 1.
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.

Particle 2

Figure 3- 128: TEM image in bright field mode of the area studied with electron diffraction in
microdiffraction mode and with EDX. The location of particle 2 is indicated with the line.
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Energy (Key)
Figure 3- 129: Microdlifraction pattern from particle 2 (on the left): Ge P43212 could match
this pattern. EDX measurement of particle 2 (on the right): Ge and Sn were both detected.
An intense 0 peak was also observed.
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Only one spot pattern was acquired from this particle (figure 3-129). It was found to
match Ge P43212 only, but EDX measurement on the particle revealed the presence
of both Ge and Sn with a significant 0 peak (figure 3-129).

Particle 3

Only one microdiffraction pattern was acquired from particle 3 whose location is
shown in figure 3-130. This spot pattern (figure 3-131) was equivalent to one
observed previously in particle 1 (see the pattern on the left in figure 3-126). No
phases from the database could index this spot pattern. No EDX measurement was
carried out on this particle.

Figure 3- 130: TEM image in bright field mode of the area studied with electron diffraction in
microdiffraction mode. The location of particle 3 is indicated with the line.
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Figure 3- 131: Microdiffraction pattern from particle 3: no phases from the ED database
matched it.

. Particle 4

Only one rnicrodiffraction pattern was acquired from particle 4 whose location is
shown in figure 3-132. This spot pattern (figure 3-133) was equivalent to one
observed previously in particle 1 (pattern on the right in figure 3-126). No phases
from the database could index this spot pattern. No EDX measurement was carried
out on this particle.
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Figure 3- 132: TEM image in bright field mode of the area studied with electron diffraction in
microdiffraction mode. The location of particle 4 is indicated with the line.

Figure 3- 133: Microdiffraction pattern from particle 4: no phases from the ED database
could index it.
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Other microanalyses were performed with EDX in this area but no diffraction
measurements were carried out (see EDX measurement locations and spectra in
figures 3-134, 3-135, 3-136 and 3-137). Each particle spectrum revealed Ge and Sn
peaks as well as 0 peaks of varying intensities.

Figure 3- 134: TEM image in bright field mode showing the location of the additional EDX
measurements.

Vi

Eril

C

C

0

0

0

0

Energy (KeV)

Energy (KeV)

Figure 3- 135: EDX spectra from spot 1 (on the left) and spot 2 (on the right) analyses.
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Figure 3- 136: EDX spectra from spot 3 (on the left) and spot 4 (on the right) analyses.
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Figure 3- 137: EDX spectra from spot 5 analysis.
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Particle 5

This particle was investigated using microdiffraction mode only, collecting as many
patterns as possible along different zone axes (see the particle in figure 3-138 and
two of the microdiffraction patterns in figure 3-139). Twenty three patterns were
acquired from this particle but only ten of them could be indexed with structures in
the ED database (see the results of pattern indexing in table 3-23). None of the
thirteen unknown spot patterns matched the unknown ones from the previous
particles.

Figure 3- 138: TEM image in bright field mode of the area studied with electron diffraction in
microdiffraction mode. The location of particle 5 is indicated with the line.
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Figure 3- 139: Microdiffraction patterns from particle 5: no phases from the ED database
could index those two patterns. (Patterns 6 and 22 in table 3-23).
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Table 3- 23: Results of particle 5 microdiffraction patterns indexing using ED. The blue lines
correspond to patterns that could not be indexed with any of the structures from the
database. Further structures (appendix 0) not present in this table but present in ED were
checked as well but they did not match any of the experimental patterns. Patterns written in
italics were of poor quality patterns. The error parameters used were: ED= 2 mm, 68=

20,

L= 3%. No record for the "Intensity Mag" value was noted but the default value was likely
used.
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. Particle 6

This particle was only investigated in microdiffraction mode (see the particle
location in figure 3-140 and two patterns in figure 3-141). Thirty-two spot patterns
were acquired from the particle along different axes. Only eleven patterns could be
indexed with structures from the database (four of these were of poor quality). The
other twenty one patterns could not be indexed with any of the known phases
(thirteen of them were of poor quality) (table 3-24). None of the twenty one
unknown spot patterns matched unknown ones from the previous particles.

Figure 3- 140: TEM image in bright field mode of the area where particle 6 was studied with
electron diffraction in microdiffraction mode. The location of particle 6 is indicated with the
line.

233

Figure 3- 141: Microdiffraction patterns from particle 6: no phases from the ED database
could index those two patterns. (Patterns 8 and 29 in table 3-24).
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Table 3- 24: Results of particle 6 microdiffraction pattern indexing using ED. The blue lines
correspond to patterns that could not be indexed with any of the structures from the
database. Further structures (appendix 0) not present in this table were checked as well but
they did not match any of the experimental patterns. Patterns written in italic were poor
quality patterns. The error parameters used were: AD= 2 mm,e= 20, AL 3%. No record
for the "Intensity Mag" value was noted but the default value was likely used.
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3.5.2.2 H2319 sample (24 GPa- 1500 K- annealed at 1050 K for 5h)

This sample was investigated in microdiffraction and SA-ED mode. The
investigations here focused on two particles, named A and B (figure 3-142). Two
microdiffraction patterns were acquired from particle A and one from particle B.
Three SAED patterns were acquired from particle B.

69000 -23

4M
1
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Figure 3- 142: TEM images in bright field mode of particle A on the left and particle B on the
right (the particles are encircled).

All the microdiffraction patterns could be indexed with 13 Sn (I41 /amd) (with error
parameters: AD= 2 mm, AM= 2°, AL= 3%. No record for the "Intensity Mag" value
was noted but the default value was likely used. The SA-ED patterns matched the 13
Sn (I41 /amd) structure but there were two additional rings found to match the Ge
(Fd3m) phase and one ring could match both structures (figure 3-143 and 3-144
respectively).
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Figure 3- 143: Microdiffraction patterns acquired from particle A (on the left) and from
particle B (on the right) using 500 mm camera length. Both patterns match the 13 Sn
structure (with error parameters: AD= 2 mm, AO= 2°, aL= 3%. No record for the "Intensity
Mag" value was noted but the default value was likely used.

Figure 3- 144: SAED patterns acquired from particle B using a 500 mm camera length (on
the left) and 580 mm (on the right). The two SAED patterns exhibited the same rings. All the
rings could match the 13 Sn (141/amd) structure except two rings shown with the black arrows
which matched Ge (Fd3m) structure. The ring shown with the black and the white arrows
could match both structures. The three rings from Ge are the intense reflections from atom
planes: 111, 220 and 311 (see table 3-22).
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3.5.2.3 H2293 pure Ge (24 GPa- 1500 K)

This pure Ge sample was investigated in microdiffraction and SAED modes from
different grains (figure 3-145). Three SAED patterns exhibited diffuse rings and a
further pattern exhibited many spots. The patterns were hence overall of poor quality
(figure 3-146). The rings in these patterns were found to match either Ge (Fd3m) or
Ge (I0). The three smallest diameter rings matched the Ge (Fd3m) structure (figure
3-146) and the remaining larger diameter rings matched Ge (I0). Note though that
because the overall quality of the rings was poor, these assignments for the larger
diameter rings are tentative. Five microdiffraction patterns were also acquired from
different grains. Three patterns were equivalent and could match Ge (I0), one
pattern could match Ge P43212 (figure 3-147) and the last one could match Re3Ge7
(Cmcm) (pattern D in appendix N).
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Figure 3- 145: TEM images in bright field mode of an area where particles were studied in
microdiffraction and SAED mode.
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Figure 3- 146: SAED patterns acquired from different grains using 500 mm camera length.
The pattern on the left exhibited diffuse rings and the pattern on the right exhibited many
spots. The rings shown by the black arrows matched Ge (Fd3m) and the other rings,
matched Ge (1a3) rings. Identification was not unambiguous because the rings were not
sharp.

Figure 3- 147: Microdiffraction patterns acquired from different grains using 500 mm
camera length. The pattern on the left could match Ge (1a3) and the pattern on the right
could match Ge (P43212) (with error parameters: & D= 1 mm, A 9= 1°, h, L= 1%. No record
for the "Intensity Mag" value was noted but the default value was likely used.
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3.5.2.4 H2294 pure Sn (24 GPa- 1500 K)

This pure Sn sample was investigated only in microdiffraction mode using a 500
mm camera length. Four microdiffraction patterns were acquired from different
grains (figure 3-148). The four spot patterns unambiguously matched the n-Sn
(I41 /amd) structure using tight error parameters in the ED software: AD= 1 mm, 0=
1, A L= 0% and Intensity Mag =0 (figure 3-149).

100 nm

GUILLAUME. H2294 2107•05 Apo7 0:440 mm
030 br:ght E&d

Figure 3- 148: TEM images in bright field mode of pure Sn where grains were studied in
microdiffraction mode.
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Figure 3- 149: Microdiffraction patterns acquired from different grains using 500 mm
camera length. Both patterns matched the P Sn (141/amd) structure (with error parameters:
A D= 1 mm, je= 1°, A L= 0% and Intensity Mag = 0).

3.5.2.5 S3621 sample (10 GPa-1500 K annealed at 770 K for lh)

This sample was first investigated using microdiffraction. Powder from the Ge rich
area was loaded in two grids, named A and B. Grid A was loaded with powder taken
from the left part and grid B from the right part of the polished half-capsule shown
in figure 3-50). Ten patterns were acquired from different grains in grid A and eight
patterns from grid B (figure 3-150 and table 3-25). Most of the patterns from both
grids had a good match with Ge (P43212) with error parameters: AD= 1 mm, jO= 10,
LL= 1% and probably the default value for Intensity Mag of 0.5. Spots were present
in place of extinctions for several patterns matching Ge (P43212) (table 3-25). Three
patterns could match the Re3Ge7 (Cmcm) structure (see the patterns in appendix N).
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Figure 3- 150: Microdiffraction patterns acquired from different grains in grid A (on the left)
and in grid B (on the right) using a 500 mm camera length. Both patterns could match Ge
(P43212) but spots appeared in places of extinctions in both patterns.
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Table 3- 25: Results of the indexing from the first set of microdiffraction patterns from
different grains in grids A and B. Eight patterns from grid A and six patterns from grid B had
a good match with Ge (P43212). Spots were observed in place of extinctions in six patterns
from grid A and four patterns in grid B (patterns marked with "I" in the table). The error
parameters used were: ID= 1 mm, 40 1, A L= 1%. The default value for "Intensity Mag."
of 0.5 was most likely used.

241

A second session of TEM measurements was carried out on a powder sample loaded
from the Ge rich area from the right part of the polished half capsule shown in figure
3-50. Twelve microdiffraction patterns were acquired from different crystallites.
Eight of the spot patterns had a very good match with the Ge P43212 structure using
error parameters: AD= 1 mm, AO= 10, AL= 1%, Intensity Mag

=

0.5 (table 3-26).

Two patterns matched Ge (P43212) structure only. The other patterns had a good
match with either Re3Ge7 (Cmcm) or Ge (Fd3m) structures.
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Table 3- 26: Results of the second set of microdiffraction patterns from different grains
taken in the Ge rich region from the right part of the polished half-capsule. Eight of twelve
patterns had a very good match with Ge (P43212) using error parameters: AD= 1 mm, AB=
1°, AL=

1%. The default value for "Intensity Mag." of 0.5 was most likely used. Two patterns

matched the Ge P43212 structure only. The presence of "f" means that spots were
observed in the patterns in place of extinctions.
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The third TEM session was carried out on powder taken from the Ge-rich region in
the other polished half-capsule (no SEM images from this half capsule were shown
because these were similar to the polished half capsule presented in section 3-3-5).
The TEM investigations were done in microdiffraction (eleven patterns) and SAED
modes (seven patterns) on several crystallites forming an agglomerate of grains
(figure 3-151). The microdiffraction pattern indexing was carried out using different
values for the error parameters. The results using low errors on the parameters (AD=
1 mm, AO= 1, AL= 1% and Intensity mag: 0.1) point at two main candidates: Ge
P43212 and Sn02 epitaxial Pbcn structures (table 3-27). The results of indexing
using larger tolerances are presented in appendix M (the theoretical structures were
sometimes matching the experimental pattern although the latter exhibited spots in
place of extinctions, which is not unusual for electron diffraction).
SAED patterns were also acquired from the same region (figure 3-151) at different
locations. Unlike previous samples where the rings were well defined, the seven
SAED patterns exhibited many spots and few rings which made comparison with the
theoretical ring patterns from the database non-trivial (figure 3-152).
The SAED patterns did not match f3-Sn I41 /amd or Ge Fd3m structures as was the
case in some previous samples. Only the SnO tetragonal P4/nnms structure was
found to reasonably match all the patterns (table 3-28).
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Figure 3- 151: TEM image in bright field mode of the agglomerate of grains studied in
SAED and microdiffraction mode.
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Table 3- 27: Results of the third set of microdiffraction pattern indexing, using ED

,

from

different grains (see an overview of the region studied in figure 3-151) taken in the Ge rich
region of the second half-capsule. Two structures, Ge (P43212) and Sn02 epitaxial Pbcn,
were found to have a good match with the experimental patterns. Pattern 3 could not be
indexed with any of the known phases (in blue). The presence of a cross means that the
structure could match the experimental microdiffraction pattern. The presence of "I" means
that spots were observed in place of extinctions in the experimental pattern in addition to the
allowed spots. The parameters for the errors chosen in ED software were: AD= 1 mm, ,&E)=
1, 4L=

1% and Intensity Mag of 0.1.
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Figure 3- 152: SAED patterns acquired from sample S3621 with 500 mm camera length.
SAED patterns exhibited many spots and few rings which made comparison with the
theoretical ring patterns from the database non-trivial. The SAED patterns did not match f3
Sn I41/amd or Ge Fd3m structures. Only the SnO tetragonal P4/nnms structure was found to
reasonably match all the patterns (table 3-28).
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Table 3- 28: Results of the SAED patterns indexing acquired from sample S3621 in the third
TEM session. The presence of a double cross means that the theoretical structure possibly
matched the experimental SAED pattern, a single cross means that the theoretical structure
was likely not matching the experimental pattern and a blank means that there was
definitely no match.
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The sample was also investigated with EDX. Five analyses were carried out in the
agglomerate of grains shown in figure 3-151 (previously identified with
microdiffraction). The five spectra were similar and both Ge and Sn were detected
(figure 3-153). The average composition found was 90.4 at % Ge and 9.6 at % Sn
(table 3-29).
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Figure 3- 153: EDX spectrum from a grain previously indexed as Ge (P43212) with
microdiffraction. Ge and Sn were both detected and the composition found for this analysis
was 90.4 at % Ge and 9.6 at % Sn. A very weak 0 peak and Si peak were observed in the
spectrum.

EDX1

EDX2

EDX3

EDX4

EDX5

Average

Ge (at%)

90.5

90.1

90.5

90.4

90.4

90.4

Sn (at%)

9.5

9.9

9.5

9.6

9.6

9.6

Table 3- 29: Semi-quantitative results from the five EDX analyses performed on grains
investigated previously with microdiffraction. The average composition was 90.4 at% Ge
and 9.6 at% Sn.
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Chapter 4: Discussion

The reaction products are compared and discussed according to the synthesis
conditions (pressure, temperature, heating time and temperature treatments) as well
as the characterization methods employed to analyze them. The high pressure
experiments can be classified into two sets. The starting mixtures of Ge and Sn were
quenched from the melt in the first set whereas samples were subjected to annealing
treatment at lower temperature after melting in the second set of experiments. A
central challenge in the work was in resolving between intimate physical mixtures
and the targeted chemical reactivity at high pressure between Ge and Sn.
Characterization of the samples was hence a challenge, most significantly, due to the
need for extremely high spatial resolution both with regards, structure and chemistry.
Thus, how we addressed these issues is also discussed in this chapter.

4.1 Recovered Ge- Sn samples after temperature quench.

4.1.1 Ambient pressure runs.

We first verified that Ge and Sn have virtually no solubility in the solid state at
ambient pressure (figure 1-3) 46, even after quenching from the melt in attempts to
freeze in a homogeneous non-equilibrium Ge-Sn solid before the two elements have
time to separate. The two recovered virtually elemental phases were indeed
demarcated by clear sharp boundaries (figure 3-2). Our comparative experiments on

INZI VA

the Pb-Sn system also reveal no solubility at ambient pressure consistent with the
literature

'.

Establishing this required considerable care because the system mixes

3
mechanically very well, consistent with its soldering qualities 7 ,

'

(see phase

diagram in figure 1-12 and figures 3-7 and 3-8). Indeed small bubble shaped regions
of Sn in the Pb rich region could affect the EDX analyses giving rise to significant
percentages of both elements in the analysis (figure 2-40). More detailed
measurements using small beam spots and lower voltages, and line scan tests
confirmed that Pb and Sn do not react (figure 3-9). These measurements served as a
useful testbed in honing our methodologies to discern between mixing and reactivity
in the Ge-Sn system at high pressure.

4.1.2 Piston-cylinder experiments.

The Ge-Sn system investigated at pressures up to 3.5 GPa using a piston cylinder
apparatus exhibited equivalent results to the ambient pressure experiment. There
was no reaction between Ge and Sn. The two regions were still separated by sharp
boundaries (figure 3-12 and 3-13) and the EDX semi-quantitative results were very
similar to the analyses obtained from the ambient pressure experiment (table 3-1 and
3-3).

4.1.3 Multianvil experiments

The Ge-Sn experiments quenched from the melt in a multianvil apparatus at
pressures from 7 GPa to 24 GPa and temperatures up to 2000 K exhibited two main
phase behaviours (approximate quenching rate of -200 Klsec, noteworthy is also
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that quenching rates in DAC could be significantly higher). Below 9 GPa, a pure Ge
region was observed in the capsule together with Sn rich regions containing small
amounts of Ge at 7 GPa (figure 3-17). From 9 GPa to 24 GPa, the capsule was
composed of two regions, both containing Ge and Sn, one with more Ge and the
other with more Sn. These regions were intertwined, and without any clear boundary,
unlike the lower pressure experiments. The two regions looked homogeneous with
SEM, but FEG-SEM with its higher resolution showed more detail (see section 2.6.1
in chapter 2). Because of bulb effects in the EDX analyses (figure 2-40), spectra
were also acquired at 10 kV (figure 3-105 and 3-106). Both Ge and Sn were still
detected at 10 kV (also see section 4.3). The small size of the Ge and Sn rich regions
made analyses with the SEM and even with the FEG-SEM difficult. In light of the
fact that TEM would ultimately be used and of the impetus to be able to selectively
analyze the Ge and Sn rich regions, we also employed a further nano-processing
method, FIB, for preparing thin samples for TEM measurements. The FIB section
analysis with electron diffraction and STEM-EDX revealed that crystallite sizes in
the recovered samples from 9 GPa and 24 GPa were intimately clustered together
and of small sizes (between 20-50 nm). This made it difficult to ideally perform
multiple zone-axis measurements on single isolated crystallites. Further, the 80 nm
FIB section was still too thick (to eliminate bulb effects). The diffraction data
collected in microdiffraction mode from several crystallites in the sample recovered
from 24 GPa, showed nevertheless, that 18 % of the patterns could not be identified
as any pure Ge, pure Sn or any of the Ge, Sn oxide structures (table 3-19). In
addition, EDX analyses carried out on the 24 GPa sample (FIB) also showed the
presence of both Ge and Sn in agreement with the SEM results (figures 3-119 to 3-
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122). Complementary diffraction patterns in SAED mode provided further useful
patterns from many crystallites at once. These patterns were in contrast to the
individual crystallite patterns, since the rings matched several of those present in the
ambient pressure cubic Ge (Fd3m) and 13-Sn (I41 /amd) phases. Further even for the
case of elemental Ge, backtransformation from above 10 GPa, should have given
rise to the BC8 (I0) or ST12 (P43212) modifications, not the cubic diamond phase
(Fd3m)

Control experiments were thus performed on pure Sn and pure Ge,

recovered from 24 GPa after temperature quench. Ge exhibited diffuse rings in the
SAED patterns which could be indexed with the Ge (Fd3m) and Ge (I0) structures
(figure 3-146). Microdiffraction patterns acquired from individual Ge crystallites
were indexed as BC8 or ST12 phases (figure 3-147). It was also postulated in the
literature that Ge (P63/mmc) phase might result through further transformation of the
Ge BC8 structure 34 (and references therein) at ambient pressure, but we did not
observe this. Noteworthy is also that recovery of the BC8 form from Ge (I41 /amd)
phase is unusual in and of itself, since it arises only after fast pressure release

34,35

In our experiments though, the pressure was released very slowly. However the prior
fast and slow pressure release experiments were performed in a diamond cell

34, 35

only after compression at ambient temperature, whereas the current decompression
experiments in a multianvil apparatus were done after heating at high pressure which
might give rise to some differences in decompression behaviour. Regarding the
pure Sn control experiment, the results were clear and the microdiffraction patterns
from the crystallites were all identified as the 13-Sn (I41 /amd) ambient pressure phase,
but unfortunately no SAED pattern was acquired from this recovered sample. Tin is
always a metal at ambient temperature, whereas Germanium transforms to a metal
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above about 10 GPa and backtransforms to a semiconductor, which gives rise to a
richer stable and metastable phase behaviour.
To investigate these issues further we also used TEM measurements on powder
samples recovered from 24 GPa samples, dispersed in grids allowing us to focus on
edges of particle agglomerates which were thinner than in the FIB section. With this
method of preparation, we could analyze small crystallites using diffraction and
EDX analysis with TEM with high spatial resolution. This allowed us to obtain
microdiffraction patterns from the same crystallite at different tilt angles (and hence
different zone axes. Based on this we found that no known structure could index
single grains, or put another way, no known crystal structure matched the patterns of
all the zones examined. Additional patterns were also acquired in SAED mode. All
the patterns obtained were the same, both in terms of spacing and number of rings
observed. Moreover, it was noticed that these patterns matched those recorded with
the FEB section. This information is important in establishing that the FIB technique
is suitable for preparing unperturbed thin sections for TEM investigations on
materials recovered from extreme conditions of pressure and temperature. The fact
that the ring patterns from the powder and FIB samples were equivalent is also
crucial in confirming that the polishing process was suitable for sample preparation.
Indeed the powder loaded in the TEM grids was from the non-polished half capsule
which was only subjected to the cutting process.
On the other hand the peculiarity that the ring patterns matched the ambient pressure
Ge and 3-Sn modification was at odds with the structural investigation of individual
grains. The FIB sample recovered from 24 GPa did not, indeed, exhibit any
microdiffraction patterns which could be indexed on the basis of the f3-Sn phase and
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only four patterns of thirty four could be indexed as cubic Ge (Fd3m) (table 3-19).
However, the powder sample recovered from the same experiment at 24 GPa
exhibited twelve patterns of forty-six, which could be indexed as Ge (Fd3m) and six
patterns as 3-Sn (I41 /amd) (table 3-21). Several structures could match the
microdiffraction patterns when using the broad tolerances for the parameters in the
software (tables 3-19 and 3-21). We thus moved to a different strategy for the
investigation by focusing on particular crystallites using microdiffraction as well as
chemical microanalysis.
The fact that with EDX both Ge and Sn were detected from the same crystallite and
that unlike SAED none of the ambient or dense Ge or Sn structures were identified
using microdiffraction from the individual crystallites, allowed for the possibility
that reaction from the two elements had taken place (because no known structure
satisfied all zone patterns from a single crystallite). This new phase containing Ge
and Sn could be a minor phase in the sample because the experimental conditions
were not optimal. This minor phase would then be difficult to detect using SAED,
where the patterns contain rings from several crystallites. We generated ring patterns
from all the microdiffraction patterns acquired from two crystallites (particle 5 and 6
in chapter 3, section 3.5.2.1) by measuring the distances between the central spot
and the other spots observed in the microdiffraction patterns. It was observed that
the ring patterns generated from those two crystallites exhibited rings that could not
match pure Ge (Fd3m) or pure Sn (I41 /amd) (figures 4-1 and 4-2). The two
crystallites were from the sample recovered from 24 GPa, so the generated ring
patterns from those crystallites should match the ring patterns acquired from this
sample.
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p-Sn

Particle 5

WN7
Ge (Fd3m)

Particle 5

Figure 4- 1: Comparison between the generated ring pattern from particle 5 (chapter 3,
section 3.5.2.1) and 13-Sn theoretical ring pattern (at the top) and Ge (Fd3m) theoretical ring
pattern (at the bottom).

253

Orr

n-Sn

Particle 6

..

Ge (Fd3m)

Particle 6

Figure 4- 2: Comparison between the generated ring pattern from particle 6 (chapter 3,
section 3.5.2.1) and 13-Sn theoretical ring pattern (at the top) and Ge (Fd3m) theoretical ring
pattern (at the bottom).
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Beam heating was only observed in one instance where the FEB sample recovered
from 24 GPa, in a certain section was accidentally investigated with too intense a
beam leading to recrystallization and appearance of individual zone patterns fitting
cubic Ge (Fd3m) and f3-Sn ambient phases. Nevertheless it could not be excluded
that the crystallites identified as Ge (Fd3m) contained a small proportion of Sn and
reciprocally, 3-Sn (I41Iamd) containing a small amount of Ge. Indeed a small
variation of the Ge crystal lattice parameters would ensue from a small proportion of
Sn in its structure (and reciprocally for a small proportion of Ge in Sn), similarly to
what was observed in previous work on germanium-silicon alloys, where the lattice
parameters between pure silicon and germanium-silicon alloys varied by only a few
percent

93

The indexing of the microdiffraction patterns, even with small tolerances in the
parameters, would not detect a small variation of the lattice parameter, thus a
comparison between endmember Ge and Sn patterns and potential solid solutions
thereof with small amounts of one element in the other would not be unambiguously
distinguishable. Further, possible symmetry breaking by the appearance of two
elements instead of one which could result in the appearance of tell-tale forbidden
spot patterns, would also not assist using electron diffraction, because forbidden
reflections are present anyway, due to multiple diffraction

'°.

Ring patterns might

provide higher resolution than spot patterns but, no ring patterns from the
recrystallized FEB sample were acquired so we could not compare such patterns to
those we have acquired before beam heating. Further, we have no ring patterns from
recovered endmember 13-Sn and the ring patterns from recovered Ge from 24 GPa
are diffuse.
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Clearly though the initial goal to quench metastable alloys from the melt was not
ultimately giving rise to crystallites large enough or well enough separated from
each other in terms of regions of chemical homogeneity to perform a satisfactory
investigation, or for that matter to unambiguously show whether a genuine P-T
stability regime exists for Ge-Sn alloys. A second set of experiments was thus
embarked upon, including challenging long time annealing regimes following
quenching.

4.2 Recovered Ge- Sn samples after annealing.

After an attempt to freeze in metastable structures directly from the melt at high
pressure by quenching, the second set of experiments focused on annealing and
compositional variation experiments to enhance crystal growth, promote separation
or reactivity and minimize pinning effects, inhibiting crystal growth in the presence
of an excess of one reactant. The results obtained from the second set of experiments
were in accordance with the first set, in that a significant difference in the mixing
behaviour of Ge and Sn below and above the Ge semiconductor to metal transition
at about 9 GPa was documented 36 (figure 1-5). Indeed, after cooling from the melt
and annealing at 8 GPa at 820 K the system segregated completely into the
endmembers (figure 3-23). The sharp boundary, encircled in figure 3-23,
demarcated the quenched melt structure on the left, from that annealed in the solid
state on the right. Indeed the region observed on the left of the sharp line exhibited
small liquid-like bubbles of the very Sn rich region (figure 3-28) whereas the very
Sn rich region observed on the right of this line is an extended matrix surrounding
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the almost pure Ge regions. The Ge regions exhibited sharp edges on different
locations which is indicative of solid growth (figure 3-25). Indeed, a detailed
examination of the annealed structure reveals the complete solidification history of
Ge (figure 3-24). The Ge small bubbles first quenched out of the melt then started to
coalesce, building a dendrite structure resulting finally in a "brick" like shape with
sharp edges (figure 3-25). The tin droplets left and right of the boundary also
mirrored the effect of annealing on segregation (figure 3-23). Some residual Sn,
namely, detected by EDX in the Ge rich bubbles in the melt structure has evidently
not had quite enough time to segregate completely (figure 3-29), as it has on the
annealed right side of the boundary. At 9 GPa, after cooling from the melt and
annealing at 1000 K for 10 minutes, we observed that the main part of the capsule
was composed of a melt structure with intermixed regions of Sn rich and Ge rich
regions also observed after quenching in the first set of experiments (figure 3-38).
The important finding was that at the four corners of the capsule, where the
temperature was lower because of thermal gradients, due to enhanced cooling near
the walls 94, 95, Ge and Sn segregation was observed. In particular, a pure Ge region
was observed at the corners together with a residual Sn-Ge mix (figure 3-37 and 341). The annealing temperature thus, was above the liquidus in the central part of the
capsule but not at the rims. Referring to the Ge phase diagram

40 (figure 1-1), we can

deduce that the temperature at the rims of the capsule was just below the melting
point of Ge which was found to be at about 825 K at 9 GPa

36, Ge and Sn were in the

process of separating as the liquid was quenched in the core of the capsule but were
not given time to do so as they traversed the solid state rapidly, whereas annealing in
the solid state at the rims provided more time for segregation (figure 3-41 and 3-42).

257

At 10 GPa above the semiconductor-metal transition a further annealing experiment
was carried out at 770 K after melting at 1500 K. A single large apparently
homogeneous region occupying most of the capsule and containing both Ge and Sn
was recovered (figure 3-50). Extensive EDX measurements in this region showed an
average composition of 87.6 at % Ge and 12.4 at % Sn with a standard deviation of
2.5 % (table 3-10). In this experiment, again, a sharp boundary demarcated the
quenched melt structure from that annealed in the solid state. Noting that the sample
was tilted in the multianvil press could explain the inclination of the sharp boundary.
This would then indicate that the clear separation between annealed and melt
structures was possibly driven mainly by gravity effects. However, it was not noted
which end of the capsule was higher while sitting in the multianvil press so it could
not be concluded whether the melt or the annealed region was denser. What is
known to-date, is that germanium liquid is denser than the solid at 10 GPa, but
the tin liquid is not 40 TEM microdiffraction measurements from the large
homogeneous area showed the Ge ST12 structure (P43212) to be in good agreement
with most of the patterns with small tolerances in the parameters used in the
software (table 3-25 to 3-27). Frequently spots in place of forbidden reflections are
observed in the experimental microdiffraction patterns (figure 3-150). This is most
likely due to multiple diffraction, when diffracted electrons are diffracted again by
other atom planes 80
Further, none of the diffraction patterns exhibited a pure Sn phase. A Sn02
orthorhombic phase (Pbcn) was also found to be in good agreement with several
microdiffraction patterns but this phase was previously only found above 12 GPa
using DAC techniques

96 Nevertheless we cannot exclude the presence of Sn02
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(Pbcn) on the basis of this alone, since our experimental pressure was not much
lower than 12 GPa. More saliently, is that our EDX measurements only show Ge
and Sn simultaneously in all spectra (figure 3-153 and table 3-29). These
measurements indicate that Sn may be occupying sites or interstitial sites in the Ge
structure (P43212). Further the lattice parameter of the Ge P43212 structure could
be only slightly affected by the presence of Sn. Previous work on GeXSi(l) solid
solutions found only a 0.94 % variation in the experimental lattice parameter
between pure Si and Ge025Si075

93. EDX results here, revealed an approximate

composition of 87.6 at % Ge and 12.4 at % Sn with SEM (table 3-10) and 90.4 at %
Ge and 9.6 at % Sn with TEM (table 3-29). If the lattice parameter varies by about
1 % for this compositional change, TEM microdiffraction will have difficulty in
resolving this. SAED mode, as mentioned above, could be more helpful if clear and
thin rings could be acquired from this region, because the diameter of the rings
measured on the ring patterns could be measured to greater accuracy. Unfortunately,
the ring patterns acquired from this sample recovered from 10 GPa were very spotty
(figure 3-152).
Annealing treatments were also performed at 24 GPa. A first annealing experiment
at 1000 K for 10 minutes after melting was carried out after melting an equimolar
mix of Ge and Sn. This short time was chosen to begin with to minimize the risk of
oxidation. The recovered sample still exhibited the same intermixed Ge rich and Sn
rich regions observed in the previous runs quenched from the melt (figure 3-74). We
thus annealed for 5h at a slightly higher temperature of 1050 K, to overcome
possible kinetic barriers to growth or segregation. The SEM images revealed the
presence of Ge rich and Sn rich regions in the capsule (figure 3-79). The Ge rich
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region was indeed of slightly larger size than in the previous runs. TEM
microdiffraction on small crystallites exhibited the presence of the 13-Sn phase
(figure 3-143). SAED patterns also revealed the 13-Sn phase, and surprisingly the Ge
cubic diamond ambient phase. No EDX analyses were performed in this experiment.
Moreover, the still present, bubble shape of the Sn rich region indicated that the
temperature was perhaps not below the solidus so we decided to perform a further
experiment at a lower annealing temperature. The melting curve of Sn at pressures
40 (figure 1-2). Shock wave experiments
higher than 5 GPa is not well known
proposed that Sn melted at about 1800 K at 25 GPa

45 (and reference therein), which

would suggest that at 1050 K we should have been well within the solid state regime
unless the extrapolated melting curve is off, or the bubble morphology of the tin rich
phase simply retains a liquid like form. Another possible explanation could be that
the Ge-Sn phase diagram exhibits a eutectic as seen in the Pb-Sn system at ambient
pressure (figure 1-12), which would lower the melting temperature of the Ge-Sn
system at that pressure.
A further consideration with regards inhibition of crystal growth was whether excess
Sn in the container could induce pinning effects, i.e. inhibit growth of the Ge rich
phase by steric hindrance. We thus modified the starting mix composition to 75 at %
Ge and 25 at % Sn which resulted in a large Ge rich apparently homogeneous region
after annealing and quenching (figure 3-82 and 3-83). The same chemical contrast
and composition within a 100 im2 region was observed at the centre of the capsule
(figure 3-82) whereas in previous samples it did not exceed a 10 im2 region (figure
3-79).
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It is also worth re-emphasizing that all the multianvil experiments (quenched and
annealed), exhibited a reaction of the Re foil with Ge. An intermediate layer namely
was observed between the pure Re and the Ge-Sn mix. This reaction between Re
and Ge was not disruptive to the measurements or generally to the stability of the
capsule at temperatures up to 1500 K. Above this temperature large amounts of ReGe developed inside the capsule (see SEM and FEG-SEM images from the highest
temperature runs in appendix F and I). Temperatures not exceeding 1500 K were
thus selected for melting the Ge-Sn system. TEM patterns from some recovered
crystals matched those of a Re3Ge7 phase with orthorhombic Cmcm space group
(appendix N). Nevertheless, because the Re3Ge7 phase has atoms inhabiting some
low symmetry sites, it has a rich variety of zone axes, so indexing to this phase is
not unique. Indeed, in certain cases where EDX data unambiguously showed
absence of either Re or Ge, a match could still be found based on Re3Ge7.

4.3 EDX analyses challenge: the detection of low energy X-ray lines.

During this work, much effort focused on obtaining the chemical composition of the
reaction products. Indeed this was crucial in documenting the identity of the reaction
products as well as the presence of contaminants such as oxygen. EDX analyses
performed at 20 kV with SEM revealed no oxidation in the samples. Because Ge
and Sri rich regions were many times intimately intermixed we used 10 kV
acceleration voltage to verify if Ge and Sn were still both detected simultaneously at
smaller scales by minimizing bulb effects

97

We observed the presence of a small
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peak at 10 kV very close to the oxygen K-line. This peak was identified as the low
energy Sn M-line. It was possible to detect it because there was less absorption of
97
the Sn M-line at 10 kV than at 20 kV so it could emerge from a shallower bulk
The Sn M-line was also observed with the FEG-SEM employing 10 kV. A small
oxygen peak was also detected in the spectra acquired from samples recovered from
14, 18 and 24 GPa (figure 3-103, 3-106 and 3-110). This amount of oxygen was
thought to be a surface layer effect rather than a bulk Sn, Ge or Ge-Sn oxide
compound. Indeed control experiments were carried out by heating pure Ge and
pure Sn separately under a flame in air. The EDX spectra obtained, exhibited a clear
intense oxygen peak for both samples. The oxygen peak in the Sn oxide sample was
more intense than the Sn M-line (see figure H-2 in appendix H). This result was then
in accordance with a surface layer of oxygen rather than the presence of an oxide in
the recovered samples from high pressure and temperature because the Sn-M line
observed in the latter was more intense than the oxygen peak (figure 3-106 and 3110). The EDX analyses carried out with TEM (at 300 kV) on the FEB sample also
exhibited a small 0 peak (figure 3-121 and 3-122). Again, the Sn M-line was
observed and the peak was more intense than the 0 peak. The FEB sample being
very thin compared to the SEM samples made detection of low energy lines easier.
The EDX analyses carried out on the small crystallites from the powder samples
exhibited more intense 0 peaks than the FEB sample (figure 3-135 and 3-121
respectively). It was then checked how this 0 peak varied depending on where the
analyses was performed. It was found that this 0 peak was higher when analysing
particles at the edge of the sample, close to the carbon film (see EDX spectrum from
spot 5 analysis in figure 3-137). After comparison with the analysis from a particle
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further from the edge, it was found that less relative oxygen amounts were detected
in this particle (see the spectrum from spot 2 analysis in figure 3-135). This
measurement also supported that the oxygen was a surface effect because more
oxygen was detected in thinner areas where its relative volume was higher. It is also
possible that at least some of the oxygen contribution comes from the carbon film.
One other peak was not clearly indexed in the TEM analysis but was rationalized
based on in the SEM-based EDX analyses. The EDX detector was namely a SiLi
detector which could lead to the presence of additional peaks in the spectra. Those
peaks are called escape peaks. In this work we observed a Sn escape peak in the
spectra acquired from the Sn rich regions. The position of this peak is at 3.44 KeV
(Sn L-line energy) minus 1.74 KeV (Si K-line energy) which thus gives an energy of
1.70 KeV for the Sn escape peak. This value is very close to the actual energy of the
Si K-line (1.74 KeV), so it was not clear how to index this peak in the EDX
spectrum (figures 3-135 to 3-137). Nevertheless in all EDX spectra from SEM
investigations this Sn escape peak was easier to identify because it was not so sharp
and correlated with the intensity of the Sn L-line: the higher the Sn L-line, the higher
the Sn escape peak. This was not always true in the TEM measurements which did
not allow us to exclude the presence of Si as a possible contaminant.
The main argument that oxygen presence is due to an oxygen layer rather than an
oxide is that no oxygen was detected with SEM analyses (taking into account the
aforementioned oxide control experiments) and was most frequently extremely weak
in TEM measurements. A possible reason for the presence of a more enhanced 0
peak in TEM in some cases could be that the powder sample became oxidized
between loading the grid and the TEM measurements. This would require however a
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radical structural change which is unlikely at ambient temperature. Namely, SnO,
Sn02, GeO and Ge02 structures

98 which could match several microdiffraction

patterns were structurally different than Ge P43212, Ge Ia3, Ge Fd3m and 13-Sn. It is
thus very unlikely that pure Ge, pure Sn or GeSn structure would modify its
symmetry at ambient pressure without significant heating. Thus even for this case
the presence of an oxygen peak is likely a predominantly surface effect.

4.4

Determining factors for alloy formation.

The measurements to-date indicate a solid solution between Ge and Sn at high
pressure, and the diffraction data, point at a tetragonal P43212 symmetry for the
Ge09Sn01 solid solution recovered from 10 GPa

99, 100

In general, seamless solid

solution occurs when the two participating elements resemble each other most
closely, and in the limit, a perfect "solid solution" occurs when the two elements are
the same. Hume-Rothery as discussed in the introduction, put forth four criteria for
discerning how closely two elements resemble each other, and hence how easily
they will form solid solutions

47 48

These criteria are relative atomic sizes,

electronegativities, valencies and crystal structures. Consistent with the analysis in
the introduction and appendix B (figure 1-7 in chapter 1 and table B-5 in appendix B)
showing that the relative size ratio is smallest in a narrow temperature window at 10
GPa, we found that the largest homogeneous region containing both elements was
after annealing at 10 GPa (figure 3-50 and 3-56). Indeed in a small P-T window at
10 GPa the atomic size ratio is —13%, i.e. less than the 15% "cutoff' proposed by
Hume-Rothery. At higher pressures, while the atomic size ratio decreases further, it
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does not become smaller than in the pinpointed narrow P-T interval at 10 GPa
(figure 1-7 in chapter 1 and table B-5 in appendix B). Indeed the atomic ratio
flattens out at about 19% above 22 GPa which may partly explain the difficulty in
developing extended domains of a Ge-Sn alloy at higher pressures. Indeed, 19%,
according to Hume-Rothery, should be too large for a solid solution to form. We
have nevertheless documented presence of several Ge-Sn containing crystallites
whose diffraction pattern does not match any of the known endmember phases

61,62

One possibility is that this Hume-Rothery criterion is not strict, or that the
crystallites at higher pressure do not form a solid solution, but an intermetallic
compound. This latter consideration is tenuous though, because the basic criteria for
intermetallic alloy formation are small differences in charge density and large
differences in electronegativity
density of Ge
Ge

=

=

1.37, Sn

=

19, 101

While the first criterion is satisfied (electron

1.24 i.e. similar) the second is not (electronegativity of

2.01, Sn = 1.96 i.e. similar)

61, 63

We examine thus the remaining Hume-

Rothery criteria and correlate them as well with the experimental findings. The
second Hume-Rothery criterion that the electronegativities should be similar is
indeed the case as mentioned above. Pressure further, would make the Ge and Sn
electronegativities even more similar since Ge also becomes a metal at between 9
and 10 GPa. The third criterion is that the valencies need to be comparable. Ge in
the semiconducting state has a valency of 4 whereas Sn as a metallic element has a
valency of 2 or less

61 These become comparable when Ge becomes a metal at

between 9 and 10 GPa. The fourth Hume-Rothery criterion is that the crystal
structures should be the same for complete solid solutions to form, but partial solid
solutions are accessible even when the crystal structures are different. These further
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considerations are also consistent with our observations that pressure promotes GeSn reactivity, generally, and particularly favors alloy formation at 10 GPa. That is, at
10 GPa there is a narrow P, T regime where not only is the atomic size ratio within
15% of each other, but the valencies and electronegavities as well, because
germanium has transformed to a metal. Further within the same narrow P-T regime
at 10 GPa the crystal structures are the same. The caveat to this is that the
temperature regime at which this tight compatibility occurs is from ambient
temperature to about 320 K, which is below the temperature of synthesis

40 This

region is nevertheless traversed as the system is cooled to room temperature at 10
GPa. Below this pressure the incompatibilities, as discussed, are higher, the atomic
size ratios are above 20%, germanium is a semiconductor and the crystal structures
are different at all temperatures from ambient upwards. Above 10 GPa the size ratios
are smaller, and continue to decrease with respect to those below 10 GPa, but are
never as small as between ambient and 320 K at 10 GPa. The electronegativities and
valencies become even more similar as pressure is increased, since the degree of
metallicity increases in Ge, but the crystal structures on the other hand do not
overlap again.
Beyond these considerations there are two others that may figure
prominently in the creation of reactivity with pressure between Ge and Sri. The first
we propose is the possible enhancement of reactivity at a phase transition. At 10
GPa, Ge transforms from the cubic germanium phase to the 13-tin structure and
simultaneously, to a metal. Sri transforms between the 13-tin structure and a bct
tetragonal phase above 320 K at 10 GPa. These structural and electronic
rearrangements particularly for Ge, may promote an environment that is more
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conducive to reaction at that exact regime of reconstruction and reformation. The
second consideration centers on metastability in combination with the structure of
the liquid state. While direct quenching from the liquid state, does not result in
regions of significant homogeneity, the combination of an increasingly metallic,
likely homogeneous liquid state followed by a metallic solid state at and above 9- 10
GPa may enhance recovery of a Ge-Sn alloy upon cooling to ambient conditions.
This latter consideration may figure more prominently in explaining the higher
pressure unindexable Ge-Sn crystallites. There, on the one hand the Ge-Sn size
ratios are at about 20% and the crystal structures incompatible, but the increasing
metallicity and likely homogeneity of the liquid state in conjunction with the
increasing metallicity of the solid state may promote reactivity albeit with greater
difficulty.
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Chapter 5: Conclusion- Future work

The Ge-Sn system was studied from ambient pressure to 24 GPa and temperatures
up to 2000 K using high temperature, atmosphere controlled furnaces, pistoncylinder and multianvil devices. It was found that the Ge semiconductor-metal
transition around 9 GPa was important in the interaction between Ge and Sn
elements. Below the Ge semiconductor-metal transition at 9 GPa, Ge and Sn were
clearly separated. Above this transition, both elements are metallic and two regions
containing both Ge and Sn were observed. These two regions, a Ge-rich and a Sn
rich one, were intertwined with no clear boundaries. Several crystallites recovered
from 24 GPa were characterized using TEM. They contained both Sn and Ge and
exhibited small sizes (20-50 nm). These did not index as pure Ge, pure Sn or any of
the known Ge or Sn oxide phases using microdiffraction. At 10 GPa, just above the
Ge semiconductor- metal transition pressure, a large (-1 mm2) region was
successfully synthesized containing approximately 90 at% Ge and 10 at% Sn which
appeared homogeneous on a nanometre scale. Microdiffraction investigation on
several crystallites from this region showed the presence of the (P43212) symmetry
and no presence of f3-tin diffraction patterns either in microdiffraction or SAED
mode. This observation coupled with detailed nanometre level EDX analysis
showing uniform composition of Ge and Sn throughout, on all scales provides
strong evidence for reaction between Ge and Sn and more generally demonstrates
the ability of pressure to change the reactivity of elements, inducing them to form
new compounds where none were possible at ambient pressure.

In this work, we also demonstrate that the FIB technique is appropriate for preparing
thin TEM sections of samples recovered from extreme conditions of pressure and
temperature and that this method in particular, does not perturb the structure or
chemistry of the system. We also promoted separation of two regions which were
initially intertwined after temperature quench by using annealing treatments before
quenching the synthesis products at carefully targeted regimes which were low
enough to allow annealing in the solid state, yet high enough to overcome kinetic
hindrance to reaction. With regards the particular use of multianvil devices, this
work also demonstrates that these devices can be used effectively in a sufficiently
oxygen protective environment for synthesis, even of reaction products, which are
highly oxidizable in air.
Further investigations on the Ge-Sn system are being targeted now, most pressingly
using high resolution X-ray diffraction to consolidate the structure of the Ge-Sn
alloys prepared at 10 and at 24 GPa and in the first instance test our finding of
P43212 as the prevailing Ge-Sn symmetry present at 10 GPa. Furthermore in-situ
and much more extended P, T regime afforded by DAC methods combined with Xray diffraction and complementary spectroscopic probes and concomitant more
controlled inert and hydrostatic media (Ar) will markedly augment our novel
findings

102

Also further TEM investigations would be needed on annealed samples recovered
from 24 GPa; First on the Ge-rich region in sample S3619 (24 GPa-1500K-annealed
at 1000 K-5h-quenched), where smaller Sn content (Ge 75%, Sn 25 %) may have
lifted constraints on Ge rich crystal growth. This region exhibits homogeneity on the

-joo

im2 scale based on SEM measurements. Also, a recent multianvil synthesis

RMS

carried out at 24 GPa and using annealing at 770 K for 3 hours (not presented in the
thesis), exhibited distinct, clearly separated Sn-rich and Ge-rich regions on the SEM
images with apparently higher homogeneity than previous annealed samples
recovered from 24 GPa, indicating that prolonged annealing at lower temperatures
than previously employed may also extend homogeneity regions of Sn and Ge-rich
regions.
Further, in conjunction with the synthesis and structural characterization of the novel
Ge-Sn alloys, we target property measurements including band-gap measurements
that could, following from theoretical predictions lead to a new generation of
optoelectronic devices by direct unstrained interfacing to silicon. More generally the
work again demonstrates the major effect pressure can have on the mixing and
reactivity of materials, and how the combination of highest resolution microscopy
and diffraction methods allows us to monitor the evolution of these marked changes
in a systematic manner.
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Appendix A
Ge and Sn atomic radii calculations according
to pressure.

A. 1 Germanium atomic radius evaluation as a function of pressure.
The first step is to find the volume of the unit cell, and from that to calculate
the lattice parameter a for Ge I, and a and c for Ge II. Based on the established c/a
51, the individual constants can then be
ratio dependency with pressure for Ge II
evaluated. Knowing the space group of Ge I and Ge TI, the coordinates of the two
nearest neighbours in the unit cell are easy to find from the international tables for
crystallography 103 The nearest neighbour atomic positions in the unit cell were
identified and the distances between them evaluated. We assume that the two nearest
neighbours are touching 48,61 allowing us to calculate atomic radii (r) from:
Distance between two nearest neighbours

=

2

* atomic

radius

In the cubic diamond structure, one atom has four nearest neighbours. If we consider
one atom at the origin (0, 0, 0), one of the nearest neighbours has the coordinates (a/4,
a/4, a/4) with a, the lattice parameter of the unit cell. The distance between these two
atomic positions is:
2xr(Gel) =(-O)

2+

0) 2 +(-O) 2

This gives after simplification:
r(GeI)=2

(1)

In the tetragonal 13-Sn structure, one atom has 4 equidistant nearest neighbours. if one
atom is at the origin (0, 0, 0), one of the nearest neighbours is at coordinates (0, a/2,
c/4), c and a being the lattice parameters of the unit cell. We hence obtain the
following equation:
2xr(GeII)=(O-O) 2 +(0) 2 +(0) 2
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From the literature, we know the pressure dependency of the ratio c/a

51• Using the

value of a and c/a in the equation above will give the atomic radius of Ge II at
different pressures:
r(GeIJ) = !x+()2
4
2 F4

A.2

(2)

Tin atomic radius evaluation as a function of pressure.
The calculation method for the tin radius is similar to that given above for

germanium. The diamond structure of tin (ct Sn) has also been added to compare with
the two other structures in the range of pressure covered, even if tin is known to be in
the j3-Sn structure at ambient conditions. The lattice parameters of the unit cell used
52 . Equation (1) for
for the calculation were measured at 241 K and ambient pressure
the germanium diamond structure is also applied to the cc-Sn lattice parameter:
r(aSn)=-Several studies were used for the calculation of the Sn atomic radius in the 13-Sn
structure. The pressure dependence of the lattice parameters and the volume of the
44
unit cell were studied by Plymate et al Additional work by Ming Liu and Lin-gun
42•
Liu provide the evolution of the c/a ratio for f3-Sn and bct-Sn with pressure Using
a and c/a values, the atomic radius can then be calculated at different pressures as for
Ge II:

1

aXc/a

4+
2 F
r(/3Sn)z—x(

4

)_

At about 10 GPa, Sn transforms to a body central tetragonal (bct) structure with 2
atoms in the unit cell, one at coordinates (0, 0, 0) and the other at (a/2, a/2, c/2). The
expression for the atomic radius becomes:

2xr(bctSn)=j(V2-O)

2+(a/O) 2

+(/2-O)

2
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Using the values of a and c/a, the relation above gives the atomic radius for bct-Sn:

1 'a2 aXc/a )2
r(bctSn)=—x.I—+(
2

V2

2

It would be important to evaluate atomic radii at high pressure and high temperature
but P-V-T data are scanty, more difficult to measure, and measure accurately.

A.3 Difference in atomic ratio between Ge and Sn according to
pressure.
Once the atomic radii of Ge and Sn are known, the difference in size between
the two elements can be estimated from ambient temperature to 25 GPa, the
maximum pressure applied in the experiments. We thus have the relation:
Atomic Ratio =

r(Sn)—r(Ge)
r(Ge)

xlOO

The atomic size difference between Ge and Sn can then be plotted as a function of
pressure. This step is important to determine a pressure regime where Ge and Sn
miscibility would be enhanced, according to the Hume-Rothery rules.
If one or more of those rules are violated, the miscibility between the two considered
elements can only be partial or non-existent 49
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Appendix B
Ge and Sn parameters as a function of
pressure and specific volume comparison
with Ge(l. )Snx solid solution.

.

B. 1 Ge and Sn unit cell volume as a function of pressure.
Pressure

Ge unit cell volume

Sn unit cell

Pressure

Ge unit cell

Sn unit cell

(±0.3 GPa)

(±0.04 A)

volume (±0.04 A)

(±0.3 GPa)

volume (±0.04 A)

volume (±0.04 A)

0
0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
4.5
5.0
5.5
6.0
6.5
7.0
7.5
8.0
8.5
9.0
9.5
10.0
10.0
10.5
11.0
11.5
12.0
12.5
13.0
13.5
14.0
14.5
15.0
15.5
16.0
16.5
17.0
17.5
18.0
18.5
19.0
19.5
20.0
20.5
21.0
21.5
22.0

180.49
180.49
178.91
178.07
177.18
176.34
175.24
174.04
173.25
172.32
171.08
170.02
169.13
168.29
167.72
167.14
166.39
165.42
164.76
164.27
163.16
161.97
65.43
65.39
65.39
65.39
65.08
64.86
64.81
64.68
64.24
64.06
63.67
63.67
63.67
63.49
63.09
63.09
62.52
62.52
62.34
62.12
62.12
61.94
61.37
61.37
61.32

22.5
23.0
23.5
24.0
24.5
25.0
25.5
26.0
26.5
27.0
27.5
28.0
28.5
29.0
29.5
30.0
30.5
31.0
31.5
32.0
32.5
33.0
33.5
34.0
34.5
35.0
35.5
36.0
36.5
37.0
37.5
38.0
38.5
39.0
39.5
40.0
40.5
41.0
41.5
42.0
42.5
43.0
43.5
44.0
44.5
45.0

61.00
60.79
60.70
60.60
60.30
60.00
59.91
59.69
59.46
59.37
59.15
59.06
58.83
58.74
58.43
58.20
58.11
57.98
57.80
57.57
57.48
57.26
57.17
57.03
56.85
56.63
56.54
56.40
56.09
56.00
55.78
55.69
55.60
55.28
55.28
55.15
55.06
54.97
54.83
54.74
54.65
54.52
54.43
54.34
54.11
54.02

41,57
41.22
41.22
40.77
40.62
40.53
40.45
40.70
40.37
40.28
40:28
40.11
3994
39.86
39.69
39.69
39.61
39.52
39.35
39.19
39.19
38.85
38.68
38.68
38.51
38.51
38.09
38.09
37.92
37.92
37.92
37.92
3775
37.50
37.33
37.33
37.33
37.16
37.16
36.91
36.91
36.91
36.91
36.91
36.74
36.74

-

-

1
1
1

273.26
108.19
107.19
106.31
105.07
104.50
103.92
102.86
102.15
101.71
101.00
100.56
99.85
99.41
98.08
97.11
96.93
95.96
95.17
94.81
94.02
93.66
46.17
45.55
45.55
45.11
45.00
44.75
44.40
44.40
44.22
43.78
43.96
43.96
43.60
43.60
43.16
43.16
42.81
42.36
42.01
42.01
42.01
42.01
42.01
141.57
41.57
1

1

1

-

Table B- 1: Numerical values of Ge and Sn unit cell volumes as a function of pressure.
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Ge and Sn unit Cell Volume vs Pressure
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Figure B- 1: Diagram showing Ge and Sn unit cell volumes as a function of pressure.

B.2

Ge and Sn (I41 /amd structure) c/a ratio as a function of pressure
Ge and Sn c/a ratio vs Pressure
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Figure B- 2: Diagram showing Ge and Sn tetragonal structures lattice parameter c/a ratio as
a function of pressure.
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Pressure

Ge c/a ratio

Sn c/a ratio

Pressure

Ge c/a ratio

Sn c/a ratio

(±0.3 GPa)

(±0.001)

(±0.001)

(±0.3 GPa)

(±0.001)

(±0.001)

23.0
23.5
24.0
24.5
25.0
25.5
26.0
26.5
27.0
27.5
28.0
28.5
29.0
29.5
30.0
30.5
31.0
31.5
32.0
32.5
33.0
33.5
34.0
34.5
35.0
35.5
36.0
36.5
37.0
37.5
38.0
38.5
39.0
39.5
40.0
40.5
41.0
41.5
42.0
42.5
43.0
43.5
44.0
44.5
45.0
-

0.549
0.549
0.549
0.549
0.549
0.549
0.549
0.549
0.548
0.548
0.548
0.548
0.548
0.548
0.548
0.548
0.547
0.547
0.547
0.547
0.547
0.547
0.547
0.547
0.546
0.546
0.546
0.546
0.546
0.546
0.546
0.546
0.545
0.545
0.545
0.545
0.545
0.545
0.545
0.545
0.544
0.544
0.544
0.544
0.544

0.927
0.928
0.928
0.929
0.929
0.929
0.929
0.930
0.930
0.930
0.931
0.931
0.931
0.931
0.932
0.932
0.932
0.932
0.933
0.934
0.936
0.937
0.938
0.938
0.937
0.937
0.938
0.939
0.940
0.940
0.941
0.941
0.941
0.941
0.940
0.940
0.940
0.939
0.939
0.939
0.939
0.940
0.940
0.940
0.941

-

-

-

-

-

0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
4.5
5.0
5.5
6.0
6.5
7.0
7.5
8.0
8.5
9.0
9.5
10.0
10.0
10.5
11.0
11.5
12.0
12.5
13.0
13.5
14.0
14.5
15.0
15.5
16.0
16.5
17.0
17.5
18.0
18.5
19.0
19.5
20.0
20.5
21.0
21.5
22.0
22.5

-

-

0.553
0.553
0.552
0.552
0.552
0.552
0.552
0.552
0.552
0.552
0.551
0.551
0.551
0.551
0.551
0.551
0.551
0.551
0.550
0.550
0.550
0.550
0.550
0.550
0.550
0.550

0.545
0.545
0.545
0.545
0.544
0.544
0.545
0.545
0.545
0.545
0.544
0.545
0.544
0.541
0.545
0.545
0.545
0.544
0.544
0.544
0.545
0.916
0.911
0.911
0.911
0.911
0.913
0.913
0.915
0.916
0.917
0.918
0.919
0.920
0.920
0.921
0.921
0.922
0.922
0.923
0.924
0.924
0.925
0.925
0.926
0.927
0.927
1

1
1

Table B- 2: Numerical values of Ge and Sn tetragonal structures lattice parameters c/a ratio
as a function of pressure.
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B.3

Ge and Sn specific volume as a function of pressure

Pressure

Ge specific volume

Sn specific volume

Pressure

Ge specific volume

Sn specific

(±0.3 GPa)

(±0.04 A3)

(±0.04 A3)

(±0.3 GPa)

(±0.04 A3)

volume (±0,04 A3)

0
0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
4.5
5.0
5.5
6.0
6.5
7.0
7.5
8.0
8.5
9.0
9.5
10.0
10.0
10.5
11.0
11.5
12.0
12.5
13.0
13.5
14.0
14.5
15,0
15.5
16.0
16.5
17.0
17.5
18.0
18.5
19.0
19.5
20.0
20.5
21.0
21.5
22.0

22.56
22.56
22.36
22.26
22.15
22.04
21.91
21.76
21.66
21.54
21.39
21.25
21.14
21.04
20.97
20.89
20.80
20.68
20.59
20.53
20.40
20.25
16.36
16.35
16.35
16.35
16.27
16.22
16.20
16.17
16.06
16.02
15.92
15.92
15.92
15.87
15.77
15.77
15.63
15.63
15.59
15.53
15.53
15.49
15.34
15.34
15.33

34.16
27.05
26.80
26.58
26.27
26.13
25.98
25.72
25.54
25.43
25.25
25.14
24.96
24.85
24.52
24.28
24.23
23.99
23.79
23.70
23.50
23.42
23.08
22.77
22.77
22.55
22.50
22.38
22.20
22.20
22.10
21.89
21.98
21.98
21.80
21.80
21.58
21.58
21.40
21.18
21.01
21.01
21.01
21.01
21.01
20.78
20.78

22.5
23.0
23.5
24.0
24.5
25.0
25.5
26.0
26.5
27.0
27.5
28.0
28.5
29.0
29.5
30.0
30.5
31.0
31.5
32.0
32.5
33.0
33.5
34.0
34.5
35.0
35.5
36.0
36.5
37.0
37.5
38.0
38.5
39.0
39.5
40.0
40.5
41.0
41.5
42.0
42.5
43.0
43.5
44.0
44.5
45.0

15.25
15.20
15.18
15.15
15.07
15.00
14.98
14.92
14.87
14.84
14.79
14.76
14.71
14.69
14.61
14.55
14.53
14.50
14.45
14.39
14.37
14.32
14.29
14.26
14.21
14.16
14.14
14.10
14.02
14.00
13.94
13.92
13.90
13.82
13.82
13.79
13.76
13.74
13.71
13.69
13.66
13.63
13.61
13.58
13.53
13.51

20.78
20.61
20.61
20.39
20.31
20.27
20.23
20.35
20.18
20.14
20.14
20.06
19.97
19.93
19.85
19.85
19.80
19.76
19.68
19.59
19.59
19.42
19.34
19.34
19.26
19.26
19.05
19.05
18.96
18.96
18.96
18.96
18.88
18.75
18.67
18.67
18.67
18.58
18.58
18.46
18.46
18.46
18.46
18.46
18.37
18.37

-

-

-

1

1

1

Table B- 3: Numerical values of Ge and Sn specific volumes as a function of pressure. (sp.
vol= unit cell volume divided by number of atoms per unit cell) (a-Sn (Z=8), 13-Sn (Z= 4), bctSn (Z=2), Ge I (Z=8) and Ge II (Z=4)).
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B.4

Ge and Sn atomic radii as a function of pressure

Pressure

Ge atomic radius

Sn atomic radius

Pressure

Ge atomic radius

Sn atomic radius

(±0.3 GPa)

(±0.001 A)

(±0.001 A)

(±0.3 GPa)

(±0.001 A)

(±0.001 A)

0
0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
4.5
5.0
5.5
6.0
6.5
7.0
7.5
8.0
8.5
9.0
9.5
10.0
10.0
10.5
11.0
11.5
12.0
12.5
13.0
13.5
14.0
14.5
15.0
15.5
16.0
16.5
17.0
17.5
18.0
18.5
19.0
19.5
20.0
20.5
21.0
21.5
22.0

1.224
1.224
1.220
1.218
1.216
1.214
1.212
1.201
1.207
1.205
1.202
1.199
1.197
1.195
1.194
1.193
1.191
1.189
1.187
1.186
1.183
1.180
1.274
1.273
1.273
1.273
1.272
1.270
1.270
1.269
1.266
1.265
1.263
1.263
1.263
1.262
1.259
1.259
1.256
1.256
1.255
1.253
1.253
1.252
1.248
1.248
1.248

1.405
1.512
1.507
.503
.497
.495
.492
1.486
1.483
1.481
1.477
1.476
1.472
1.470
1.466
1.458
1.457
1.452
1.449
1.447
1.443
1.441
1.556
1.549
1.549
1.544
1.543
1.540
1.536
1.536
1.534
1.529
1.531
1.531
1.526
1.526
1.521
1.521
1.517
1.512
1.507
1.507
1.507
1.507
1.507
1.502
1.502

22.5
23.0
23.5
24.0
24.5
25.0
25.5
26.0
26.5
27.0
27.5
28.0
28.5
29.0
29.5
30.0
30.5
31.0
31.5
32.0
32.5
33.0
33.5
34.0
34.5
35.0
35.5
36.0
36.5
37.0
37.5
38.0
38.5
39.0
39.5
40.0
40.5
41.0
41.5
42.0
42.5
43.0
43.5
44.0
44.5
45.0

1.246
1.245
1.244
1,244
1.242
1.240
1.239
1.238
1.236
1.236
1.234
1.233
1.232
1.231
1.229
1.228
1.227
1.226
1.225
1.224
1.223
1.222
1.221
1.220
1.219
1.217
1.217
1.216
1.214
1.213
1.212
1.211
1.210
1.208
1.208
1.207
1.207
1.206
1.205
1.205
1.204
1.203
1.203
1.202
1.200
1.200

1.502
1.498
1.498
1.492
1.490
1.489
1.488
1.491
1.487
1.486
1.486
1.484
1.482
1.481
1.479
1.479
1.478
1.477
1.475
1.472
1.472
1.468
1.466
1.466
1.464
1.464
1.458
1.458
1.456
1.456
1.456
1.456
1.454
1.451
1.448
1.448
1.448
1.446
1.446
1.443
1.443
1.443
1.443
1.443
1.441
1.441

-

-

1
1

Table B- 4: Numerical values of Ge and Sn atomic radius as a function of pressure.
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B.5

Ge and Sn atomic radius ratio as a function of pressure
Pressure

Ge-Sn atomic radius

Pressure

Ge-Sn atomic radius

(±0.3 GPa)

ratio (±0.01 %)

(±0.3 GPa)

ratio (±0.01 %)

0
0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
4.5
5.0
5.5
6.0
6.5
7.0
7.5
8.0
8.5
9.0
9.5
10.0
10.0
10.0
10.0
10.5
11.0
11.5
12.0
12.5
13.0
13.5
14.0
14.5
15.0
15.5
16.0
16.5
17.0
17.5
18.0
18.5
19.0
19.5
20.0
20.5
21.0
21.5

14.83
23.57
23.52
23.37
23.10
23.13
23.16
22.96
22.86
22.91
22.91
23.05
22.91
23.00
22.77
22.26
22.37
22.20
22.08
22.05
21.98
22.07
13.12
31.84
22.18
21.67
21.67
21.26
21.35
21.25
20.95
21.01
21.12
20.81
21.21
21.20
20.86
20.97
20.80
20.79
20.82
20.39
20.16
20.29
20.28
20.39
20.75
20.32

22.0
22.5
23.0
23.5
24.0
24.5
25.0
25.5
26.0
26.5
27.0
27.5
28.0
28.5
29.0
29.5
30.0
30.5
31.0
31.5
32.0
32.5
33.0
33.5
34.0
34.5
35.0
35.5
36.0
36.5
37.0
37.5
38.0
38.5
39.0
39.5
40.0
40.5
41.0
41.5
42.0
42.5
43.0
43.5
44.0
44.5
45.0

20.33
20.54
20.33
20.37
20.00
20.03
20.14
20.11
20.51
20.31
20.28
20.43
20.31
20.29
20.26
20.29
20.44
20.41
20.41
20.35
20.33
20.38
20.17
20.05
20.14
20.08
20.23
19.85
19.94
19.97
20.02
20.18
20.23
20.11
20.06
19.87
19.97
20.03
19.90
20.00
19.78
19.84
19.93
19.99
20.05
20.02
20.08

-

-

Table B- 5: Numerical values of Ge and Sn atomic radii ratio as a function of pressure.
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B.6 Comparison Ge and Sn specific volume and Ge1..Sn solid
solution specific volume as a function of pressure.
Comparison of Ge0 9844 Sn0 0156 supercell volume
and the sum of 63 Ge and I Sn sp. vol. vs Pressure
1550
1500

a) 1450
1400
CL

1350
1300

Volume Ge 0.9844Sn 0,0156 solid solution
0

2

4

6

8

10

Pressure (GPa)
Figure B- 3: Diagram showing the volume (A3) of Ge09544Sn00156 supercell (in red) and the
sum of Ge and Sn endmembers (in black) as a function of pressure up to 9 GPa 54 The
supercell volume is lower than the sum of 63 Ge and I Sn specific volumes so that this
composition is favourable for solid solution formation. (sp. vol= unit cell volume divided by
number of atoms per unit cell) (a-Sn (Z=8), t3-Sn (Z= 4), bct-Sn (Z=2), Ge I (Z=8) and Ge II
(Z=4)).
.

Pressure (± 0.3 GPa)
0
0
1.0
2.0
3.0
4.0
5.0
6.0
7.0
8.0
9.0

Specific volume
63 Ge+ 1 Sn (± 0.04 A)
1455.54
1448.43
1428.85
1414.81
1396.30
1382.42
1364.03
1350.16
1340.53
1326.67
1317.32

Supercell volume
Ge0 9 Sn0 0156 (± 0.1 A31
1434.7
1434.7
1415.3
1397.1
1380.2
1364.3
1349.4
1335.3
1322.0
1309.4
1297.4

Table B- 6: Numerical values of the sum of 63 Ge and 1 Sn specific volumes and
Ge0 9344Sn00156 supercell volume as a function of pressure. The first data point at ambient
pressure and low temperature where Sn is in the a-Sn structure is also given. (sp. vol= unit
cell volume divided by number of atoms per unit cell) (a-Sn (Z8), 13-Sn (Z= 4), bct-Sn (Z=2),
Ge I (Z=8) and Ge II (Z=4)).

IJ

Pressure (± 0.3 CPa)

Specific volume
62 Ge+ 2 Sn (± 0.04 A3)

Supercell volume
Ge0 9687Sn0 0313 (±o.1 A3)

0
0
1.0
2.0
3.0
4.0
5.0
6.0
7.0
8.0
9.0

1467.14
1452.92
1433.17
1418.89
1400.26
1386.31
1367.92
1353.98
1343.91
1329.98
1320.49

1445.0
1445.0
1425.0
1406.5
1389.3
1373.2
1358.0
1343.7
1330.2
1317.5
1305.3

Table B- 7: Numerical values of the sum of 62 Ge and 2 Sn specific volumes and
Ge0,9687Sn0033 supercell volume as a function of pressure. The first data point at ambient
pressure and low temperature where Sn is in the a-Sn structure is also given. (sp. vol= unit
cell volume divided by number of atoms per unit cell) (a-Sn (Z=8), 3-Sn (Z= 4), bct-Sn (Z=2),
Ge I (Z=8) and Ge II (Z=4)).

Pressure (± 0.3 GPa)

Specific volume
60 Ge+ 4 Sn (± 0.04 A)

Supercell volume
Ge0 9375Sn0 0625 (±o.1 A3)

0
0
1.0
2.0
3.0
4.0
5.0
6.0
7.0
8.0
9.0

1490.33
1461.89
1441.80
1427.06
1408.18
1394.09
1375.70
1361.61
1350.68
1336.60
1326.83

1468.3
1468.3
1447.3
1428.1
1410.2
1393.5
1377.9
1363.1
1349.2
1336.0
1323.5

Table B- 8: Numerical values of the sum of 60 Ge and 4 Sn specific volumes and
Ge0 9375Sn00625 supercell volume as a function of pressure. The first data point at ambient
pressure and low temperature where Sn is in the a-Sn structure is also given. (sp. vol= unit
cell volume divided by number of atoms per unit cell) (a-Sn (Z=8), n-Sn (Z= 4), bct-Sn (Z=2),
Ge I (Z=8) and Ge II (Z=4))
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Comparison of Ge0 875Sn0.125 supercell volume
id the sum of 56 Ge and 8 Sn sp. vol. vs Pressure
1550
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Figure B- 4: Diagram showing the volume (A) of Ge09875Sn0125 supercell (in red) and the
sum of Ge and Sn endmembers (in black) as a function of pressure up to 9 GPa 54 The
supercell volume is lower than the sum of 56 Ge and 8 Sn specific volumes only when Sn is
in the a-Sn structure at ambient pressure. Otherwise this composition is not favourable for
solid solution formation. (sp. vol= unit cell volume divided by number of atoms per unit cell)
(a-Sn (Z=8), r3-Sn (Z= 4), bct-Sn (Z=2), Ge I (Z=8) and Ge II (Z=4)).
.

Pressure (± 0.3 GPa)
0
0
1.0
2.0
3.0
4.0
5.0
6.0
7.0
8.0
9.0

Specific volume
56 Ge+ 8 Sn (± 0.04 A3)
1536.71
147983
1459.08
1443.39
1424.01
1409.64
1391.25
1376.87
1364.22
1349.86
1339.51

Supercell volume
Ge0 875Sn0 125 (± 0-1 A)
1510.3
1510.3
1488.0
1467.7
1448.8
1431.2
1414.7
1399.2
1384.6
1370.7
1357.6

Table B- 9: Numerical values of the sum of 56 Ge and 8 Sn specific volumes and
Ge0875Sn00125 supercell volume as a function of pressure. The first data point at ambient
pressure and low temperature where Sn is in the a-Sn structure is also given. (sp, vol= unit
cell volume divided by number of atoms per unit cell) (a-Sn (Z8), p3-Sn (Z= 4), bct-Sn (Z=2),
Ge I (Z=8) and Ge 11 (Z=4)).

WIN

Comparison of Ge0 8125Sn0 1875 supercell volume
and the sum of 52 Ge and 12 Sn sp. vol. vs Pressure
1600
1550

00
: :::
0,

d solution

1400
1350
2

4
6
Pressure (GPa)

8

10

Figure B- 5: Diagram showing the volume (A3) of Ge08125Sn01875 supercell (in red) and the
54
sum of Ge and Sn endmembers (in black) as a function of pressure up to 9 GPa The
supercell volume is lower than the sum of 52 Ge and 12 Sn specific volumes only when Sn is
in the a-Sn structure at ambient pressure. Otherwise this composition is not favourable for
solid solution formation. (sp. vol= unit cell volume divided by number of atoms per unit cell)
(a-Sn (Z=8), 13-Sn (Z= 4), bct-Sn (Z=2), Ge I (Z=8) and Ge II (Z=4)).

Pressure (± 0.3 GPa)
0
0
1.0
2.0
3.0
4.0
5.0
6.0
7.0
8.0
9.0

Specific volume
52 Ge+ 12 Sn (± 0.04 A)
1583.10
1497.78
1476.36
1459.72
1439.85
1425.19
1406.80
1392.14
1377.76
1363.11
1352.18

Supercell volume
Ge08125Sn01875 (± 0.1 A)
1554.5
1554.5
1530.7
1509.2
1489.3
1470.8
1453.4
1437.1
1421.7
1407.2
1393.4

Table B- 10: Numerical values of the sum of 52 Ge and 12 Sn specific volumes and
Ge0 8125Sn0 1875 supercell volume as a function of pressure. The first data point at ambient
pressure and low temperature where Sn is in the a-Sn structure is also given. (sp. vol= unit
cell volume divided by number of atoms per unit cell) (a-Sn (Z=8), 13-Sn (Z= 4), bct-Sn (Z=2),
Ge I (Z=8) and Ge 11 (Z=4)).
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Comparison of Ge0 5Sn05 volume
and the sum of 4 Ge and 4 Sn sp. vol. vs Pressure
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Figure' B- 6: Diagram showing the volume (A3) of Ge05Sn05 (in red) and the sum of Ge and
Sn endmembers (in black) as a function of pressure up to 9 GPa employing a full potential
linear augmented plane wave approach (exchange and correlation effects treated by the
gradient generalized approximation), according to Sahnoun et.al. 56, The solid solution
volume is larger than the sum of 4 Ge and 4 Sn specific volumes, so this composition with
this calculation approach is not favourable for solid solution formation. (sp. vol= unit cell
volume divided by number of atoms per unit cell) (a-Sn (Z=8), 13-Sn (Z= 4), bct-Sn (Z=2), Ge
I (Z=8) and Ge II (Z=4)).

Pressure (± 0.3 GPa)
0
0
1.0
2.0
3,0
4.0
5.0
6.0
7.0
8.0
9.0

4

Specific volume
4 Sn (± 0.04 A3)
226.88
198.44
195.34
192.67
189.88
187.87
185.57
183.56
180.68
178.67
176.95

Ge05Sn05 volume
(± 0.1 A3)
239.5
239.5
235.3
231.6
228.2
225.2
222.5
220.0
217.6
215.4
213.4

Table B- 11: Numerical values of the sum of 4 Ge and 4 Sn specific volumes and Ge05Sn0•5
solid solution volume as a function of pressure (employing a full potential linear augmented
plane wave ap proach, exchange and correlation effects treated by the gradient generalized
approximation ) The first data point at ambient pressure and low temperature where Sn is
in the a-Sn structure is also given. (sp. vol= unit cell volume divided by number of atoms per
unit cell) (a-Sn (Z=8), 13-Sn (Z= 4), bct-Sn (Z=2), Ge I (Z=8) and Ge 11 (Z=4)).
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Comparison of Ge0 5Sn05 volume
and the sum of 4 Ge and 4 Sn sp. vol. vs Pressure
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Figure B- 7: Diagram showing the volume (A) of Ge05Sn05 (in red) and the sum of Ge and
Sn endmembers (in black) as a function of pressure up to 9 GPa employing a full potential
linear augmented plane wave approach, (exchange and correlation effects treated by the
56,
local density approximation), according to Sahnoun et.al.
The solid solution volume is
lower than the sum of 4 Ge and 4 Sn specific volumes only when Sn is in the a-Sn structure
at ambient pressure. Otherwise this composition with this calculation approach is not
favourable for solid solution formation. (sp. vol= unit cell volume divided by number of atoms
per unit cell) (a-Sn (Z=8), 3-Sn (Z= 4), bct-Sn (Z=2), Ge I (Z=8) and Ge II (Z=4)).

Pressure (± 0.3 GPa)
0
0
1.0
2.0
3.0
4.0
5.0
6.0
7.0
8.0
9.0

Specific volume
4 Ge+ 4 Sn (± 0.04 A)
226.88
198.44
195.34
192.67
189.88
187.87
185.57
183.56
180.68
178.67
176.95

Ge05Sn05 volume
(± 0.1 A3)
225.9
225.9
221.9
218.3
215.1
212.0
209,3
206.7
204.3
202.0
199.9

Table B- 12: Numerical values of the sum of 4 Ge and 4 Sn specific volumes and Ge05Sn05
solid solution volume as a function of pressure (employing a full potential linear augmented
plane wave approach, exchange and correlation effects treated by the local density
approximation 6) The first data point at ambient pressure and low temperature where Sn is
in the a-Sn structure is also given. (sp. vol= unit cell volume divided by number of atoms per
unit cell) (a-Sn (Z8), 3-Sn (Z= 4), bct-Sn (Z=2), Ge I (Z=8) and Ge 11 (Z=4)).
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and the sum of 4 Ge and 4 Sn sp. vol. vs Pressure
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Figure B- 8: Diagram showing the volume (A3) of Ge05Sn05 (in red) and the sum of Ge and
Sn endmembers (in black) as a function of pressure up to 9 GPa employing a full potential
linear augmented plane wave approach and exchange and correlation effects treated by the
gradient generalized approximation (and considering also spin-orbit effects), according to
57
The solid solution volume is larger than the sum of 4 Ge and 4 Sn specific volumes,
Okoye
so this composition with this calculation approach is not favourable for solid solution
formation. (sp. vol= unit cell volume divided by number of atoms per unit cell) (a-Sn (Z8),
3-Sn (Z= 4), bct-Sn (Z=2), Ge I (Z=8) and Ge II (Z4)).
.

Pressure (± 0.3 GPa)
0
0
1.0
2.0
3.0
4.0
5.0
6.0
7.0
8.0
9.0

Specific volume
4 Ge+ 4 Sn (± 0.04 A)
226.88
198.44
195.34
192.67
189.88
187,87
185.57
183.56
180.68
178.67
176.95

Ge05Sn0.5 volume
(± 0.1 A3)
239.5
239.5
234.6
230.3
226.3
222.7
219.4
216.4
213.5
210.9
208.4

Table B- 13: Numerical values of the sum of 4 Ge and 4 Sri specific volumes and Ge05Sn05
solid solution volume as a function of pressure (employing a full potential linear augmented
plane wave approach, exchange and correlation effects treated by the gradient generalized
57), The first data point at ambient
approximation and considering also spin-orbit effects
pressure and low temperature where Sn is in the a-Sn structure is also given. (sp. vol= unit
cell volume divided by number of atoms per unit cell) (a-Sn (Z=8), 13-Sn (Z= 4), bct-Sn (Z=2),
Ge I (Z=8) and Ge 11 (Z=4)).

Appendix C:
High temperature furnace calibration
In order to apply the correct temperature to a sample, the hot spot of the ambient
pressure furnace was first found. A reference point was marked at the top of
thermocouple ceramic sheath (figure 2-3). This mark was the reference point where
the thermocouple ceramic sheath was completely inserted in the probe. Then the
temperature was measured at each 5 mm step by pulling up the ceramic sheath. The
temperature profile was then plotted as a function of the distance from the reference
point (figure C-i). The highest temperature was observed at about 55 mm from the
reference point. This meant that the probe assembly (figure 2-3) needed to be pulled
up by 55 mm in order to place the capsule in the hot spot in the furnace

Temperature according to position in furnace
1220-i
1200
1180
1160
1140

CL

I—

1120
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1060
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40
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120

Distance from reference point (mm)

Figure C- 1: Temperature profile in the furnace as a function of the distance from a
reference point
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Appendix D:
Walker press pressure calibration
The pressure calibration of a Walker press (figure D-1) was carried out at ambient
temperature by measuring the resistance across a Bi wire sample within a high
pressure assembly as a function of the hydraulic oil pressure applied to the assembly.
The variation of the Bi resistance versus pressure is known from the literature
104

94,95,

(and references therein). The objective is then to reproduce the plot relating the

resistance measured across the Bi wire to the oil pressure applied to the press ram.
The Bi I-II, Bill-Ill and Bi Ill-TV phase transitions pressures are known and occur at
2.55 GPa, 3.5 GPa and 7.7 GPa respectively

,

11

So the correlation can be made

between the absolute pressure and the oil pressure applied to the assembly.

Walker press t
Pressure gage
(Transducer)

S

UL

'

Connections for
oil reading
Connections for R reading
_
.

2d rnultimeter
connections

Digital Multimeterl Data Acquisitionj

Figure D- 1: Set-up of the Walker press calibration experiment.

W.

The Bi wire was placed between two half cylinders of MgO and two gold foils
connections providing electrical contact at both ends of the wire for resistance
measurement (see the cross section of the set up in figure D-2). This set up was
mounted in a MgO octahedron and the 14/8 assembly then assembled in the eight
tungsten carbide cubes in the same manner as described in chapter 2.

Au connection

Bi wire (150 pm wide)

MgO ceramic

Figure D- 2: Cross section of the MgO ceramic showing the bismuth wire and the gold
connections for resistance measurement.

The oil pressure was monitored using a pressure transducer (model Druck PMP 1400,
see in figure D-l). This pressure gage produced a voltage proportional to pressure
from 0 to 5 V DC corresponding to the oil pressure scale from 0 to 600 Bar. So, a
variation of 1 V on the gage corresponds to a variation of 120 Bars in the oil pressure.
The resistance across the Bi wire was measured with a digital multimeter (model
Keithley 2700) as well as the voltage from the pressure gage. The digital multimeter
was set to acquire the voltage and the resistance readings every ten seconds to allow
a semi-continuous record of resistance with P increase. The initial resistance
measured with a second multimeter between the digital multimeter and the
connections was 0.74 Q (see the set up in figure D-1) and this value was subtracted
from the resistance read on the digital multimeter to give a nominal zero resistance
starting condition. The voltage at the pressure gagewas 0.107 V when no pressure
was applied to the cell. So, this value was subtracted from the voltage read at the
digital meter in a similar manner. The Bi wire resistance was then plotted as a

s1

function of the oil pressure applied to the press (correlated with the voltage read at
the transducer). We needed thus to convert the voltage read at the pressure gage to a
pressure. The following equation was applied:
Oil Pr essure(psi) = (1"(ransducer

-

0. 107) *

600 *

14.5

where Vtransducer is the voltage reading of the pressure gage.
Particular care was taken while applying/releasing pressure to avoid any damage of
the assembly. Three cycles compression/decompression were carried out
successively (see the figures D-3 to D-8).

Bi Resistance vs Oil Pressure (1st cycle)
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Figure D- 3: Diagram showing the Bi wire resistance as a function of the oil pressure applied
to the press during the first cycle compression-decompression. The arrows show the position
where Bi phase transitions occur. The dashed arrows show the probable position of Bi
transition because of the uncertainty in the measurements.
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Bi Resistance vs Oil Pressure (1st decompression)
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Figure D- 4: Diagram showing an overview of the first decompression run. The
discontinuities observed between the Bi Il-Ill and Bi Ill-V phase transitions could be the
reason for the cell relaxing by microfracturing.
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Figure D- 5: Diagram showing the Bi wire resistance as a function of the oil pressure applied
to the press during the second cycle compression-decompression. The arrows show the
position where the Bi phase transition occurs. The dashed arrows show the probable
position of the Bi transition due to the uncertainty in the measurements.
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Bi Resistance vs Oil Pressure (2nd decompression)

1.25

1.20

1.15
U)
U)

CD

0)

1.10

IKIR

1900

2000

2100

2200

2300

2400

Oil Pressure (psi)

Figure D- 6: Diagram showing an overview of the second decompression.

Bi Resistance vs Oil Pressure (3rd cycle)
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Figure 0- 7: Diagram showing the Bi wire resistance as a function of the oil pressure applied
to the press during the third cycle compression-decompression. No hysteresis was observed
between compression and decompression in the last cycle. The arrows show the position
where the Bi phase transition occurs. The dashed arrow shows the probable position of the
Bi transition due to uncertainty in the measurements.
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Bi Resistance vs Oil Pressure
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Figure D- 8: Comparison of the Bi resistance as a function of the oil pressure in the three
cycles. A shift was observed as the number of compression-decompression cycles increase,
so that Bi phase transitions occurred at lower pressure.

The Bi phase transitions were not observed at the same pressure in the different
cycles (figure D-8) and a hysteresis was commonly present within a cycle. However,
by the third cycle, the Bi I-II phase transition occurred at the same pressure upon
compression and decompression (figure D-7). The Bi resistance measurements
during the first two decompressions were difficult to interpret because of the
fluctuations induced while adjusting the decompression rate by opening the valve.
The shift observed in figure D-8 between all cycles implies that the pressure
assembly (MgO octahedron) becomes "stiffer" after each compression run. This
could be the result of a decrease in the porosity with each cycle reaching a complete
compaction and thus minimal hysteresis in the last cycle. The Bi I-il phase transition
in the first compression of the assembly was observed at about 740 psi. This oil
pressure corresponds then to an absolute pressure of 2.55 GPa applied to the sample,
where the Bi I-II phase transition occurs 94,95, 104 (and references therein). The BillIII phase transition in the first cycle was observed at an oil pressure about 1840 psi
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which corresponds to 7.7 GPa from the literature 94,95, 104 (and references therein).
The Bi 111-V phase transition was difficult to observe in the first compression.
Nevertheless, considering that the hydraulic load shift between the first and the last
cycle, we could extrapolate the position of this phase transition. Indeed the Bi I-il
phase transition was observed at about 170 psi, so the pressure increase is about 570
psi. Adding this value to the Bi TI-HI transition oil pressure reading in the last cycle
(630 psi) allows us to estimate the Bi H-Ill in the first cycle to about 1200 psi. The
calibration curves using a 14/8 assembly in the Walker press could then be plotted
according to the Bi phase transitions (figure D-9 and D-10).
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Figure 0- 9: Calibration curve for a 14/8 assembly based on the Bi I-Il, Bi li-UI and Bi Ill-V
transitions.
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Figure 0- 10: Calibration curve for a 14/8 assembly based on the Bi I-li and Bi Ill-V phase
transitions.

The main result from this experiment is that an important hysteresis on the pressure
applied to the cell occurs during several cycles of compression/decompression. For
that reason, further experiments using similar cells would be required to give a better
uncertainty in load on the cell from the hydraulic system during the first
compression/ decompression cycle.
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Appendix E:
Other assembly dimensions used in Multianvil
77
press experiments .
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Appendix F
Additional Ge-Sn experiments results with SEM
F.1 Ambient pressure Ge-Sn experiment at 1500 K for 10 min and
quench (capsule 1).
The SEM investigations in BSE mode revealed two main regions (figure F-I and F2). Using higher magnification imaging and EDX spot analysis, those two regions
were found to be very Ge rich (dark area) and very Sn rich (bright area), (figures F-2
and F-3). These two chemically distinct regions are separated by sharp boundaries.

Epoxy resin

Figure F- I: Overview of the polished half capsule with the Ge-Sn sample (capsule 1) using
SEM in BSE mode.

Figure F- 2: SEM image in BSE mode showing 2 spots where EDX analyses were
performed

Energy (KeV)

(a)

Energy (KeV)

(b)

Figure F- 3: (a) EDX spectrum from spot I analysis in the dark region in figure F-2.
(b) EDX spectrum from spot 2 analysis in the bright region in figure F-2.
The unlabelled peak at about 1.7 KeV is a Sn escape peak.

Dark region (spot 1)

Bright region (spot 2)

Ge (at %) (±3%)

Sn (at %) (±3%)

Ge (at %) (±3%)

Sn (at %) (±3%)

98.2

1.8

1.1

98.9

96.7

3.3

3.8

96.2

97.5

2.5

2.5

97.5

Table F- 1: Semi-quantitative results from analyses carried out in the dark and in the bright
regions.

The results of semi-quantitative analysis using Ge and Sn standards are shown in
table F- 1. These analyses were acquired at different places along the surface for each
area. The chemical composition was found to be on average 97.5 at % Ge, 2.5 at %
of Sn in the dark areas and 97.5 at % Sn, 2.5 at % of Ge in the bright areas.

F.2 Ge-Sn experiment at 3 GPa and 1500 K for 10 min and quench
(ED650).

This sample was cut but not polished before the SEM characterization. BSIE mode
imaging of the cross-sectional surface revealed three main regions (figure F-4).

Figure F- 4: SEM image in BSE mode showing 3 contrasts.
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Most of the capsule is composed of the dark and the bright contrast regions. Only at
the center of the capsule, there is a region with a "river" type of morphology of an
intermediate contrast (spot 1 in figure F-5). EDX spectra were acquired from the
dark area and the bright area. They exhibit intense peaks of Ge in the dark regions
and an intense Sn peak in the bright regions. No standards were used for this sample
so no semi-quantitative measurements were performed. The measurements were then
focused on the intermediate region. Higher magnification imaging in BSE mode
revealed the presence of small bright regions within this area. EDX analyses were
performed and it was found that Ge, Sn and Fe were present in the darker contrast
(figure F-5 and F-6). It was also found that the bright contrast regions (figure F-5)
showed intense Ge and Sn peaks in the EDX spectra (figure F-7). The detection of
Ge was most likely coming from the bulk underneath the surface as the bright
contrast regions were of small size.

Figure F- 5: Higher magnification SEM image in BSE mode of the "river" like region. EDX
analyses were performed in the darker region (spot 1) and in the small bright region (spot 2).
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Figure F- 6: EDX spectrum from spot 1 analysis in the dark region.
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Figure F- 7: EDX spectrum from spot 2 analysis in the small bright region. The unlabelled
peak just below 0.5 KeV, is a Sn-M line.
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F.3 Ge-Sn experiment at 3.5 GPa and 1500 K for 10 min and quench
(ED654).
The recovered sample was cut but not polished before the SEM measurements. BSE
images exhibited two regions having dark and bright contrast respectively (figure F8).

Carbon tape

Figure F- 8: Overview of the sample with SEM in BSE mode. The very dark regions at the
top right and bottom left corners show the carbon tape where the sample is fixed on the SEM
holder.

The dark and bright regions were analyzed at higher magnification with EDX (figure
F-9). EDX spectra from the dark regions exhibited intense Ge peaks and very small
Sn peaks (figure F- 10). Spectra from the bright region exhibited intense Sn peaks and
very small Ge peaks (figure F-i 1). The intensity of the minor element (Ge in the
bright regions, Sn in the dark regions) was observed to vary depending on the size of
the area measured. No standards were used during the EDX analyses, so no semiquantitative results could be obtained.
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Figure F- 9: Higher magnification SEM image in BSE mode showing the dark and bright
regions and two spots where EDX analyses were performed.
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Figure F- 10: EDX spectrum from spot 1 analysis in the dark region.
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Figure F- 11: EDX spectrum from spot 2 analysis in the dark region.
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In this set of experiments carried out with the piston-cylinder it was also crucial to
find the appropriate capsule material in order to avoid unwanted reactions. Indeed the
preliminary run (ED650) using an iron outer capsule and a graphite inner capsule
revealed a reaction between Ge, Sn and the capsule material which lead to a Fe-GeSn compound. Molybdenum was finally found suitable as an outer capsule for Ge-Sn
experiments (ED654) with the piston cylinder apparatus.

F.4 Ge-Sn experiment (H2135) at 18 GPa and 1250 K and quenched
The SEM images in BSE mode exhibited bright and large dark contrast regions at
low magnification (figure F-12). At higher magnification, an intermediate contrast
region surrounding the bright contrast region was observed (figure F- 13). The bright
regions were identified as almost pure Re with EDX analyses (figure F-14). The
intermediate contrast regions next to pure Re and randomly dispersed in the dark
contrast region were found to be composed of 58 at % Ge and 42 at % Re (figure F15). The EDX analyses in the large dark regions exhibited the presence of both Ge
and Sn (figure F-16).

Re capsule

Epoxy resin

Figure F- 12: SEM overview of sample H2135 in BSE mode.
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Figure F- 13: SEM image in BSE mode at higher magnification revealing the presence of
bright contrast regions surrounded by intermediate contrast layers and a large dark contrast
region. Small areas with the same intermediate contrast were observed in the dark contrast
region. EDX analyses were performed at the spots pinpointed.
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Energy (Key)
Figure F- 14: EDX spectrum from the analysis in the bright contrast region (spot 1). A small
Ge peak was observed but mainly Re peaks were observed in this spectrum.
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Figure F- 15: EDX spectrum from analysis in the intermediate contrast region (spot 2 and 3).
Semi-quantitative measurement revealed an average composition of 58 at % Ge and
42 at % Re in this region.
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Energy (Key)
Figure F- 16: EDX spectrum from analysis in the dark contrast region (spot 4).

The SEM images from the large dark contrast region (in figure F-13) revealed at
higher magnification the presence of small areas with brighter contrast (figure F- 17).
The EDX analyses performed on the dark contrast area (spot 5) exhibited similar
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spectra as shown in figure F-16. The small bright areas (spot 6 in figure F-17) were
found to be Sn rich (figure F-18). Semi-quantitative analyses from the large dark
contrast regions and small bright regions exhibited an average composition of 46.7 at
% Ge and 53.3 at % Sn and 21.9 at % Ge and 78.1 at % Sn respectively (table F-2).

Figure F- 17: SEM image in BSE mode at higher magnification from a part of the capsule
where large dark contrast and small brighter contrast regions were observed. The spots
show the location of EDX analyses.
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Energy (Key)

Figure F- 18: EDX spectrum from analysis in the small bright contrast region (spot 6).

Dark contrast area (spot 4 and 5)

Bright contrast area (spot 6)

Ge (at %) (±3%)

Sn (at %) (±3%)

Ge (at %) (±3%)

Sn (at %) (±3%)

47.7

52.3

22.0

78

45.9

54.1

21.8

78.2

46.6

53.4

-

-

46.7

53.3

-

-

46.7

53.3

21.9

78.1

Table F- 2: Semi-quantitative results from analyses carried out in the dark (spot 4 and 5) and
small bright regions (spot 6).

F.5 Ge-Sn experiment (H2138) at 18 GPa and 1500 K and quenched
The SEM images in BSE mode exhibited large bright contrasts regions close to the
capsule walls, and randomly dispersed in the capsule alongside large dark contrast
regions (figure F-19).

Re capsule

-

Epoxy resin

Figure F- 19: SEM overview of the sample H2138 in BSE mode.

At higher magnification, the SEM images revealed the presence of small brighter
contrast areas dispersed inside the large dark contrast region observed at low
magnification (figure F-20 and F-21). The large bright contrast areas were
investigated with EDX and the spectra acquired were similar to the spectrum in the

last section (figure F-15). The semi-quantitative measurements (spot 1 in figure F-20)
gave an average composition of 59.4 at % Ge and 40.6 at % Re.
The EDX analyses performed in the large dark regions (spot 2 in figure F-21) and
small bright regions (spot 3 in figure F-21) exhibited the presence of both Ge and Sn
with more Sn in the bright regions (figure F-22 and F-23). Semi-quantitative
measurements in the dark contrast region gave an average composition of 54.1 at %
Ge and 45.9 at % Sn. The average composition of the small bright areas was 30.1 at
% Ge and 69.9 at % Sn (table F-3).

Figure F- 20: SEM image in BSE mode at higher magnification showing the small bright
regions in the dark contrast region and the large Ge-Re bright contrast regions (spot 1).
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Figure F- 21: SEM image in BSE mode at high magnification showing the dark and bright
contrast regions. The spots show the location of EDX analyses.
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Figure F- 22: EDX spectrum from analysis in the dark contrast region (spot 2).
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Figure F- 23: EDX spectrum from analysis in the small bright contrast region (spot 3).
Dark contrast area (spot 2)

Bright contrast area (spot 3)

Ge (at %) (±3%)

Sn (at %) (±3%)

Ge (at %) (±3%)

Sn (at %) (±3%)

54.0

46.0

28.6

71.4

54.9

45.1

29.7

70.3

55.0

45.0

28.6

71.4

53.2

46.8

33.5

66.5

53.4

46.6

-

-

54.1

45.9

30.1

69.9

Table F- 3: Semi-quantitative results from analyses carried out in the dark contrast and small
bright regions (spot 2 and spot 3 respectively).

F.6 Ge-Sn experiment (S3401) at 18 GPa and 1700 K and quenched.
The SEM images in BSE mode revealed the presence of large bright and dark
contrast regions in the capsule at low magnification (figure F-24). The bright contrast
regions were observed at higher magnification (figure F-25) and with EDX
measurements the composition was found to be 56 at % Ge and 44 at % Re (similar
EDX spectra to figure F-15). At higher magnification, the dark contrast region
revealed small bright contrast regions (figure F-25 and F-26) and intermediate bright
contrast areas as well, proximally to the brightest regions (figure F-26).
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Re capsule

Epoxy resin

Figure F- 24: SEM overview of the sample S3401 in BSE mode.

Figure F- 25: SEM image in BSE mode from the dark contrast region at higher magnification:
small bright regions were revealed in the dark contrast region. The bright contrast region
(spot 1) was analysed with EDX and the semi-quantitative results gave a composition of 56
at % Ge and 44 at % Re.

EDX analyses were performed at the locations indicated by the spots in figure F-26.
The dark contrast region (spot 2 in figure F-26) exhibited the presence of both Sn and
Ge (figure F-27). The semi-quantitative results gave an average composition of 49.7

313

at % Ge and 50.3 at % Sn (table F-4). The intermediate contrast regions (spot 3 in
figure F-26) were found to be Sn rich (figure F-28). The semi-quantitative results
gave an average composition of 26.9 at % Ge and 73.1 at % Sn (table F-4). The EDX
spectra from small bright contrast areas (spot 4) observed in figure F-26 were similar
to the bright contrast areas observed in figure F-25 and contain both Re and Ge
(similar EDX spectra as shown in figure F- 15).
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Figure F- 26: SEM image in BSE mode from the dark contrast region at higher magnification.
The bright contrast region (spot 1) was analysed with EDX and the semi-quantitative results
gave a composition of 56 at % Ge and 44 at % Re.

Energy (KeV)

Figure F- 27: EDX spectrum from the analysis in the dark contrast region (spot 2).
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Figure F- 28: EDX spectrum from the analysis in the intermediate contrast region (spot 3).

Dark contrast area (spot 2)

Intermediate bright contrast area (spot 3)

Ge (at %) (±3%)

Sn (at %) (±3%)

Ge (at %) (±3%)

Sn (at %) (±3%)

51.5

48.5

26.8

73.2

48.8

51.2

27.4

72.6

48.7

51.3

26.4

73.6

49.7

50.3

26.9

73.1

Table F- 4: Semi-quantitative analyses results carried out in the dark contrast (spot 2) and
intermediate bright regions (spot 3).

F.7 Ge-Sn experiment (H2137) at 24 GPa and 1500K and quenched.
The SEM images in BSE mode exhibited an intermediate bright contrast layer close
to the Re capsule foil, but no pronounced contrast difference elsewhere at low
magnification (figure F-29). This intermediate contrast layer contains Re and Ge
(similar spectrum as in figure F- 15). The average composition was 62.2 at % Ge and
37.8 at % Re. At higher magnification, small bright and larger dark contrast areas
were revealed (figure F-30). EDX analyses revealed that these dark and bright
contrast regions contained both Ge and Sn (figure F-31 and F-32). The dark contrast
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areas were found to be Ge-rich and the bright contrast regions, Sn-rich. Semiquantitative results gave an average composition of 58.4 at % Ge and 41.6 at % Sn in
the dark contrast regions and 39.0 at % Ge and 61.0 at % Sn in the bright contrast
regions (table F-5).

Intermediate layer

Epoxy resin

Rhenium capsule

Figure F- 29: SEM overview of sample H2137 in BSE mode.

Figure F- 30: SEM image in BSE mode of the dark and bright contrast regions. EDX
analyses were performed at the pinpointed spot locations.
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Figure F- 31: EDX spectrum from the analysis in the dark contrast region (spot 1).

Energy (Key)

Figure F- 32: EDX spectrum from the analysis in the bright contrast region (spot 2).
Dark contrast area (spot 1)

Bright contrast area (spot 2)

Ge (at %) (±3%)

Sn (at %) (±3%)

Ge (at %) (±3%)

Sn (at %) (±3%)

58.4

41.6

41.4

58.6

58.8

41.2

36.6

63.4

59.3

40.7

35.5

64.5

57.5

42.5

42.4

57.6

58.1

41.9

-

-

58.4

41.6

39.0

61.0

Table F- 5: Semi-quantitative analyses results carried out in the dark contrast (spot 1) and
the bright contrast regions (spot 2).

317

F.8 Ge-Sn experiment (H2296) at 24 GPa and 2000 K and quench.
The SEM images in BSE mode exhibited at low magnification, very bright contrast,
intermediate bright contrast and dark contrast regions inside the capsule (figure F-32).
At higher magnification, the dark contrast region observed at low magnification,
exhibited in fact two contrasts, namely a brighter and darker contrast (figure F-33
and F-34). The very bright contrast regions observed at low magnification in figure
F-32), were identified as pure Re with EDX analysis and the intermediate bright
contrast contain both Ge and Re (equivalent spectrum as in figure F-15). High
magnification imaging allowed EDX analyses in the small dark and bright contrast
regions (spot 1 and 2 respectively in figure F-34). EDX spectra exhibited the
presence of both Ge and Sri in both the dark and the bright regions, with more Sri in
the bright contrast region (figure F-35 and F-36). The semi-quantitative analyses
results gave an average composition of 46.0 at % Ge and 54.0 at % Sn in the dark
contrast regions and 18.1 at % Ge and 81.9 at % Sri in the bright contrast regions
(table F-6).

Epoxy resin

Rhenium capsule

Figure F- 33: SEM overview of sample H2296 in BSE mode.
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Figure F- 34: SEM image in BSE mode at higher magnification revealing a contrast
difference in the region which appeared dark at low magnification (figure F-33).

Figure F- 35: SEM image in BSE mode at high magnification showing the dark and bright
contrast areas which appeared only with dark contrast at low magnification (figure F-33).
EDX analyses were performed at the locations of the spots.
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Figure F- 36: EDX spectrum from the analysis in the dark contrast region (spot 1).
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Figure F- 37: EDX spectrum from the analysis in the bright contrast region (spot 2).
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Dark contrast area (spot 1)

Bright contrast area (spot 2)

Ge (at %) (±3%)

Sn (at %) (±3%)

Ge (at %) (±3%)

Sn (at %) (±3%)

40.2

59.8

20.8

79.2

51.8

48.2

14.8

85.2

-

19.4

80.6

-

16.8

83.2

-

18.6

81.4

54.0

18.1

81.9

-

-

-

46.0

Table F- 6: Semi-quantitative analyses results carried out in the dark contrast (spot 1) and
the bright contrast region (spot 2).
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Appendix G
EDX calibration at 10 kV and 20 kV with Sn and
Ge standards.
Pure Ge and pure Sn starting materials were analyzed with EDX at 10 kV and 20 kV
and then the spectra were saved in the database for later semi-quantitative
measurements of the high pressure and high temperature experiments.
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Energy (Key)
Figure G- 1: EDX spectrum of pure Ge at 20 kV.
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Energy (Key)
Figure G- 2: EDX spectrum of pure Sn at 20 kV. The first peak is a Sn Wine. The peak
before 2.0 KeV is a Sn escape peak.
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Figure G- 3: EDX spectrum of pure Ge at 10 kV.
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Figure G- 4: EDX spectrum of pure Sn at 10 kV. The broad peak before 2.0 KeV is a Sn
escape peak.

Beam size and counting time for calibration should be identical to those used for the
measurements.
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Appendix H
Control experiments on pure Ge and pure Sn at
ambient pressure.
Pure Ge and pure Sn starting elements were placed in an opened graphite capsule and
melted using a torch. The two samples became easily oxidized by direct contact with
air. EDX analyses were performed on the two recovered samples in order to observe
the intensity ratio between Ge and 0 peaks, and Sn and 0 peaks in both oxides.
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Figure H-I: EDX spectrum from Ge oxide at 20 kV. The unlabelled peak matches Sn,
coming from contamination while loading the capsule.
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Figure H- 2: EDX spectrum from Sn oxide at 20 kV. The unlabelled broad peak before 2.0
KeV is a Sn escape peak.
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Appendix I
Additional multianvil sample investigations
with FEG-SEM.
1.1 Ge-Sn experiment (H2135) at 18 GPa and 1250 K and quenched

The FEG-SEM images in BSE mode from the dark contrast region observed with
SEM in appendix F, figure F-17 (spot 5) revealed the presence of bright and dark
contrast regions (figure I-i). EDX analyses were performed in the small dark and
bright areas (figure 1-2 and 1-3 respectively). The EDX spectra exhibited peaks of
both Ge and Sn in the two regions. A strong Ge peak is observed in both spectra but
the Sn peak in the bright contrast region is higher than the Sn peak observed in the
dark contrast region. No semi-quantitative measurements were carried out for this
sample.

Figure I- 1: FEG-SEM image in BSE mode of the dark contrast region previously observed
with SEM (appendix F, spot 5 in figure F-17). Bright contrast areas were also observed in
this region (spot 2). EDX analyses were performed at the spot locations.
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Figure I- 2: EDX spectrum from analysis of the dark contrast area (spot 1).
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Figure I- 3: EDX spectrum from analysis of a bright contrast area (spot 2).

1.2 Ge-Sn experiment (H2138) at 18 GPa and 1500 K and quenched
The FEG-SEM images in BSE mode from the dark and bright contrast regions
observed with SEM in appendix F, figure F-21, exhibited the presence of bright
contrast areas in the dark contrast regions and also the presence of small dark
contrast areas in the bright contrast region (figure 1-4). EDX analyses were
performed in the dark contrast region (spot 1 in figure 1-4) and in the bright contrast

region (spot 2). The EDX spectra from the two regions exhibited both Ge and Sn
with more Sn present in the bright contrast region (figures 1-5 and 1-6). The
composition was 55.8 at % Ge and 44.2 at % Sn for the dark contrast region (spot 1)
and 68.4 at % Sn and 31.6 at % Ge for the bright contrast region (spot 2).
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Figure I- 4: FEG-SEM image in BSE mode of the dark contrast and bright contrast regions
(spot I and 2 respectively). Bright contrast areas were observed in the dark contrast region
and small dark contrast areas were also observed in the bright contrast region. EDX
analyses were performed at the spot locations.
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Figure I- 5: EDX spectrum from analysis of the dark contrast area (spot 1).
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Figure I- 6: EDX spectrum from analysis of the bright contrast region (spot 2).

1.3 Ge-Sn experiment (S3401) at 18 GPa and 1700 K and quenched.
The FEG-SEM images in BSE mode from the dark and intermediate bright contrast
regions observed with SEM in appendix F, figure F-26 (spot 2 and 3), exhibited the
presence of bright contrast areas in the dark contrast regions and also the presence of
small dark contrast areas in the bright contrast region (figure 1-7). EDX analyses
were performed in the dark contrast region (spot 1 in figure 1-7) and in the bright
contrast region (spot 2). The very bright contrast regions on the left of the FEG-SEM
image (figure 1-7) contained Ge and Re. The EDX spectra from the two regions
exhibited both Ge and Sn with more Ge in the dark contrast region (figures 1-8 and
1-9). The composition was 54.8 at % Sn and 45.2 at % Ge for the dark contrast region
(spot 1) and 77.9 at % Sn and 22.1 at % Ge for the bright contrast region (spot 2).
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Figure I- 7: FEG-SEM image in BSE mode of the dark contrast (spot 1) and bright contrast
region (spot 2). Bright contrast areas were observed in the dark contrast region and small
dark contrast areas were also observed in the bright contrast region. The very bright contrast
regions observed on the left of the image contain Ge and Re and are similar to the very
bright regions observed with SEM in appendix F, figure F-26 (spot 4). EDX analyses were
performed at the pinpointed spot locations.
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Figure I- 8: EDX spectrum from analysis of the dark contrast region (spot 1).
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Figure I- 9: EDX spectrum from analysis of the bright contrast region (spot 2).

1.4 Ge-Sn experiment (H2137) at 24 GPa and 1500K and quenched.
The FEG-SEM images in BSE mode from the dark and bright contrast regions
observed with SEM in appendix F, figure F-30, exhibited the presence of bright
contrast areas in the dark contrast regions and also the presence of small dark
contrast areas in the bright contrast region (figure 1-10). EDX analyses were
performed in the dark contrast region (spot 1 in figure 1-10) and in the bright contrast
region (spot 2). The two spectra exhibited intense Sn peaks and the Ge peaks were
more intense in the dark contrast region (figures I-il and 1-12). The composition was
50.7 at % Sn and 49.3 at % Ge for the dark contrast region (spot 1) and 60.5 at % Sn
and 39.4 at % Ge for the bright contrast region (spot 2).
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Figure I- 10: FEG-SEM image in BSE mode of the dark contrast (spot 1) and bright contrast
region (spot 2). Small bright contrast areas were observed in the dark contrast region and
small dark contrast areas were also observed in the bright contrast region. EDX analyses
were performed at the pinpointed spot locations.
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Figure I- 11: EDX spectrum from analysis of the dark contrast region (spot 1).
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Figure I- 12: EDX spectrum from analysis of the bright contrast region (spot 2).
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Appendix J
Using standards for microdiffraction and SAED
calibration.
In order to index the experimental patterns from GeSn multianvil samples with ED
software, a calibration was required to adjust the parameter related to the TEM
camera length. A silicon single crystal (orientation [001]) was then used in the TEM
to acquire microdiffraction and SAED patterns (see in figure J-1 and J-2). The
experimental patterns were reproduced on a transparency and the theoretical pattern
from Si was generated in ED software in spot pattern mode. The parameter related to
the camera length was then adjusted in order to have the reproduced experimental
pattern exactly match the theoretical pattern of silicon from the database on the
computer screen.

Figure J-1: Silicon standard [001] pattern acquired with 580 mm camera length in
microdiffraction mode on the left and in SAED mode on the right. The distances were slightly
different from one mode to the other, so that a calibration was required in both modes for
more precision. This calibration was from the session in October 2004.
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Figure J-3: Generated pattern from Si with ED software in spot pattern mode. The camera
length parameter was adjusted in order to have the experimental pattern (in microdlifraction
mode for this figure) and the theoretical pattern match. The correct camera length parameter
was 2550 for the microdiffraction patterns (encircled in red color). The same procedure was
carried out for the SAED mode and the correct camera length parameter was found to be
2620.

The same procedure was followed to find out the ED software camera length
parameter for the other camera lengths used in the TEM investigations (370, 500 and
650 mm). A calibration was carried out during each TEM session even if the camera
length used was the same as in previous sessions. The following diffraction patterns
show the standard patterns acquired for the calibration with the date of the session.
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Figure J- 4: Silicon [001] standard pattern acquired in SAED mode with 500 mm (on the left),
370 mm (on the right) and 650 mm (at the bottom) camera length. (January 2005).
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Figure J- 5: Silicon [001] standard pattern acquired with 500 mm (on the left) and 370 mm
(on the right) camera length in SAED mode. (March 2005).

Figure J- 6: Silicon [001] standard pattern acquired with 500 mm camera length in
microdiffraction mode. (July 2005).

we

Figure J- 7: Zirconium [001] standard pattern acquired with 500 mm camera length in
microdiffraction mode (acquired in January 2006 but used for indexing patterns from
December 2005).

Figure J- 8: Silicon [112] standard pattern acquired with 500 mm camera length in
m icrodiffraction mode. (April 2006).
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Figure J- 9: Silicon [110] standard pattern acquired with 500 mm camera length in
microdiffraction (on the left) and SAED mode (on the right). (July 2006).
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Appendix K
Directory of TEM electron diffraction data from
GeSn experiments.
A list of all the TEM sessions is presented here, with the name of the samples
investigated, the number of microdiffraction patterns and SAED patterns with the
camera length used during the sessions. Additional SAED and microdiffraction
patterns from samples recovered from 24 GPa (S3397) and from 10 GPa (S3621),
not shown before, are also presented here. It is also mentioned whether EDX
measurements were carried out in addition to diffraction analyses.

K.1 October 2004: FIB sample H2139 (9 GPa-1500 K-quench)
Microdiffraction: 11 patterns, good quality, 580 mm.

SAED: 4 patterns (2 patterns (W and X), good quality, 580 mm + 2 patterns (U and
V), good quality, -500 mm). No standard acquired at 500 mm during this session.

K.2 October 2004: FIB sample S3397 (24 GPa-1500 K-quench)
Microdiffraction: 28 patterns, good quality, 580 mm. 34 patterns in total.
SAED: 5 patterns (4 patterns, good quality, 580 mm + 1 pattern, good quality 650
mm).

+ EDX measurements.
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Figure K- 1: Spot patterns from sample S3397 FIB section, acquired from two different
crystallites, using 580 mm camera length in microdlifraction mode. None of the known
structures from the ED database could match these patterns.

Figure K- 2: SAED patterns from different areas in sample S3397 FIB section, using 580
mm (on the left) and 650 mm (on the right) camera length.

ME

K.3 January 2005: FIB sample S3397 (24 GPa-1500 K-quench)
SAED: 13 patterns (1 pattern, good quality, 370 mm + 5 patterns, good quality, 500

mm + 3 patterns, good quality, 650 mm +4 patterns, good quality, 1100 mm.)
No standard acquired at 1100 mm.

Figure K- 3: SAED patterns from different areas in sample S3397 FIB section, using 370
mm (on the left) and 650 mm (on the right) camera length.

K.4 January 2005: FIB sample S3397 recrystallised after beam heating
(24 GPa-1500 K-quench)
Microdiffraction: 11 patterns, good quality, 500 mm.

K.5 January 2005: powdered sample S3397 (24 GPa-1500 K-quench)
Microdiffraction: 46 patterns, good quality, 500 mm.

SAED: 11 patterns, good quality, 500 mm. 14 patterns in total.
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Figure K- 4: Spot patterns from powdered sample S3397, acquired from two different
crystallites, using a 500 mm camera length in microdlifraction mode. The pattern on the left
could only match Ge P63/mmc and the pattern on the right could only match Sn02 (Pbcn
epitaxial). These two structures have many equivalent atomic positions, so that likely
explains why they could match these experimental patterns, thus the presence of an
unknown structure is probable.

Figure K- 5: SAED patterns from different areas in powdered sample S3397, using 500 mm
camera length.
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K.6 March 2005: powdered sample S3397 (24 GPa-1500 K-quench)

Microdiffraction from 6 particles:

Particle 1: 5 patterns, good quality, 500 mm. +EDX measurements
Particle 2: 1 pattern, good quality, 500 mm + EDX measurements
Particle 3: 1 pattern, good quality, 500 mm.
Particle 4: 1 pattern, good quality, 500 mm.
Particle 5: 23 patterns, good quality, 500 mm.
Particle 6: 32 patterns, good quality, 500 mm.

K.7 July 2005: powdered sample H2319 (24 GPa-1500 K- annealing at
1050 K-5h-quench)
Microdiffraction: 3 patterns, good quality, 500 mm
SAED: 2 patterns, good quality, 500 mm and 580 mm.

K.8 July 2005: H2293 pure Ge powdered sample (24 GPa- 1500 Kquench)
Microdiffraction: 5 patterns, good quality, 500 mm
SAED: 3 patterns, poor quality (diffuse rings), 500 nirn

K.9 July 2005: H2294 pure Sn powdered sample (24 GPa-1500 Kquench)
Microdiffraction: 4 patterns, good quality, 500 mrri
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K.10 December 2005: powdered sample S3621 (10 GPa-1500 Kannealing at 770 K-lh -quench)
GRID A (left part of the half capsule- Ge-rich region):
Microdiffraction: 10 patterns, good quality, 500 mm
GRID B (right part of the half capsule- Ge rich region):
Microdiffraction: 8 patterns, good quality, 500 mm

Figure K- 6: Microdiffraction patterns acquired from two different grains in grid A (on the left)
and from grid B (on the right) using a 500 mm camera length. These patterns could only
match Ge (P43212) structure.
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K.11 April 2006: powdered sample S3621 (10 GPa-1500 K- annealing
at 770 K-lh -quench)
Equivalent grid as GRID B (right part of the half capsule- Ge-rich region):
Microdiffraction: 12 patterns, good quality, 500 mm

Figure K- 7: Microdiffraction patterns acquired from a grain in grid B using a 500 mm
camera length. These patterns could only match Ge (P43212) structure.

K. 12 July 2006: powdered sample S3621 (10 GPa-1500 K- annealing at

770 K-lh -quench)
GRID loaded from Ge-rich region in the second half capsule:
Microdiffraction: 11 patterns, good quality, 500 mm, +EDX measurements.
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Figure K- 8: Microdiffraction patterns acquired from a grain taken from the right part of the
half capsule (equivalent to grid B) using a 500 mm camera length. These pattern could only
match the Sn02 (Pbcn epitaxial) structure. EDX measurements from these regions exhibited
only Sn and Ge.

SAED: 7 patterns, poor quality (spotty), 500 mm

Figure K- 9: SAED patterns acquired from sample S3621 with 500 mm camera length.
SAED patterns exhibited many spots and few rings which made comparison with the
theoretical ring patterns from the database non-trivial. The SAED patterns did not match 13
Sn 141 /amd or Ge Fd3m structures. Only the SnOtetragonal P4/nnms structure was found to
reasonably match all the patterns (table 3-28). Nevertheless EDX measurements exhibited
the presence of Ge and Sn.
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Appendix L
TEM images and microdlifraction patterns
from the FIB recrystallized section from a
GeSn sample recovered from 24 GPa.
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Figure L- 1: TEM images (bright field mode) of the FIB section from the sample S3397,
recovered from 24 GPa: the sample was not affected by beam heating on the left but
recrystallization was observed due to beam heating on the right.

Figure L- 2: TEM image in bright field mode of the FIB section after recrystallisation. The
encircled letters show the location of the microdlifraction patterns shown in the following
figures.
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Figure L-3: Microdiffraction patterns acquired with 500 mm camera length at the locations
shown in figure L-2. The three patterns match 3-Sn.
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Figure L- 5: TEM image in bright field mode on the left, showing twin crystals identified as
Ge (Fd3m) ambient pressure phase in microdiffraction pattern on the right. The spots
encircled in red are characteristic of twin crystals: The blue arrows show the intense
reflection coming from one crystal and the less intense reflection encircled in red the
reflection from a twin. A centre of symmetry could be observed and could be any of the spots
encircled in green.
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Appendix M
Additional tables for the GeSn 10 GPa
sample investigation with TEM in
microdiffraction mode.

1
Sn

2

3

x

4

5

6

7

8

9

10

11
x

f

I41/amd

Sn

X

Fd3m

Ge

X

x

f

x

x

x

f

f

x

I

f

f

f

f

f

x

x

x

x

P43212

Ge

f

Ia3

Ge
P63/rn mc
GeO2

f

X

x

f
x

P3121

GeO2

X

P63/mrnc

GeO

f

x

x

x

I

x

x

x

x

x

x

X

f

x

P63mc

GeO2

X

P42/rnnm

GeO2

X

P121/cl

SnO2
P42/mnm

SnO2

X

P4/nnm

SnO

ortho

x

x

x

x

x

x

x

x

x

I

x

x

x

x

I

x

x

I

Cmc21

SnO

tetra

x

x

X

P4/nnrns

SnO2 ortho
Pbcn

SnO2

X

f

X

X

X

x

_______

_______

epit

f

?

x

x

Pbcn

Table M- 1: Results of the third session microdiffraction patterns indexation from different
grains (see an overview of the region studied in figure 3-151) taken in the Ge rich region on
the right part of the capsule using ED. Four structures were found to have a good match with
the experimental patterns: Ge (P43212), SnO orthorhombic (Cmc21), Sn02 orthorhombic
(Pbcn) and Sri02 epitaxial Pbcn The presence of a cross means that the structure could
match the experimental microdiffraction pattern. The presence of 'f' means that forbidden
reflections from the theoretical structure were replaced by spots in the experimental pattern.
The parameters for the errors chosen in ED software were broad: AD= 2 mm, AO= 2°, AL=
5% and Intensity mag: 0.5.
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Ge
P43212
Ge

1

2

x

x

3

4

5

f

6

7

8

9

10

11

x

f

f

x

x

x

P63/mmc
GeO2
P3121
Ge02
P63/mmc
Ge0
P63mc
Ge02
P121/cl
SnOortho
Cmc21
SnO tetra
P4/nnms
Sn02
ortho
Pbcn

Sn02 ept
Pbcn

f

f
x
x

x
f

f

x

f

x

x
x

x

x

x

f

x

f

f

f

f

x

f

f

Table M- 2: Results of the third session microdiffraction patterns indexation from different
grains (see an overview of the region studied in figure 3-151) taken in the Ge rich region, at
the right part of the capsule using ED (identical as table M-1). Two structures were found to
have a good match with the experimental patterns: Ge (P43212) and Sn02 epitaxial Pbcn.
The presence of a cross means that the structure could match the experimental
microdiffraction pattern. The presence of "f" means that the forbidden reflections from the
theoretical structure were not observed in the experimental pattern. The parameters for the
errors chosen in ED software were narrow: AD= 1 mm, L9= 20, AL= 1% and Intensity mag:
0.2.
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Appendix N
Microdiffraction patterns from GeSn
multianvil experiments at 10 GPa and 24
GPa matching Re3Ge7 (Cmcm) structure.

Figure N- 1: Three microdiffraction patterns (A, B and C) acquired with 500 mm camera
length matching the Re3Ge7 (Cmcm) orthorhombic ambient pressure structure recovered
from 10 GPa. Nevertheless the presence of an unknown structure containing Ge and Sn
cannot be excluded as EDX measurements exhibited Ge and Sn in this region and no Re.
The microdiffraction pattern D was acquired from the pure Ge sample recovered from 24
GPa. It matches Re3Ge7 (orthorhombic Cmcm) as well.
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Appendix 0
Theoretical structures entered in the ED
software database 89
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Figure 0- 1: Example of the procedure to follow to enter a structure in ED database. Here
the Ge P43212 structure was entered. Crystal structure, space group, lattice parameters and
atomic positions were needed to save a new structure in the database. All those parameters
were obtained from the EPSRC chemical database 98 Concerning the Ge positions in the
P43212 structure, the crystallographic positions were 4a and 8b. Using the International
Tables for Crystallography 103 the positions of P43212 structure (No 96 in the tables) could
be input with the corresponding x,y,z values for Ge in positions 4a and 8. This procedure
was followed to enter all the structures in the ED database.
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List of the structures obtained from the EPSRC chemical database

98 and entered in

the ED software database:

Si (Fd3m)
Ge (Fd3m)
Ge (P43212)
Ge (I41 /amd)
Ge (Crnca)
Ge (Im3m)
Ge (Ia3)
Ge (P63/mmc)
Sn (I41 /amd)
Sn (Fd3m)
Sn (Im3m)
Sn (I4/mmm)
Sn (Fm3m)
Ge02 (P3121)
Ge02 (P63/mmc)
GeO (P63mc)
Ge02 rutile (P42/mnm)
Ge02 monoclinic (P121/cl)
Sn02 rutile (P42/mnm)
Sn02 orthorhombic (Pnnm)
SnO orthorhombic (Cmc21)
SnO tetragonal (P4/nnms)
Sn02 orthorhombic (Pbcn)
Sn02 orthorhombic epitaxial (Pbcn)
Re (P63/mmc)
Re03 (Pm3m)
Re02 (Pbcn)
Re3Ge7 (Cmcm)
Pt (Fm3m)
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Appendix P
X-ray diffraction measurements on Ge and Sn
starting powders.
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Figure P- 1: X-Ray diffraction patterns acquired from Sn starting powder (top) and from Ge
starting powder (bottom). The patterns matched 13-Sn (141/amd) and Ge (Fd3m) structures
respectively, showing that the powders were not oxidized.
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Appendix 0
Experiments on Nitride compounds.
Q.1

Introduction 78

Due to their instability towards oxidation, nitrides occur rarely in nature and can
therefore be regarded as "man-made" materials. At elevated temperatures and
pressures, nitrogen combines with most elements to form nitrogen compounds

105

Metallic nitrides are of current and potential technological interest because of their
useful mechanical and physical properties such as great hardness and high melting
points. Boron and silicon nitrides also show these properties. Transition-metal
nitrides also generally show semiconductivity and low temperature
superconductivity 106

Q.1.1 Classification of Nitride Compounds
Nitride compounds may be classified, according to their chemical and physical
properties into five groups: salt-like nitrides, interstitial nitrides, intermediate nitrides,
covalent nitrides and volatile nitrides 107
BOX
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Figure 0- 1: Classification of nitride forming elements
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Salt-Like Nitrides: The nitrides of the electropositive metals of Groups 1 (IA), 2
(HA) and 3 (IlIB), including the lanthanides and actinides, form salt-like nitrides
having predominately ionic bonding. The composition of these nitrides is determined
by the valency of the metal e.g. Li3N, Ca3N2, and ScN. The thermodynamic stability
increases with atomic group number, with the nitrides of the alkali metals being only
marginally or not at all stable. The nitrides of the Group 3 (IITB) metals are metallic
conductors or at least semi-conductors and represent a transition to metallic nitrides.
Salt-like nitrides are unstable in the presence of water or moisture and undergo
hydrolysis 105

Interstitial Nitrides: The small atomic size of nitrogen allows the nitrogen atoms to
occupy the interstices of the metallic lattice. The bonding is mostly metallic with
some covalent and ionic components, giving interstitial nitrides metallic
characteristics such as high electrical and thermal conductivities. In addition, they
can have high melting points and high hardness 107

Intermediate Nitrides: These nitrides have distorted interstitial structures and as such
are chemically unstable and decompose readily.

Covalent Nitrides: The nitrides of some of the elements of Group 13 (lilA) and 14
(IVA) e.g. BN, Si3N4, A1N, GaN and InN are characterised by predominately
covalent bonding. They are stable chemically and can have high degrees of hardness,
high melting points, and are non-conducting or semi-conducting. The structural
elements of covalent nitrides are tetrahedral which are structurally related to diamond,
although other structural forms may exist e.g. the most common structural form of
BN is graphite-like but at high pressures it exists in a diamond-like form

05

Volatile Nitrides: The nitrogen compounds of the non-metallic compounds are
generally not very stable and decompose at elevated temperatures. They form
distinct molecules and at low temperatures are gaseous, liquid, or easily volatilized
solids. An exception is (SN), which is polymeric, chemically stable and has semi-

ME

metallic properties. None of the volatile nitrides have developed any industrial
applications except ammonia and nitrogen oxide 105

Q.1.2 Dense Phase Nitrides
Several nitrides can be synthesized at ambient pressures, with two of the most
common synthesis routes shown below

M(s)+ nNH 3 (g) -> MN (s) +

106

H 2 (g)

MC13 (g) + "NH3 (9 )+ - MN, (s) + 3nHC1(g)

[Equation 1]

[Equation 21

However, there is significant work carried out on creating novel nitride compounds
by using extreme conditions.

Much of this research has been in the search for alternative superhard materials to
diamond. An example is cubic-BN. When synthesized using ambient pressure
routes, boron nitride is a soft, white powder with a hexagonal structure which is
related to that of a graphite lattice

However, the hexagonal form of BN can be

converted into a cubic, diamond-like form by applying pressures of 4-6 GPa and
1700-2000 K. This phase transformation results in major enhancements in the
properties of BN, with the cubic form being the second hardest known solid after
diamond, and as such has important applications in cutting tools and abrasives

108

Also, single-crystal growth of specifically p-, n-doped cubic-BN is now achieved in a
large-volume-press environment and is being developed for high-temperature
semiconductor applications 109
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Similarly, a newly discovered cubic-BC2 N phase with diamond-like structure was
formed from graphite-like BC2N in a DAC at pressures above 18 GPa and
temperatures above 2200 K. The hardness of this material has been tested to be
comparable, if not greater, than that of cubic-BN 110

Several other novel nitrides have recently been synthesized under extreme conditions
III and Ge3N4 112 which
which include high density, cubic, spinel phases of Si3N4
have revealed novel crystal structures for nitride systems. Spinel-Si3N4 has already
found a use as a high-hardness refractory ceramic and spinel-Ge3N4 could possess
optoelectronic properties. Furthermore, DACs were used to synthesize novel cZr3N4 and c-Hf3N4 which could be the first members of a larger group of transition
metal and lanthanide nitrides exhibiting functional magnetic or superconducting
properties
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In summary, nitride synthesis under extreme conditions can result in the formation of
dense phase structures, some of which are novel, and can have properties such as
super-hardness, high melting points, semiconducti vity, superconductivity and optical
activity giving them a range of technological applications

The objective was to build on this previous success by synthesizing novel high
pressure copper nitride and zinc nitride phases in a multianvil apparatus. The attempt
to synthesise high pressure (dense) phase copper and zinc nitrides follows on from
previous work 114 in synthesizing nickel nitride in a multianvil apparatus. Nickel
powder and sodium azide (NaN3), which was the nitrogen provider, were reacted in a
rhenium capsule at 20 GPa and 2000 K followed by cooling to ambient temperature
in around 20 minutes. The results of the experiment were the synthesis of nickel
nitride and a Re-Na-N compound which was a result of the capsule material reacting
with the sodium azide.

Although copper nitride can be synthesized using ambient pressure techniques

105

there is no evidence in the literature that a dense phase of copper nitride has been
produced. A synthesis attempt of copper nitride under the same conditions as those

360

used in the nickel nitride reaction will provide further insight into the stability of
dense phase nitrides. There is also no evidence of high pressure zinc nitride phases
and so a successful synthesis would also expand the current body of knowledge on
dense phase nitride synthesis and their structures.
For all the nitride experiments, it was desired to achieve the most extreme conditions
possible. It was decided that an optimal trade-off between maximum pressure and
temperature was 20 GPa and 2000 K, as at higher pressures (i.e. -24 GPa) the
maximum stable temperature which could have been achieved would have been
lower (-4600 K). It was attempted to maintain the temperature at 2000 K for one
minute in order to allow sufficient time for a reaction to take place. Quenching was
not done for copper nitride as copper nitride can thermally decompose at
115 To increase thus the chance of copper nitride
temperatures above 600 K at 1 atm
synthesis, the temperature was reduced slowly from 2000 K to ambient in about 20
minutes, to allow formation at lower temperatures, in case dissociation had occurred
at the higher experimental temperatures. These pressure, temperature and reagent
composition conditions were successful in previous synthesis of nickel nitride in a
multianvil apparatus 114 Also, these pressures and temperatures are similar to those
used to synthesize other nitrides at extreme conditions

111113•

Noteworthy is that all the recovered products from the experiments were cut and
polished using water free solutions or lubricants because of possible sample
hygroscopicity (see polishing process in chapter 2, section 2.5.3).

Q.2 Multianvil experiment (S3617) with Cu and NaN3 at 20 GPa2000K

A 10/5 assembly was prepared for this experiment and pure Cu powder (100 mesh,
99.999 %, Alfa Aesar) and NaN3 powder (99.99+ %, Aldrich) were loaded (50:50
atomic ratio) in a Re double wrapped capsule with two Re discs inserted at the
bottom and at the top of the reagents inside the capsule to reinforce the sealing. The
sample was compressed to 20 GPa and heated to 2000 K then cooled down to
ambient temperature in about 20 minutes. The SEM images in BSE mode from the
recovered sample exhibited two main contrasts (figure Q-2). EDX analyses identified
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the grey contrast (spot 1 in figure Q-3) as pure copper and the light contrast (spot 2 in
figure Q-3) as a compound containing Re, Na and N. These light contrast regions
were observed in previous experiments also using pure Ni and NaN3 as one the
starting powders in a multianvil experiment at similar conditions 114 The E.D.X.
spectra from the grey and the light contrast regions are shown in figures Q-4 and Q-5
respectively. The darkest contrast observed in figure Q-2 and Q-3 was epoxy resin.

The results show that there was no reaction between the copper and sodium azide to
form copper nitride but the sodium azide did react with the rhenium capsule to form
a ternary nitride compound.

Figure Q- 2: SEM image in BSE mode of a region from the recovered S3617 sample. Two
main contrasts were observed: a grey contrast and a light contrast (the dark contrast was
epoxy resin).
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Figure Q- 3: SEM image at higher magnification showing crosses where the EDX analyses
were carried out.
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Figure Q- 4: EDX spectrum from spot 1 analysis in the grey contrast region.
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Figure Q- 5: EDX spectrum from spot 2 analysis in the light contrast region.

Q.3 Multianvil experiment (S3618) with Zn3N2 at 20 GPa-1900 K
A 10/5 assembly was prepared for this experiment and pure Zn3N2 powder (99%,
Alfa Aesar) was loaded in a Re double wrapped capsule with two Re discs inserted at
the bottom and at the top of the reagents inside the capsule to reinforce the sealing.
The sample was compressed to 20 GPa and heated to 1900 K then quenched because
of power instabilities during the heating up process (the desired heating temperature
was 2000 K).
The SEM images in BSE mode revealed two main regions (figure Q-6) in the capsule:
the upper region where EDX analyses exhibited the presence of large amounts of the
furnace material (LaCr04). This ingress of furnace material was most likely the
reason why the temperature reading became unstable at 1800 K and the experiment
had to be quenched at 1900 K. The lower region of the capsule was then analysed at
higher magnifications (see figures Q-7 and Q-8). Three different contrasts were
observed in this part of the capsule.
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The EDX spectra of the dark contrast (spot I in figure Q-7) contained zinc, nitrogen
and oxygen indicating that the zinc nitride underwent oxidation at the reaction
conditions (see the spectrum in figure Q-8). There was, however, a small volume,
approximately 50 pm in length, which was identified as non-oxidized zinc nitride,
which may have undergone a phase transition (see SEM image and EDX spectrum in
figures Q-13 and Q-14 respectively).
The intermediate contrast (spot 2 in figure Q-7) was identified as pure zinc indicating
that the zinc nitride also decomposed at the experimental conditions (see EDX
spectrum in figure Q-9).
The lightest contrast (spot 3 in figure Q-7) was revealed to contain rhenium, zinc and
nitrogen and was a result of the rhenium capsule reacting with the zinc nitride. The
presence of nitrogen in this phase was not initially clear when using the 20 kV
electron beam (see EDX spectrum in figure Q-10) but by reducing the beam voltage
to 10 kV the low energy nitrogen peak became more visible (see EDX spectrum in
figure Q-1 1). A remarkable region with larger size containing Re, Zn and N was also
observed in the lower region of the capsule as opposed to the thin "needle" shape
regions observed elsewhere (figure Q-12).

Figure Q- 6: SEM image in BSE mode showing an overview of the half capsule from the
recovered S3618 sample. The upper and lower regions are encircled in blue and red
respectively.
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Figure Q- 7: SEM image in BSE mode at higher magnification showing the three different
contrasts observed in the lower region of the capsule. The red crosses show the locations of
EDX analyses.

za

C

Energy (KeV)

Figure Q- 8: EDX spectrum from spot 1 analysis in the dark contrast region.
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Figure Q- 9: EDX spectrum from spot 2 analysis in the intermediate contrast region.

Energy (Key)

Figure Q- 10: EDX spectrum from spot 3 analysis at 20 kV in the light contrast region.
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Figure Q- 11: EDX spectrum from spot 3 analysis at 10 kV in the light contrast region. The
N-peak is more intense and thus easier to observe.

Figure Q- 12: SEM image in BSE mode of the largest size region observed in the capsule
containing Re, Zn and N (encircled in blue). The EDX spectrum observed from this region
was similar of the EDX spectrum shown in figure Q-1 0 and Q-1 1.

IMN

Figure Q- 13: SEM image in BSE mode from a location where only Zn and N were present.
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Figure Q- 14: EDX spectrum analyses from spot 5 analysis shown in figure Q-13.
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The larger region containing Re, Zn and N encircled in blue in figure Q-12 was
briefly investigated with TEM. Two microdiffraction patterns were acquired with
500 mm camera length (see figure Q-1 5).

Figure Q- 15: Microdiffraction patterns (1 and 2) from the region containing Re, Zn and N
(encircled in blue in figure Q-12) acquired at 500 mm camera length.

The comparison between the experimental pattern and theoretical patterns of Re, Zn
and several Re and Zn oxide structures was carried out with ED software. It was
found that only two possible structures could match pattern 1 and 2 above (see table
Q-l). These two structures (Zn3N2 and Re2 07) matched experimental pattern 1 with
narrow error parameters too (AD= 1 mm, AO= 1, AL= 1% and Intensity mag: 0.1).
Only Re2 07 structure could still match experimental pattern 2 with the same narrow
parameters. The EDX analyses however reveals (Re, Zn and N) which does not
support either of the previous two possibilities. Further, Zn3N2 and Re2 07 have
significant numbers of equivalent positions which translates into a much larger
probability of fortuitous matching to the experimental patterns. Additionally, Zn3N2
is a low density phase and it would be highly unlikely that it would remain stable
after heating at high pressure. Additionally, the detected section containing only Zn
and N (figure Q-13) has a markedly darker contrast than the Re-Zn-N regions.
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Broad parameters

Intermediate parameters

Narrow parameters

Re207

Zn3N2

Re207

Zn3N2

Re207

Zn3N2

1

x

x

x

x

x

x

2

x

x

x

x

x

Table 0- 1: Results of the microdiffraction pattern indexing with ED using broad error
parameters (AD= 2 mm, L= 20, LL= 5% and Intensity mag: 0.5), intermediate error
parameters (AD= 1 mm, Lie

20, AL= 1% and Intensity mag: 0.2) and narrow error

1°, AL= 1% and Intensity mag: 0.1).

parameters (AD= 1 mm,

Q.4 Ambient pressure and high pressure- high temperature experiments
in the system Re-Zn and Re-Zn-N.

Further to the multianvil experiment with pure Zn3N2 presented in the last section,
where a phase containing Re, Zn and N was prepared, we undertook more
experiments to test the stability and formation of this novel Re-Zn-N system.
Previous work shows that Zn and Re do not alloy at ambient pressure conditions 46
and so one possibility could be that the nitrogen is acting as a "glue" to bring the zinc
and rhenium together. This would be a new property of nitrogen and could allow
access to new ternary nitride compounds.

First, two experiments were carried out at ambient pressure conditions. In the first
experiment, Re and Zn powders were heated to 923 K in order to validate the
literature that no reaction takes place. The temperature was increased to 923 K as this
was thought a suitable maximum that would prevent excessive zinc vaporisation
(boiling point at 1 atm

=

1180 K)

The second experiment involved heating Re

and Zn3N2 powders to 923 K to determine if zinc rhenium nitride forms under
ambient pressure conditions and thus determine if the reaction is driven by high
pressures. In both experiments, an inert environment had to be created around the
reagents to prevent oxidation (a first attempt using quartz glass ampoules for both
starting mixtures failed).
Then two high pressure experiments at 20 GPa-1800K were carried out with similar
starting mixtures: experimental H2457 capsule contained pure Re powder and pure
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Zn3N2 powder (30:70 atomic ratio) and experiment H2458 contained pure Re and
pure Zn powder (30:70 atomic ratio).

Q.4.1 Ambient pressure experiments with Re and Zn
Re powder (325 mesh, 99.99%, Alfa Aesar) and a small piece of zinc (cut from a
pure Zn ball (99.999%, Aldrich) using a clean stainless steel blade) were loaded
(Re:Zn 33:66 atomic ratio) into a boron nitride (BN, hexagonal) capsule.
The BN capsule was placed inside a quartz glass tube which had one end sealed.
Argon was flushed into the open end of the tube to displace the air inside (figure Q16). The flushing was continued during sealing of the open end of the glass, which
was done using a gas flame; the flushing though, had to be stopped just before the
seal was complete to prevent the argon blowing holes in the molten glass. This step
was carried out by an expert glass blower. The aim of this step was to create an inert
environment around the capsules to prevent oxidation of the reagents during heating
in the furnace.

/

Argon

Glass sealed

at dotted line

Glass
funnel

Capsule

Figure 0- 16: Schematic of quartz glass being flushed with argon.

The glass ampoule was placed in a furnace and heated to 973 K. The increase
from ambient to 973 K took about 1 hour, at which point the furnace was turned off
and allowed to cool with the sample left inside. Cooling back to ambient temperature
took about 3 hours.
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The ampoule was opened by cutting with a diamond file. On opening, a small
"pop" was heard and a pressure release felt on the hand. There was a grey coating on
the capsule and ampoule suggesting that some zinc had indeed vaporised.
The capsule was fixed horizontally to a glass slide using epoxy resin and the BN
capsule sliced away using a razor blade to expose an axial length of the capsule
contents (on the left in figure Q-17).

IIe

Epoxy resin
Razor blade

----------- -----

-

Figure 0- 17: Exposure of the capsule contents using a razor blade on the left and binding
the capsule contents with epoxy resin on the right.

Epoxy resin was placed on top of the exposed surfaces using a needle, which
then bubbled into the powdery contents of the capsules to bind it together to allow
the surfaces to be polished (on the right in figure Q-17). The resin was then allowed
to dry.
The sample surface was ground flat using a diamond wheel and mounted (still on
the glass slide) into an epoxy resin block for the sample polishing and carbon coating.

This experiment was not successful as the EDX analyses from the recover product
exhibited oxygen. A second attempt was thus carried out using an ambient pressure
furnace in an Ar/H2 reducing atmosphere (see the details in chapter 2). The starting
powders were contained in a boron nitride capsule with 66.6 at% Zn and 33.3% Re.
The starting mixture was heated to 923 K at 1 atm and kept for 5 minutes before
cooling down slowly by pulling the probe up. The recovered sample was then
polished and carbon coated for SEM characterization.

The SEM image in BSE mode exhibited two main contrasts at low magnification
(figure Q-18). At higher magnification, three contrasts were observed (figure Q-19).
EDX analyses revealed that the light contrast regions were pure Re (figure Q-20) and
the intermediate contrast regions were pure Zn with traces of epoxy resin (figure
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Q-21). The dark contrast regions observed in figure Q-19 were identified as epoxy
resin pockets.

The results confirmed that no reaction occurred between Re and Zn at ambient
pressure.

Figure Q- 18: SEM image in BSE mode showing an overview of the Re-Zn recovered
sample. Two main contrasts (light and dark) were observed at low magnification.

Figure Q- 19: SEM image in BSE mode at higher magnification showing the three different
contrasts observed in the Re-Zn mixture. The red crosses show the locations of EDX
analyses.
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Figure Q- 20: EDX spectrum from spot I analysis in the intermediate contrast region. The
unlabelled peaks came from the epoxy resin.
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Figure Q- 21: EDX spectrum from spot 2 analysis in the light contrast region.
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Q.4.2 Ambient pressure experiment with Re and Zn3N2
The same experimental procedure as for Re-Zn, was first followed in the glass tube
(section Q.4.1). Zn3N2 powder (99%, Alfa Aesar) was loaded (Re:Zn 33:66 atomic
ratio) into the bottom of the BN capsule with the Re powder (325 mesh, 99.99%,
Alfa Aesar) on top to force any dissociated nitrogen to pass through the rhenium on
escape from the capsule.

This experiment was not successful as the EDX analyses from the recover product
exhibited oxygen. A second attempt was thus carried out using an ambient pressure
furnace in an Ar/H2 reducing atmosphere (see the details in chapter 2). The starting
powders were contained in a boron nitride capsule with 66.6 at% Zn3N2 and 33.3%
Re. The starting mixture was heated to 923 K at I atm and kept for 5 minutes before
cooling down slowly by pulling the probe up. The recovered sample was then
polished and carbon coated for SEM characterization.

The SEM images in BSE mode showed many different contrasts not clearly
demarcated at low magnification (figure Q-22). At higher magnification, it was
established that two distinct regions of different contrasts were present (figure Q-23).
EDX analyses performed in these regions revealed that the intermediate contrast
region was pure Zn and the light contrast region was pure Re (see the spectra in
figures Q-24 and Q-25 respectively). The EDX analyses were carried out at 10 kV to
facilitate N peak detection and also to excite smaller volumes as the starting powders
were intimately mixed. Zn oxide regions and remaining Zn3N2 regions in the capsule
were also detected (figure Q-26).
The results showed that no reaction between Re and Zn3N2 or Zn occurs at ambient
pressure.

376

V

p

•s

•.'

.7.
!.-.
1

•

-'
4

•a;
e
•'.-

+
I

L'
•

jAeu:.V Spot Dec WI)
10okvSll I'.;llo.tJ

I

I

—

UT

ji

, •I

2(10

' 'VS

pin

•

c--

.,

Spot Dt WO
BSE 10.0

SO

I

I

5Pni

-

I

8

Energy (Key)
Figure Q- 24: EDX spectrum from spot 1 analysis in the intermediate contrast region.
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Figure Q- 25: EDX spectrum from spot 2 analysis in the light contrast region.
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Figure Q- 26: SEM image in BSE mode showing the other regions observed in the sample
and their identification carried out with EDX.

Q.4.3 Multianvil experiment (H2458) with Re and Zn at 20 GPa and
2000 K
A 10/5 assembly was prepared for this experiment. Pure Re powder (325 mesh,
99.99 % Alfa) and pure Zn powder (100 mesh, 99.9 %, Alfa Aesar) were loaded
(Re:Zn atomic ratio: 30:70) in a Re double wrapped capsule with two Re discs
inserted at the bottom and at the top of the reagents inside the capsule to reinforce the
sealing. The sample was compressed to 20 GPa and heated to 1800 K for 2 minutes,
then cooled down to room temperature in about 40 minutes (-. 50 K! minute).
The SEM image in BSE mode exhibited two main contrasts at low magnification
(figure Q-27). At higher magnification three contrasts were observed (see figure Q28). A dark contrast, an intermediate contrast of large size at the bottom of the
capsule and light contrast regions were identified with EDX. The dark contrast was
identified as epoxy resin. The light contrast region was identified using EDX at 10
W, as 20 kV was not suitable for identifying such a small region with high enough
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spatial resolution (figure Q-29). Indeed at 20 kV, Zn and Re peaks were detected in
the spectrum (figure Q-31) whereas a clear Re peak and a very weak Zn peak were
observed from the same region at 10 kV (figure Q-30). It was thus concluded that the
light contrast regions were pure Re. The intermediate contrast region was also
investigated with EDX at 10 W. An intense Zn peak was observed in the spectrum
(figure Q-32). The results showed that no reaction occurs between Re and Zn at
those conditions.

-

Figure Q- 27: SEM image in BSE mode showing an overview of the half capsule from the
recovered H2458 sample at 20 kV. Two contrasts were observed in the capsule.
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Figure Q- 30: EDX spectrum from spot 1 analysis at 10 kV in the light contrast region. The
volume analysed is smaller at 10 kV. A small amount of Zn is detected.
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Figure Q- 31: EDX spectrum from spot 1 analysis at 20 kV in the light contrast region. The
volume excited is larger so Zn is detected from the bulk.
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Figure Q- 32: EDX spectrum from spot 2 analysis at 10 kV in the intermediate contrast
region.

Q.4.4 Mu1tianvi1 experiment (H2457) with Re and Zn3N2 at 20 GPa and
2000 K
A 10/5 assembly was prepared for this experiment, pure Re powder (325 mesh, 99.99
% Alfa) and Zn3N2 powder (99 %, Alfa Aesar) were loaded (Re: Zn3N2 atomic ratio:
30:70) in a Re double wrapped capsule with two Re discs inserted at the bottom and
at the top of the reagents inside the capsule to reinforce the sealing. The sample was
compressed to 20 GPa and heated to 1800 K for 2 minutes, then cooled down to
room temperature in about 40 minutes (--' 50 K] minute).
The SEM images in BSE mode at 10 kV exhibited light and dark contrast in the
capsule at low magnification (see figure Q-33). Higher magnification images in BSE
mode exhibited in fact four main contrasts (see figure Q-34 and Q-38). EDX
analyses were performed at 10 kV in the light and dark contrasts observed in figure
Q-34. The EDX spectrum from the dark contrast region (spot 1 in figure Q-34)
exhibited Zn and 0 peaks (figure Q-35). The EDX spectrum from the light contrast
region (spot 2 in figure Q-34) exhibited Re, Zn and N peaks (figure Q-36). The light
contrast regions were observed as agglomerates of small rectangular "bricks" within
the dark contrast regions (figure Q-37).
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Several contrasts within the dark contrast regions were also observed (figure Q-38).
Indeed two other compositions shown by spot 3 and 4 in figure Q-38 were identified.
An EDX spectrum from spot 3 analysis revealed Zn, 0 and N peaks (figure Q-39).
This was also observed in spot 4 analysis but the 0 and N peaks were weaker in this
region (figure Q-40),

These results show that Re and Zn react together with N after Zn3N2 decomposition,
to form a Re-Zn-N ternary compound.

Figure 0- 33: SEM image in BSE mode showing an overview of the two half capsules from
the recovered H2457 sample at 10 kV. Two contrasts were observed in the capsule at low
magnification. The blue circle shows the area where sample was taken from, for TEM
measurement.
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Figure Q- 34: SEM image in BSE mode at higher magnification and 10 kV showing the
location of EDX analyses performed in the dark and light contrast regions (spot 1 and 2
respectively).
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Figure Q- 35: EDX spectrum from spot 1 analysis at 10 kV in the dark contrast region.
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Figure Q- 36: EDX spectrum from spot 2 analysis at 10 kV in the light contrast region.

Figure Q- 37: SEM image in BSE mode at 10 kV showing an overview of light contrast
region agglomerates within the large dark contrast region.

Figure Q- 38: SEM image in BSE mode at 10 kV showing two contrasts within the dark
contrast region. EDX analyses were performed at the spot locations.
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Figure Q- 39: EDX spectrum from spot 3 analysis at 10 kV in the darker contrast region.
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Figure Q- 40: EDX spectrum from spot 4 analysis at 10 kV in the lighter dark contrast region.

TEM investigations were then carried out on the region containing Re, Zn and N (see
the area used to load the TEM grid, encircled in blue in figure Q-33). Two
microdiffraction and four SAED patterns were acquired using 500 mm camera length
in the region shown in figure Q-41 (see the patterns in figure Q-42 and Q-43
respectively).
The comparison between the experimental pattern and theoretical patterns of Re, Zn
and several Re and Zn oxide structures was carried out with ED software. It was
found that only three structures could match pattern 1 and 2 above (table Q-1). Only
Re2 07 structure could match experimental pattern 1 with the narrow error parameters
(AD= 1 mm, A O= 10, 4L= 1% and Intensity mag: 0.1). Two structures (Re2 07 and
Re02 ) could match experimental pattern 2 with narrow error parameters too. Based
on the same arguments as presented in section Q-3 for the first high pressure
synthesis runs with the same starting materials, we do not consider these systems as
viable candidates. We should note that further to the discussion in that section, we
have never, in over 23 high pressure and temperature runs using rhenium, observed
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formation of a rhenium oxide phase, and even if one where to form, it would likely
be, the densely packed, most prominent Re03 (Pm3m) structure 117 (and references
therein).
The four SAED patterns acquired from the region shown in figure Q-41 could not
match pure Re, pure Zn, Zn3N2 or any of the Re or Zn oxide phases (see the SAED
patterns in figure Q-42). Further, none of the SAED patterns A, B, C, D can even in
part match Re, Zn, or ZnO phases (hexagonal or cubic), meaning that these SAED
patterns cannot be a combination of two or more of the above four phases either.
Further, the A, B, C SAED patterns match eachother.

Broad parameters
Re207
1

x

2

x

Re02

Zn3N2

Intermediate parameters
Re207

Re02

Zn3N2

x
x

x

x

Narrow parameters
Re207

Re02

Zn3N2

x
x

x

x

x

Table Q- 2: Results of the microdiffraction pattern indexing with ED using broad error
parameters (D= 2 mm,

i.e= 20, AL= 5% and Intensity mag: 0.5), intermediate error

parameters (AD= 1 mm, AO= 20, AL= 1% and Intensity mag: 0.2) and narrow error
parameters (iXD= 1 mm,,6= 10, A L= 1% and Intensity mag: 0.1). It was remarkable that
experimental pattern 2 could match few Ge and Sn phases from the database too, which
shows that this pattern is very flexible as no Ge or Sn were present in this sample.

Figure Q- 41: TEM image in bright field mode showing an agglomerate of grains coming
from the area encircled in blue in figure Q-33.
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Appendix R
Diamond Anvil Cell procedures 118
R. 1 Equipment

Figure R- 1: The Diamond Anvil Cell parts.

t4 MM
3.5 mm

Figure R- 2: Diamond (plan view) on the left and additional Diamond Cell equipment on the
right.
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Figure R- 3: Cryogenic loading apparatus
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Figure R- 4: Drilling apparatus tools
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Wheel 1

-

Drilling depth adjustment
(Lever 1 must be pressed when turning wheel 1)

-

Vertical drill adjustment

-

Drill fastening screws

-

x-y Adjustment of platform

-

Drilling holder fastening screw

Screws 6 and 7

-

Eye-piece positioning screws

Switch 1

-

Motor control

Switch 2

-

Tension (Voltage) control

Knob I
Screws I and 2
Screws 3 and 4
Screw 5

Switch 3
Knob 2

-

-

Power on/off switch
Current control

Figure R- 5: Spark Erosion Drilling Equipment

Note: A scale of concentric circles is visible through the eye-piece and is used for
alignment purposes.
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R.2

Drawings for workshop to improve the set-up.

R.2.1 Gasket holder design
A gasket holder was designed to have the tungsten sheets more securely fastened
during pre-indentation, drilling and high pressure runs. This was done for a variety of
reasons. First, as laser-cut tungsten sheets of identical dimensions had been obtained,
the correct positioning of four screw holes on the gasket holder would mean that
every gasket could be securely held under all four screws. Secondly, drilling attempts
had been hindered by gaskets being slightly tilted and the presence of gaps between
the gasket and the holder had led to rapid leakage of water. Finally, although the fit
with the cylinder was reasonable, it still allowed for fractional movement which
could be significant during high pressure runs.

The necessary drawings were made up and these were handed over to the workshop
for the required high precision engineering to begin. For high pressures to be attained,
it is essential that the cylinder diamond protrudes through the central hole of the
holder and that the micro-fastening screws do not extend too far above or any
distance below the holder as this could damage the diamond backing plates. The
screws were ground down to the correct size but initially the cylinder diamond was
not fully visible over the top of the holder. This problem was overcome by polishing
off a fine layer of metal, roughly 0.2 mm thick, from the surface of the holder.
34.00
9.95
-

1.95
6.45

0.80

4.50

29.70

II
1.05

Figure R- 6: Side view of the gasket holder (dimensions in mm).

IMI

1.3 ±0.1
4*

11.0
square
gasket
X
I

2.45

6.80

18.6

5

2.45

-

,

0.94
screw

Figure R- 7: Plan view of the gasket holder (dimensions in mm).

Requirements
Push fit with ring of 29.65 mm diameter.
Two holes for 2.45 mm screws and four for 0.94 mm screws.
Grind down one side (1.3 ± 0.1).
Four holes in the gasket holder side to have access to the screws in the ring.
With the four 0.94 mm holes set at 1.5 mm from the corners of the gasket, the
distance from the centre of the holder to the hole edges is 6.80 mm.
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R.2.2 Diamond dimensions required for the DAC.
Single bevel (8 deg. angle)
Angle about 33 de
0.95

T0.6
0.25

T

Angle: 45 deg.

Height: 1.8
Culet [C]: 0.4 0 (0.55 with the single bevel)
Girdle [G]: 3.5 0
Table [T]: 3.0 0
Figure R- 8: Diamonds detailed dimensions (in mm) ordered from Almax.

R.2.3 Dimensions of the DAC piston and cylinder
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Figure R- 9: Side view of the DAC piston and cylinder (dimensions in mm)

R.2.4 Diamond support rings dimensions
29.65
16.97
4 0.5:
5.091

41.80
j

I

ff2.50

0.79
2.38

6.34

Figure R- 10: Side view of a diamond support ring (dimensions in mm)

rews
Screws

Figure R- 11: Top view of a diamond support ring.
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R.2.5 Gas loading container dimensions.

0-Ring

Polycarbonate

NN

if
xtx

N_

3

90
Copper

55
4

4x
4

>K 1

(3
94

Figure R- 12: Side view of the gas loading container (dimensions in mm).

Improvements
Two raised sections at the base corresponding with the dimensions of the
indentations at the base of the DAC. With this done, a means of clamping the
gas loading container will have to be devised to prevent it from turning as
force is applied to the DAC.

Grooved screw threads are needed to hold the polycarbonate lid in place as
the current method of fastening with a bolt at the bottom of the screw is very
awkward when working with liquid nitrogen.

R.3

Preparing a Gasket using a 190 pm Diameter Copper Drill

R.3.1 Diamond Alignment
Before handling the DAC it was important that ones hands were clean because
any dirt or grease on the metal surfaces could make it difficult to fit the piston
inside the cylinder section and could also produce additional and unwanted
stresses on the equipment during compression.
The walls of the cylinder and piston and the two diamond surfaces were then
wiped with a paper towel soaked in ethanol. Water was not used as this could
corrode the DAC and it was important when cleaning that the direction of wiping
was kept constant.
The diamonds were then visually examined under the microscope to ensure that
the culets were clean.
The piston was carefully placed inside the cylinder with great care taken to
ensure that no scratching or rubbing occurred.
The piston and cylinder were aligned using two guide lines engraved on the
exterior of both items. It was essential that the guide lines were precisely aligned
and that the piston and cylinder were parallel as a small deviation could cause the
piston to jam. The piston was inserted until a length of roughly 1 cm remained
above the top of the cylinder (figure R-13).

Figure R- 13: Piston and cylinder were aligned using two guide lines engraved on the
exterior of both items. The piston was inserted until a length of roughly 1 cm remained above
the top of the cylinder.

As the fit was extremely tight, it was necessary to slightly twist the piston whilst
still producing a downward force. It was essential that extreme care was taken to
ensure that the two diamonds did not touch as this could seriously damage them.
As the diamonds were brought closer together, a thin metal wedge was placed
between the top of the cylinder and the overlapping part of the piston to ensure
that the diamonds were close but did not come into contact (figure R-14).

Metal Wedge

Figure R- 14: A thin metal wedge was placed between the top of the cylinder and the
overlapping part of the piston to ensure the diamonds did not come into contact.

8. The DAC was then placed under the microscope to check the diamond alignment.
When using the microscope, care was taken to not excessively turn the zoom
knobs when adjusting the focus as this could damage the lens. The edges of the
faces should be completely parallel; a poor alignment is shown in figure R-15.
The misalignment of the culets is most clearly seen on the left side of the image.
It is important that the faces are extremely close because a lack of interference
fringes can be observed if the diamonds are misaligned but too far apart.
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Figure R- 15: Poor alignment of the diamonds. The misalignment of the culets is most
clearly seen on the left side of the image. It is important that the faces are extremely close
because a lack of interference fringes can be observed if the diamonds are misaligned but
too far apart.

Parallelism of the faces was checked using the optical fringes that result when
white light passed through the diamonds. A satisfactory alignment is achieved
when there is a single fringe present. This was observable as a single colour
occupying the entire diamond face, with or without a fluorescent glow around the
perimeter. If there are multiple fringes present, the direction of tilt required for
the faces to be parallel can be found by gently pressing on the piston. This causes
the fringes to move away from the closest point of contact. The fringe at this
point would also be visibly darker than the others. The tilt and alignment of the
diamonds could be altered by adjusting the screws at the base of the cylinder and
the top of the piston.
When a satisfactory alignment was visible, the piston was then carefully removed
from the cylinder by pulling and twisting, as for insertion.
The culets were then checked under the microscope for any abnormalities and
none were apparent.
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12. It was important to carry out this procedure before and after each use of the
DAC and especially following operation at high pressure.

R.3.2 Pre-indenting the gasket material
1. Figure R-16 shows the gasket holder. The four micro-screws (1.7 mm diameter
heads and 1.3 mm in length) were positioned to hold the gasket in place during
pre-indentation and drilling. The gasket was made from an 11 mm square, 0.2
mm thick tungsten sheet. Glue has been known to be used for holding the gasket
in the cell but the steel holder is advantageous because it is not affected by low
temperatures that would arise if for instance, liquid nitrogen is used as the
hydrostatic medium. As the screws were very small it was necessary to magnetise
the tip of the corresponding screwdriver so that it could pick up the screws and
place them in their threads.

r
L,
0

1.7 mm

40

:1

Figure R- 16: Overview of the gasket holder sitting on the bench on the left and with an
optical microscope on the right.

2. The awkward procedure of positioning the gasket beneath the micro-screws was
then carried out. Ideally the gasket sheet should have been positioned with the
four screw heads covering the edge at each corner. However, as the sheets were
not all of equal dimensions and the holding screws themselves were not in exact
alignment, pre-indentation was carried out with the tungsten held in place by only
three screws. Although this was not ideal, the fit under three screws was
generally very good with the effect on indentation apparently minimal.
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Figure R-17 shows a fairly good screw and gasket position on the left and a
screw that is not covering the gasket on the right.

Figure R- 17: Overview with an optical microscope of fairly good screw and gasket position
on the left and a screw that is not covering the gasket on the right.

Using a small screwdriver, the screws were sequentially tightened by a few turns
at a time to ensure an even distribution of stress on the gasket. The screw
coverage of the metal was routinely checked under the microscope to ensure that
the gasket had not moved out of place.
Figure R-18 show the positioning of the gasket holder onto the piston. The holder
was positioned by lining up the guide mark engraved onto the piston with the
middle of the flat outer edge of the holder. The screw hole for diamond alignment
visible at the top of the piston was positioned in the centre of the arch in the
gasket holder. A tight fit between the gasket holder and the piston was achieved
by pushing the holder down with a metal press (photo at the bottom in
figure R-18).
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Figure R- 18: Positioning of the gasket holder onto the piston steps on the top images and
use of a metal press in order to obtain a tight fit between the piston and the gasket holder in
the image at the bottom.

The piston was then placed in the cylinder as before but slightly less care was
required as, with the gasket between them, the diamonds could not touch.
The cell was first examined under the microscope to determine if the piston
diamond was touching the metal. This would be the case if both the outer
diamond ring and the inner gasket surface were both clearly in focus as shown in
figure R-19. The cell was then inverted to check if the cylinder diamond and
metal were touching.
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Figure R- 19: Examination with the optical microscope: The piston diamond and the metal
were both in focus thus they were touching.

The screws for securing the piston and cylinder were numbered to correspond
with the specific holes into which they were to be inserted. With the cell
positioned so that the flat indentation (with "94/1" engraving) at the base was
facing forward, the screws were positioned as follows (figure R-20).

Left side

-

Screw 1

Rear

-

Screw 2

Front

—Screw 3

Right Side

-

Screw 4

Figure R- 20: Setting the screws onto the DAC with the flat indentation facing forward.

The screws were then tightened by hand, two at a time and a few turns at a time
in the sequence of screw 1 and screw 4 followed by screw 2 and screw 3 until all
were fully inserted and "finger tight" (figure R-21). This was done to equalise the
stresses in the DAC. Occasionally one or more of the screws required
significantly more force applied to have it fully tightened. This may have been
due to the presence of small flakes of rust in the threads and when this occurred it
was necessary to remove the screws, blow into the threads or re-adjust the pistoncylinder alignment.

E fall

Figure R- 21: Tightening the screws until a "finger" tight is reached.

When this had been done, the diamonds were again viewed under the microscope
to ensure that nothing untoward such as tilting had occurred.
The photo on the left in figure R-22 shows the four turning cogs positioned on
top of each screw and as with the screws each having a specific thread, each cog
was placed on the screw of the same number. Care was taken not to turn the
screws further as the cogs were placed.

Figure R- 22: Positioning the four turning cogs on top of the screws (on the left) and the
handle (on the right).

The turning handle was placed in the centre of the four cogs whilst ensuring that
none of the cogs turned when this was done. The photo on the right in figure
R-22 shows the handle in position. The diamond faces were then checked once
again.
Before the actual process of pre-indenting could begin, it was necessary to ensure
that the cell was fully tightened and that the diamond faces were making contact
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with the metal. The DAC was inverted so that the turning handle was at the base
and whilst observing through the microscope, the handle was slowly turned
clockwise until small changes (equivalent to wrinkles being spread out) could be
seen to occur on the metal surface. This also coincided with a slight increase in
resistance to turning and marked the point at which the diamonds made contact
with the tungsten sheet.
13. To pre-indent the gasket, the DAC was placed under the microscope and
positioned as shown on the left in figure R-23 with the handle parallel to the front
edge of the microscope base. The flat rectangle at the top of the DAC was facing
the front-right corner of the base and an alignment mark was drawn in line with
this as a check point for keeping the DAC in position during compression.
Whilst holding the DAC in this position and turning the handle clockwise, the
indentation was made in the gasket (on the right in figure R-23). With the handle
in this position, previous calibration work told us that if it was turned clockwise
until it reached the position shown in figure R-24 then the pre-indentation would
be of the required depth (60-80 nm). This depth ensures the chamber is large
enough to obtain hydrostatic behaviour of the compressing medium but it is also
thin enough to reduce any shear forces on the chamber arising from diamond
misalignment.

;1';;•
Figure R- 23: Positioning the DAC with the turning cogs and handle mounted under the
optical microscope (on the left) and pre-indenting the gasket by turning the handle clockwise
(on the right).
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Figure R- 24: Handle position at the end of the required gasket pre-indentation (60-80 pm)
after turning clockwise from the starting position shown on the left in figure R-23 (about 2700
rotation).

When slowly turning the handle and observing under the microscope, the top
diamond was seen to push deeper into the metal surface. A dark ring originating
from the edge of the diamond culet enlarged radially outwards as the diamond
penetrated the metal.
When the handle was in line with the back right corner of the microscope base,
the pressure on the metal was released by holding the DAC in position and
turning the handle anti-clockwise. Observation through the microscope was
maintained to check for anything untoward occurring.
Once the handle had reached the starting position, the DAC was removed from
the microscope platform, inverted and the handle was turned clockwise (figure R25) for a few full rotations. The handle and cogs were then removed by carefully
lifting them from the screws.

Figure R- 25: Removing the DAC from the microscope platform and the pressure was
released.

The piston and cylinder were separated by removing the screws in the same
manner as for the tightening process. Two opposite screws were simultaneously
loosened by a few revolutions, followed by the other two and so on until all were
removed. The piston and cylinder were then carefully separated.
The cylinder diamond was checked under a microscope for any small pieces of
metal left on the surface. This was the case so the surface was wiped with a cloth
saturated in ethanol as before. The inside of the cylinder was also wiped as before.
The pre-indent in the gasket from the cylinder diamond was checked under the
microscope (on the left in figure R-26). Different levels of indentation arising
from the shape of the diamonds can be seen.

Figure R- 26: Examination of the pre-indent in the gasket under the microscope: gasket preindent from the cylinder diamond on the left and from the piston diamond on the right.

The gasket holder was then carefully removed from the top of the piston and the
piston diamond side of the gasket was examined (on the right in figure R-26).
The piston diamond surface was then wiped with ethanol as before. The tungsten
sheet could now be drilled through the centre of the pre-indent to create the
sample chamber.
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R.3.3 Spark erosion drilling of the sample chamber.

The spark erosion drilling machine required very precise operation and was
extremely sensitive so when drilling, all outside vibrations were minimised by
not leaning on the table that the machine was resting on or making any
unnecessary movements.
A 190 jm diameter copper drill (figure R-27) was initially used to create the hole
in the pre-indented gasket although later runs incorporated tungsten carbide drills.

Figure R- 27: Copper drill tip observed with a microscope.

The drill was fitted into a small silver holder (on the left in figure R-28) which
was then inserted into the drilling machine and secured by Screws 1 and 2 (figure
R-5).

-

/
-.

Figure R- 28: Fitting the drill in a silver holder (on the left) and fixing the gasket holder into
the brass drilling holder by screwing a thin brass sheet (on the right).

RI1

A dummy drilling run first had to be carried out to check the alignment between
the drill and the scale of concentric circles visible through the eye-piece. This
was necessary because the drill and eye-piece could become misaligned from
only a slight knock to the equipment. Using a syringe, a few drops of water were
placed in the base of the drilling holder and a thin brass sheet was placed inside
and screwed into place (on the right in figure R-28).
The holder was then carefully positioned in the drilling cavity and secured by
gently turning Screw 5.
With Switch 1, Switch 2 and Knob 2 set to off; the regulating power supply was
switched on by flicking Switch 3 at the rear. A yellow light illuminated the
holder and the surface of the brass was examined for any prior holes and as none
were present, drilling could be initiated.
The horizontal bar holding the drill was very carefully turned in a clockwise
direction. It was initially turned from the right hand end (on the left in figure R29) until it was at 900 to its original position. Turning then started from the other
end (on the right in figure R-29) until the bar approached the magnet at the rear
of the machine. The bar was slowly brought into contact with the magnet so that
no clicking sound was heard when they met. This procedure was necessary due to
the high sensitivity of the equipment and was important for ensuring that the drill
and scope remained in alignment.

Figure R- 29: Moving the bar cautiously to bring the drill in position.
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Lever 1 at the base of the drill was pressed and held and the white depth indicator
wheel (Wheel 1) was turned anti-clockwise until a depth of 200 Am was selected.
The tip of the drill was slowly brought down to the brass by carefully turning
Knob 1. A magnifying glass was used to determine the distance separating the
drill and brass as they came closer together. When they touched, an alarm from
the regulating power supply sounded and the drill was automatically moved back
to just above the surface of the brass.
A few drops of double distilled water were placed on the metal surface using a
syringe (on the left in figure R-30) and care was taken to only add the minimum
amount required to completely cover the area being drilled and immerse the tip of
the drill (on the right in figure R-30). If excess water was used there was a risk of
it leaking into the internal workings of the drill and causing damage. The water
effectively acted as a capacitor during drilling because it created a potential
difference between the drill tip and the metal surface.

Ok%

Figure R- 30: Placing distilled water on the metal surface with a syringe (on the left) and
immersion and positioning of the drill in the water (on the right).

Immediately after the water was added, Switch 1 and Switch 2 were flicked up
and Knob 2 was turned fully to the right. When this was done sparking between
the brass surface and the copper tip was observed. Wheel 1 turned slowly
clockwise, indicating the depth of drilling.
The water became dirtied by small flakes of brass and copper which can have a
detrimental effect on the drilling process. This is because excessive conductive
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material in the water could result in the loss of the potential difference between
the drill and the surface. This problem was overcome by regularly soaking up the
dirty water with a paper towel. However, it was essential that clean water was
added immediately after the dirty water has been removed to prevent sparks from
burning the metal surface.
When drilling was complete, Wheel 1 read zero and an alarm from the regulating
power supply sounded. Knob 1 was turned clockwise (to "Far") to raise the drill
from the hole and then Wheel 1 was moved clockwise by a short distance (to
"Near"). Switch 1, Switch 2 and Knob 2 were then set to "off' and the regulating
power supply was switched off by flicking Switch 3.
The horizontal support arm holding the drill was carefully moved back to its
original position in the same manner as before and any water remaining on the
holder was soaked up.
The position of the scope was then altered by turning Screws 6 and 7 so that the
scale of concentric circles visible through the eyepiece showed the drilled hole
within the centre of the innermost circle.
The drill was then raised vertically by turning Knob 1 and then Screw 5 was
loosened. The holder was removed from the machinery and the screws holding
the metal cover were removed using a screwdriver. The base of the holder was
then dried with a paper towel. To save time in later runs, this alignment
procedure was completed by drilling on the gasket sheet itself but far enough
away from the pre-indent as not to affect it.
With the scope and drill now in good alignment, drilling through the pre-indented
gasket could begin. A few drops of water were added to the base of the drilling
holder and the grey support ring was placed round the gasket holder which was
then screwed into the drilling holder.
The drilling holder was inserted into the machinery with care being taken not to
nudge the drill. It was essential that once the holder was inserted, there was a
clear gap between it and the equipment to the right, as if they were touching, it
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would cause a short circuit (figure R-3 1). The regulating power supply was
switched on and the position of the pre-indent was checked through the eye-piece.

-

Gap between the drilling holder
and the wall to the right.
:

Figure R- 31: Positioning the drilling holder into the spark erosion drilling equipment

The indent was not positioned within the centre of the circular scale and as this
point marked where drilling would take place, the gasket position had to be
altered and this was done by manipulating Screws 3 and 4. When the pre-indent
was centrally positioned, drilling was carried out as before (from step 9 above)
with the desired drilling depth selected and outside vibrations kept at a minimum.
When drilling was complete the gasket was examined under the microscope to
check the size and quality of the hole. It was apparent that metal burrs had
formed at the surface of the hole and whilst viewing under a microscope, these
were pushed back in using a metal needle. The diameter of the hole on the piston
diamond side (the side the drill reaches first) was measured to be 219 ± 11.6 pm
and that on the cylinder diamond side was 201 ± 11.6 Am. Figure R-32 shows the
hole drilled in the pre-indented tungsten sheet (on the left) and the excellent
central position of the circular sample chamber (on the right).
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Figure R- 32: Overview of the hole in the pre-indented tungsten sheet (on the left) and
examination of the central position of the circular sample chamber (on the right).

R.3.4 Driling to remove burrs and create a cylindrical chamber.
Once the burrs had been pushed in, the drilling procedure was repeated but to a
depth of 400 jim. This was done to produce a hole of equal diameter on each side
of the gasket at this depth the copper drill was of more uniform thickness.
When drilling was started there was minimal sparking which showed that the
drill had been correctly positioned within the centre of the hole.
When drilling had been completed and the hole examined, it was apparent that
the hole was still centrally positioned within the indentation but the diameter on
each side was unchanged and there were further burrs present.
These were pushed in as before and drilling was repeated but this time set to a
depth of 475 jim. A small problem arose of the power supply alarm going off for
apparently no reason but it was found that the floor of the fitting for the drilling
holder was wet and when this was dried the problem ceased. On this occasion the
water added to the gasket surface quickly drained through to the base of the
holder so more drops were repeatedly added. This led to some water leaking from
the side of the holder and on to the drill casing which was undesirable as it could
potentially have damaged the equipment.
When viewed under a microscope, burn marks could be seen on the surface of the
gasket. This was a direct result of the water leaking from the drilling holder
which meant that on occasion there was insufficient water surrounding the drill
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and gasket. The hole diameters were measured to be 230 ± 11.6 pm and 219 ±
11.6 im for the piston and cylinder sides respectively so only a slight
improvement had been made.
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Appendix S
Sample storage in vacuum desiccators.
I- fl1•

Jr

Casing to
tighten the lid
-

-

-

Figure S- 1: Vacuum desiccators used for sample storage on the left (vacuum desiccators
ordered from FISHER SCIENTIFIC, polycarbonate, with silicon o-ring, Nalgene) and for
travelling on the right (ordered from AGAR SCIENTIFIC, high vacuum storage vessel,
Borosilicate glass, with a low outgassing aluminium alloy lid, metal valve with Teflon seal). A
casing to tighten the lid was designed and constructed in the workshop (chemical
engineering, UoE) for the vacuum desiccator used when travelling (on the right). This was
made in order to keep the vessel closed when inert gas was loaded in the desiccator rather
than vacuum.
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Appendix T
Mesh size conversion table 119

Approximate micron

Approximate

size

millimeters

4

4760

4.76

0.185

6

3360

3.36

0.131

8

2380

2.38

0.093

12

1680

1.68

0.065

16

1190

1.19

0.046

20

840

0.84

0.0328

30

590

0.59

0.0232

40

420

0.42

0.0164

50

297

0.29

0.0116

60

250

0.25

0.0097

70

210

0.21

0.0082

80

177

0.17

0.0069

100

149

0.14

0.0058

140

105

0.10

0.0041

200

74

0.07

0.0029

230

62

0.06

0.0024

270

53

0.05

0.0021

325

44

0.04

0.0017

400

37

0.03

0.0015

625

20

0.02

0.0008

1250

10

0.01

0.0004

2500

5

0.005

0.0002

Mesh Size

Inches

Table T- 1: Mesh size conversion table from Alfa Aesar catalogue 2006-07, providing the
mesh size conversion to micron, millimetre and inches.
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Run ID

Assembly

rr

Pressure
( GPa)

Temperature (K)

7

1500

8

1500

Thermocouple
status

Power
stabili ty

10

OK

OK

5

broke when
cooling

Time (mm)

Ge Sri

starting

Capsule type

Annealing!
quench

Re double
capsule.

quenched
from 15001<

Re double
wrapped

820K- lhquenched

atomic ratio

CD
S3400
C/)

S3620

18111

18/11

11

3

Re double
capsule

H2139

18/11

9

1500

20

OK

OK

S3540

18/11

9

1500

5

broke when
cooling

01<

11

Redouble
wrapped

1000K-20minquenched

S3621

18/11

10

1500

5

broke when
cooling

01<

11

Re double
wrapped

7701<-lhquenched
quenched
from 15001<

0
CD

C)
CD
C/)

CD
I

Cl)

quenched
from 15001<

ii

-

G)
3
E.
03

B

1-12136

14/8

14

1500

10

01<

01<

11

A103 inner,
Mo outer

a)

n,in 0309

10/4

18

1500

3

broke at
1350K

unstable

11

Re single
wrapped

quenched
from 15001<

CD

CD

1-42135

10/5

18

1250

-

OK

unstable

11

Re double
wrapped

quenched
from 1250K

10

11

Redouble
wrapped

quenched
from 15001<
quenched
from 17001<

C

x

CD

M.

1-12138

10/4

18

1500

30

wrong reading

OK

CD

CD
-U'

3

S3401

10/5

18

1700

10

broken

OK

11

Redouble
capsule

S3397

10/4

24

1500

5

broke at
13001<

unstable

11

Re single
wrapped

quenched
from 15001<

H2137

10/4

24

1500

10

broken

OK

11

Re double
wrapped

quenched
from 15001<

Cl)

1-42295

10/4

24

1500

5

broken

01<

11

Re double
capsule

1000K-10minquenched
quenched
from 20001<

3
3
0)

H2296

10/4

24

2000

-

wrong reading

unstable

11

Re double
capsule

H2319

10/4

24

1500

5

01<

01<

31

Re double
capsule

1050R-51iquenched

S3619

10/4

24

1500

5

broken

01<

11

Re double
capsule

1000K-5hquenched

1-42293

10/4

24

1500

5

wrong reading

OK

Ge 109%

Re double
capsule

quenched
from 15001<

1-42294

10/4

24

1500

5

broken

OK

Sri 100t

Re double
capsule

quenched
from lsooi-c

CD

Cl)

CD
0.

x
C
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