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Abstract

High pressure and temperature experiments on Ge&anuxtures to 17 GPa and 1500 K allow us to

obtain extended Ge-Sblid solutions with cubic Iaé) and tetragonalR432,2) crystal symmetries at

ambient pressure. The cubic modification can beinbt with up to 77 atomic percent Ge, and the
tetragonal modification for Ge concentrations abihat. Together with Hume-Rothery criteria, melting
point convergence is employed here as a favourathwe for solid solution formation. These

compositionally tunable alloys are of growing imtstr for advanced transport and optoelectronic
applications. Furthermore, the work illustrates thignificance of employing precession electron
diffraction for mapping new materials landscapeslteng from tailored high pressure and temperature

syntheses.



Introduction

While cubic diamond-structured silicon is the seaghost important material in the semiconductor
industry, it has an indirect band dagnd a fixed lattice constant, constraining it frefficient light
emitting applications including most prominently opbvoltaics and laser devices. This constraint
remains present for its associated cubic diamonditsired pure germaniunmand silicon-germanium
alloy? counterparts because they also retain fundamerdakect band-gaps. There is a strong drive
however to extend the functionality of (Si, Ge)dxhstechnology from microelectronics into
optoelectronics. This has led to investigation efuanber of avenues, all based on processing otcubi
diamond-structured (Si, Ge), to address this caimft* These avenues include doping silicon with
erbium to serve as a lasing cehtretching silicon with hydrogen fluoride to cregteres resulting in
luminescence due to quantum confinement effeaislucing tensile strain coupled with n-type dapin
in germanium to access direct-gap emission in titbréct gap materialand hybrid approachs
interfacing silicon with other light emitting checal compounds.

Our approach is different. Rather than predég existing cubic diamond structure that dods no

intrinsically exhibit targeted properties, transfoit instead to a different crystal symmetry thaesl
That is, develop a new SiGe; materials landscape by exploring synthesis of sawctures which
intrinsically contain tunable properties includifighdamental direct band-gaps. To evaluate optimal
pressure and temperature regions for novel soligien formation, we examine the phase relations of
the two endmembers, Si and &8Si and Ge are both semiconductors with the cuiaimadnd structure
up to about 10 and 12 GPa respectiVéliience synthesis within this pressure regime will@llow
us to obtain the known cubic diamond structuredisenducting SiGe equilibrium modificatidn.
Above about 12 GPa however, the endmembers are rhethllic, having transformed to tlf&Sn
modification'*!* Ge retains this modification up to 75 G2 whereas Si undergoes several phase
transitions: above 13 GP4d’ it transforms to an orthorhombic phase, to a simptxagonal phase
above 15 GP&'’ to another orthorhombic phase above 38'&Rmd to a hexagonal close packed

phase above 42 GF4Figure 1). Hence between 12 and 13 GPa all feuerplly accepted criteria for



solid solution formation, namely same crystal due, atomic radii ratios within 15% of each other,

similar valencies and electronegativities are Hieii.*°
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Figure 1. Comparison of the pressure-induced structuralsitimans of Ge and Si upon room

temperature compression to 38 GPa. Semiconductaiga@bic diamond structureF,dém) transforms

to metallic Gell (3-Sn structure 1@;/amd) above 9 GPa. This structure is retained to 4%.GP

Semiconducting Sil (cubic diamond structuFejém) transforms to metallic Sill(¢Sn structure
(14/amg@) above 11 GPa. Above 13 GPa, this phase transfaion an orthorhombic Irfima
modification, to a hexagonal modificatioBs(mmmn) above 15 GPa, another orthorhombic ph&eqg
above 38 GPa, and a further hexagonal modificgiés’'mmq above 42 GPa.

This is not to say that at higher pressures syigl#sSiGe is not merited. While, the crystal stanes

are indeed no longer the same, the atomic radosare still within about 6% of each other and the
electronic properties remain compatible (Figure®)1,Furthermore, the melting points are virtually
identical at 17 GPa which serves as an additioaalds against segregation (Figure 3). Contrasjfiigl

at ambient pressure, despite the four criteriastid solution being formally fulfilled, the moréan
500 K melting point difference between Si and @adk in actuality, to profound segregation effects.
This makes extended homogeneous solid solutiontom extremely difficult® especially on the
germanium-rich side, due to the larger segregatimefficients for germanium-rich compositiotts?
The impetus for synthesis, and promise of obtairteghnologically important, tunable novel solid
solutions is reinforced by a host of recent expenta and calculations on preparation, stability and

optoelectronic properties of Si and Ge phd&é&Pure Ge obtained at ambient pressure from above 10-
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12 GPa is tetragonal Pgs2:2)® and calculated to exhibit a direct-band §ap.
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Figure 2. Ge-Si atomic radii ratio (% difference) pressurpatelence from ambient to 38 GPa. Points a

through e reveal respectively the ratios betweeln(Gdém) and Sil, Gell (44/amgd and Sil (Fdém) ,
Gell and Sill (4/amd, Gell and SiXI [nma and Gell and SiVRg/mmm).'**"* The dashed line
depicts the Hume-Rothery tolerance atomic raditie kloundary below which solid solution formation
is favored.
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Figure 3. Pressure dependency of the melting points of i@eSi? 2°?® The negative melting slopes
for both elements is due to the higher densityhefrtliquid states which are metallic, unlike thealid
states which are semiconducting in the cubic diadqgrase. On transition to metallic crystal struesur
at higher pressures the melting slopes becomeiymsih the pressure regime of our experiments the
melting points of Ge and Si converge.

Hence a Ge-rich tetragonal GeSi solid solution khewhibit a tunable direct band-g&pFurthermore,
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Si with the P432,2 tetragonal modification could upon doping exhihithigher superconducting
temperature than those of the other Si-modificatf6rwhile Si does not form this tetragonal phase,
targeted solid solution with Ge, which does, catllen lead to a bulk Si-based tetragonal phase with

elevated superconducting. Tipon doping. Additionally, pure Si obtained at @&nb conditions from

above 12-13 GPa is cubida@) and is a semi-met&f:** Thus Si solid solution with Ge within a

complementary compositional range to that stabigjzaP4;2,2 phase, can result in a compositionally

tunable SiGe cubiclaé) phase, which upon crystal size tuning may, duaddiiple exciton generation
and optimized band gap, be considered for solavarsion applicationd’ A disordered hexagonal
phase (2H lonsdaleit€)*® for both Ge and Si has also been obtained at Ifratm above 10 GPa for
both Ge and Si. We perform hence here synthesisriexpnts at pressures between 12 to 17 GPa
coupled with electron microscopy and synchrotroarabterization experiments on a series of Ge and Si

starting mixtures targeting new alloys in this systwith tunable structure and properties.

Experimental section

We employed ultrapure Ge pieces (99.9999+% puratrAtia Aesar) and Si pieces (99.999 metal
basis % Alfa Aesar) as starting materials. The Ipigdssure experiments were performed at the German
Research Centre for Geosciences in Potsdam. Sewkiramvil experiments on Ge:Si mixtures placed
in lidded aluminum oxide crucibles were performiee at 12 GPa, two at 13 GPa and two at 17 GPa.
For the experiments at relatively low pressure @& 13 GPa) 14/8 assemblies (octahedral
length/truncation length) were used with a MgO-blasetahedron serving as a pressure transmitting
medium. Details of the experimental setup are givef#9). The 17 GPa experiments were performed
with a 10/5-assembly, which was calibrated usirg ftlowing phase transitions: coesite-stishaVjte
a-B Mg,SiO”h, B-y Mg,SiOs>% enstatiteB-Mg,SiOs-stishovité®. In all experiments stepped graphite
heaters were employed and temperatures were mdasitie type C thermocouples @Re/WoeRe),
with electromotive forces uncorrected for pressure.

At 12 GPa 80:20, 50:50 and 20:80 at% Ge;Si mixtuespectively were melted at 1500 K for 2

minutes followed by annealing at 650 K for 1 hoafdse temperature and then pressure quenching. At
6



13 GPa 75:25 and 40:60 at% Ge:Si mixtures respagtivere melted at 1500 K for 2 minutes followed
by annealing at 650 K for 2 hours before tempeeatund then pressure quenching. At 17 GPa 75:25 and
60:40 at% Ge:Si mixtures respectively were melte@i5®0 K for 2 minutes followed by annealing at
800 K for 2 hours before temperature and then presguenching.

The samples were polished and carbon coatectlémtron microscopy measurements. Scanning
Electron Microscopy (Philips XL30CP), with an EngrBispersive X-ray (EDX) analyser (Oxford
instruments EDX detector — SiLi crystal with PGTlirg@nalysis software) was employed for chemical
and morphological analysis from the polished pgll@he acceleration voltage used was set to 20 kV.
Backscattered electron mode was primarily usedusecit allows for chemical contra@8t®> Samples
were also investigated with a Philips CM30, Trarssian Electron Microscope (TEM), equipped with a
1k x 1k Gatan slow scan CCD camera and with Digitedrograph software for acquisition of electron
diffraction patterns and bright-field imaging wittn accelerating voltage of 300 kV. A double tilting
stage allowed us to record multiple zone-axes pettEom single crystalSfhe CM30 is also equipped
with a Nanomegas “Spinning Star” precession systaewh a Noran EDX detector for local chemical
analysis. The camera length for TEM was calibraisohg pure silicon. Semi-quantitative chemical
analysis was carried out without standards fodetermination of the Cliff-Lorimer factors and wotht
measurement of local thin foil thickness. Precesstectron diffraction (PED) measurements were
performed in microdiffraction mode, i.e. with a riggparallel incident beam focused on the specimen
with a spot size in the range of 10 to 50 nm. Trec@ssion semi-angle of 2° was set to record PED
patterns. The maximum precession angle of abouta3°systematically used in order to further idgntif
the kinematically forbidden reflection$>® PED performed at a high precession semi-angke 2f in
particular, significantly reduces the overall dymeaheffects involved in an electron diffractiontiean,
which in turn allows for a drastically improved rsagement of kinematical intensities of diffracted
reflections from the single crystallites. This faates differentiation even between closely ralate
diffraction patterns and concomitant accurate afi@jraphic indexing of the new phas&s’

Supporting angle dispersive X-ray diffraction measwents were performed at the ID11 beamline of



the European Synchrotron Radiation Facility. A nmmwomatic X-ray beamA(= 0.31849 A) was
focused to 1Qum x 7 um using a tunable X-ray focusing apparatus (trasafo) containing twenty
beryllium lenses and 254 aluminium len§&4. Frelon 4M CCD detector was used for diffractibata
collection with a pixel size of 50 x 50m. LaBs powder (National Institute of Standards SRM 660a),
also placed in a square on a copper grid and otokdplders, was used to calibrate the distance and
orientation of the detector. A Si-fluorescence dietewas also installed on ID11 which allowed us to
obtain a chemical signature from the very spot fiehich diffraction was performed. The crystal sizes
observed with electron microscopy ranged from abb0t nanometres to a few microns. The
combination of PED/EM and XRD allows for highly spdly resolved structural and chemical analysis
together with high angular resolution structurablgsis. When characterizing small single crystals,
and/or a heterogeneous assembly, electron diffiacis particularly needed. For the electron ancX-
diffraction measurements, particles of the reacporduct from the polished half capsules were taken
under an 126x total magnification optical microseopising a sharp tungsten carbide needle and
dispersed onto the thin carbon film of labelledethmillimeter diameter copper TEM grids (Agar
scientific). For the X-ray diffraction measuremenparticles were placed on litholoops (Molecular
Dimensions Limited) as well. For the litholoopspitsally used for larger sample amounts, the priaicip
advantage is the absence of any crystalline feati@g. Cu in a grid) whose signal may interferghwi
sample patterns. Thus one can freely rotate tieldbp about its axis, to obtain better powder
averaging and minimize any texturing effects. Basethumerous comparative measurements, we found
that the signal to noise ratio of diffraction pealksnaterial placed on the TEM grid is typicallyoai a
factor of 2 higher than that from the litholoop.idmay be attributed to the carbon foil of the TGNt
being more than two orders of magnitude thinnen ttiee litholoop’s rigid kapton foil (holes on the
litholoop are typically too large for the small gales). Further beneficial attributes of the TEMdgaire

the greater ease in locating and aligning the samgth the beam because the sample is framed by the
copper grid and the better adherence of the materihie carbon foil. Equally, even with typicakyp

degree rotation applied, the spatial resolutiorhvat small beam spot sufficed, in avoiding copper
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diffraction peaks. Use of the TEM grid, means thia¢ can formally examine the same sample as was
examined with TEM, which is particularly importafbr obtaining multifaceted complementary
structural, chemical and morphological informatiparticularly from precious material. The zone-axis
electron diffraction patterns were interpreted gdime software “Electron Diffraction” version 7.0¥%
considering the kinematical approximatfSriNote that in all the simulated zone-axis diffrantpatterns
shown hereafter an empty circle represents a kiheatig forbidden reflection and the size of adil
circle is proportional to the intensity of the di€ted reflection. The X-ray diffraction patterngrey
circularly integrated using FitZ® and the one-dimensional patterns were fitted adebied using the
Topas 3.0 softwar®. The chemical signatures taken from the sample®at in-parallel with the

diffraction, was performed using the program PyMEA.

Results
PED analysis of numerous single crystallites waitcompanying chemical analysis from each

analyzed crystallite from the obtained productevedld us to develop a structure- composition map of

the reaction products. We present examples documgetie la3 assignment first, followed by
examples documenting th®;2,2 assignment and finally examples of our chemioalysis of crystals

from both symmetries. Figure 4 shows representatnres-axis PED diffraction patterns of the Ge-Si

crystallites obtained withla3 symmetry (Figures 4a, c) together with their simbed diffraction

patterns (Figures 4b, d) revealing the excellenttcmawith the experimental data. A further
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Figure 4. Experimental PED and simulated zone-axis diffactpatterns of binary Ge-Si crystals

with 1a3 space group. (a, b) are experimental and simulated-axis diffraction patterns of the [11-2]

zone axis and (c, d) correspondingly, of the [1fi8je-axis.

Ge-Si experimental zone-axis PED pattern (Figunei®@ompared with its corresponding simulated

la3 (Figure 5b) and its site orderefa3 symmetry analogue (Figure 5c), revealing that our
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Figure 5. Comparison of an experimental zone-axis PED pattéma binary Ge-Si crystal to simulated
ones, without (aé) and with (Paé) site-ordering. (a) Experimental precession etectdiffraction

[001] zone-axis pattern and simulated [001] zonesaxith (b)Iaé and (c)Paé space groups.

new cubic binary Ge-Si phase exhibits no long rasge-ordering. The importance of PED for

unambiguous indexing of théa3 space group is further illustrated in figure 6 dymparing an
experimental zone axis diffraction pattern takethaut, (Figure 6a) and with (Figure 6c¢) precessmn

that of the corresponding simulated pattern (Figub). Figure 7 shows representative
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Figure 6. (a, c) Experimental [111] zone-axis electronrdigtion pattern for a binary Ge-Si crystal

with 1a3 space group measured without and with precessidragb) simulated [111] zone-axis pattern.

zone-axis diffraction patterns of the Ge-Si crygtd obtained withP432;2 symmetry (Figures 7a, c)

together with their simulated diffraction patte(fsgures 7b, d) revealing the excellent match il
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Figure 7. Experimental PED and simulated zone-axis diffracpatterns of binary Ge-Si crystals with
P432,2 space group. (a, b) are experimental and sintuizd@e-axis diffraction patterns of the [011]
zone axis and (c, d) correspondingly, of the [1&%]e-axis.

experimental data. Unlike the cubic modificatioonsideration of a site-ordered analogue is nottetbri
because it does not occur for the tetragonal pHaBee importance of PED for unambiguous indexing
of the P432,2 space group, is further illustrated in figure \8 domparing an experimental zone-axis

diffraction pattern taken without, (Figure 8a) amdth (Figure 8c) precession to that of the

corresponding simulated pattern (Figure 8b). Ta symmetry occurs for compositions from 100 to
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Figure8. (a, c) Experimental [100] zone-axis electronrdiftion pattern for a binary Ge-Si crystal with
P432,2 space group measured without and with precessidr{b) a simulated [100] zone-axis pattern.

about 23 at.% Si, with thie4;2,2 symmetry occurring for Si compositions from 2%&8i downwards.

Examples of chemical analysis taken from cryseslof both symmetries are shown in Figures 9a-c.

Cu

Cu

Si Ge Ge
Ge
2 2 2
5 gl s g %
£ o £ o £
‘Jj Ge s Ny
Cu Ge Ge

Cu

0O 2 4 6 8 10 120 2 4 6 8 10 120 2 4 6 8 10 12
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Figure 9. Examples of TEM/EDX chemical analysis from Ge<®ystals obtained at ambient

conditions after high pressure and temperatureheges. (a, b ) Semi-quantitative energy dispepsive

ray analysis from two crystals witha3 space group revealing 6g£Sip7s and Ge@gsSio.3s
stoichiometries respectively, and one (c) Wkth2,2 space group revealing a {z&ip.19 Stoichiometry.
The C and Cu peaks originate respectively, fromctréon foil and the copper grid of the TEM sample
holder.

The only other highly crystalline symmetry detecteain a few crystallites after release from 12 GPa,
was the ambient pressure cubic diamond symmetglylikecause this pressure may be close to the
transition pressure between SiGe cubic diamondth@@-Sn modification’® "> Disordered structures
with hexagonal symmetry, likely with varying polpig characteristics, for a range of Ge-Si
compositions were however also detected here flbpressures. These were more prevalent as the Ge
content increased. Indeed their enhanced presencdnei reaction product matrix for Ge-richer
compositions has hindered us so far from obtaiamgccompanying X-ray diffraction pattern of Ge-Si

with P4;2,2 symmetry and will be the focus of a further reépédmgle dispersive X-ray diffraction
12



measurements on the other hand, from binlm(_gf Si-richer compositions were obtained. An X-ray
diffraction pattern from a sample extracted frorpedlet which has a bulk 20:80 Ge:Si composition,

based on chemical analysis using scanning eleotroroscopy, is shown in Figure 10.
Discussion
We provide here an explanation for the composisimoeture relationship measured and why in

particular the binary Ge-Si cubi@3 phase is obtained for a larger range of Ge-Si @mitipns than
the P452;2 phase is. With respect to compression of Ge afi§ure 1), differences upon release from

17 GPa are that, Gell transforms toz&B2 below about 9 GPa and is retained at 1 atm, ahd S
transforms to ark3 phase below about 9 GPa, befdad is obtained below 2 GPa and retained at 1

atm%*® The Sila3 and Ge P£,2 phases are stable indefinitely at ambient coorbti

— |obs
— |ca|c

- |obs - |ca|c

| Bragg reflections
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e
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Figure 10. A X-ray diffraction pattern of a @gSip.gscomposition withla3 space group (a = 6.676 (1)
A) and a calculated density pf= 3.303 g/cmi We have to-date also measured the X-ray diffract

pattern of a GgSip.scomposition witHa3 space group (a = 6.782 (1) A) and a calculateditieaf p =

4.287 glcm. For reference the corresponding densities ofccdisimondFd3m Gey ;Sipsand Ge sSio s
are respectivelp = 2.998 g/crandp = 3.938 g/cm*?

These crystal structures, rather than the cubicnaoim structure, are obtained, because they are

kinetically accessible from denser phases uporselé Indeed, even intermediate heating experiments
on Si 1a3 result in a hexagonalPGsmc 2H) rather than the diamond phase because the bond

reconstruction required for the latter is too sed&f’ The internal energies of tHe4s2,2 and la3
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phases are very simil&t”” Why Ge favorsP4;2,2, while Si favours thda3 phase can be explained
from a structural point of vie#**® Ge P452,2 and Sila3 are comprised of tetrahedral units, as is their

lowest energy, but kinetically inaccessible cubantbnd Fd3m counterpart. InFd3m Ge and Si, the

tetrahedra are undistorted and characterized bgghesbond length. Deviation from this structure by
P4;2,2 and la3 has two energetic penalties, one, the degreetafhiedral bond angle distortion and
two, the degree of deviation from the diamofd3m bond length.P4;2,2 allows for a greater
proximity of its bond lengths to that #d3m at the cost of greater tetrahedral bond anglewishs.
Conversely,laé, allows for smaller tetrahedral bond angle digtot at the cost of greater deviation of

the bond lengths from those in tRel3m diamond phas€.Ge adopts th®452,2 structure because the
Ge bonds are less stiff than those of Si (vibratidrequencies are lower than in Si). Hence itscétire

can accommodate greater angular distortions wittive ease, benefiting on the other hand from bond

lengths closer to those dtd3m diamond. The Si bonds on the other hand are saffuiring the

structure to remain relatively undistorted, at th@pense however, of a greater distribution of bond

lengths with respect to those Fd3m diamond. Despite their very similar energies, Ih2 symmetry

may be viewed as slightly favored based on thetia@l observation that thie4;2,2 symmetry is not

accessible for endmember Si, whereas l4& symmetry can be accessed by Ge under rapid peessur

release, albeit fleetingly, with ensuing transitom a hexagonal Rgsmc 2H) phas€®

Another reason that tHa3 symmetry may be compositionally more favourednefee same group

members, is because of an energetic cost to hame element nearest neighbddf§While group
IV binaries with P42,2"° and 1a3 symmetries (Figure 5) both adopt structures withong range site-
ordering, only thela3 symmetry has an equivalent site-ordeRaB descriptiof® which allows nearest
neighbours to be of the second elemeng2f24does not have this option, because unli&d, it
g

contains rings with odd numbers of atoth Hence local level site orderifgto alleviate any

residual strain is only favored for tHa3 symmetry. These considerations provide an explaméor
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why, within this newly established SiGe materiasdscape, théa3 symmetry spans a wider range of

compositions than thi4;2;2 symmetry does.

Conclusions

The combination of high pressures and teatpegs has allowed us to form a materials landscape

for GgSiy-x 0<x<1 containing tetragon&4s2,;2 and cubicla3 symmetries, with projected electronic
character ranging from semiconducting to semi-rhiefaf optoelectronic, transport and thermoelectri
interes® *® Further, Ge-Si alloying, in addition to providitgnability of properties can also contribute
to greater structural stability. For example, Geyal with tetragonal symmetry exhibit enhanced iogrl
performance as battery anod®g.he work here also includes the first participatiaf Si in aP4s2;2
alloy and together with the new phase relationGénSri*%*#paves the way for even greater tunability
in novel ternary Si-Ge-Sn systeni$hie work also reveals the effectiveness of linktogether with X-
rays, PED with extreme conditions for creation ghdracterization of new materials landscapes. This
highest possible spatially resolved detection ofvreengle crystallites and their distinct structural
analysis based on both spot positional distribuod kinematical intensity profile markedly limits

ambiguity of assignment and facilitates confideshtamce.
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Table of contents synopsis

the cross the windmill

Pressure gently tunes to radically transforms matteaking it formidable in developing targeted
materials and materials landscapes. Crystals mialliyn be small and sparsely populated within
complex agglomerates. X-ray and electron diffractioffer complementing angular and spatial
resolution. Precession improves electron diffraciittensities, strengthening single-crystal assigmm
We develop a dense SiGe landscape by heating SiGandt pressures where they undergo phase
transitions, transform to metals and their meltpgints converge. Distinctive precession electron

diffraction patterns are shown above.
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