
pubs.acs.org/IC Published on Web 08/16/2010 r 2010 American Chemical Society

8230 Inorg. Chem. 2010, 49, 8230–8236

DOI: 10.1021/ic100273q

Correlation between Structural and Semiconductor-Metal Changes and

Extreme Conditions Materials Chemistry in Ge-Sn

Christophe L. Guillaume,†,X George Serghiou,*,† Andrew Thomson,†,O Jean-Paul Morniroli,‡ Dan J. Frost,§

Nicholas Odling,|| and Chris E. Jeffree^

†School of Engineering and Centre forMaterials Science, University of Edinburgh, Kings Buildings, Mayfield Road,
Edinburgh EH9 3JL, U.K., ‡Laboratoire de M�etallurgie Physique et G�enie des Mat�eriaux, UMR CNRS 8517,
Universit�e des Sciences et Technologies de Lille et Ecole Nationale Sup�erieure de Chimie de Lille, Cit�e Scientifique,
59655 Villeneuve d’Ascq Cedex, France, §Bayerisches Geoinstitut, Universit€at Bayreuth, D-95440, Bayreuth
Germany, ||School of Geosciences, The Grant Institute, University of Edinburgh, Kings Buildings,WestMains Road,
Edinburgh EH9 3JW, U.K., and ^School of Biological Sciences, Michael Swann Building, University of Edinburgh,
Kings Buildings, Mayfield Road, Edinburgh EH9 3JR, U.K. XPresent address: School of Physics, University of
Edinburgh,Mayfield Road, Edinburgh EH9 3JL, U.K. OPresent address: BP Chemicals Ltd, Saltend, Hedon, Hull,
HU12 8DS, U.K.

Received February 9, 2010

High pressure and temperature experiments on Ge-Sn mixtures to 24 GPa and 2000 K reveal segregation of Sn from Ge
below 10GPawhereas Ge-Sn agglomerates persist above 10GPa regardless of heat treatment. At 10GPaGe reacts with
Sn to form a tetragonalP43212Ge0.9Sn0.1 solid solution on recovery, of interest for optoelectronic applications. Using electron
diffraction and scanning electron microscopy measurements in conjunction with a series of tailored experiments promoting
equilibrium and kinetically hindered synthetic conditions, we provide a step by step correlation between the semiconductor-
metal and structural changes of the solid and liquid states of the two elements, andwhether they segregate,mix or react upon
compression. We identify depletion zones as an effective monitor for whether the process is moving toward reaction or
segregation. This work hence also serves as a reference for interpretation of complex agglomerates and for developing
successful synthesis conditions for new materials using extremes of pressure and temperature.

Introduction

Any recovered solid state product from any synthesis will be
either segregated, reacted, or mixed or a combination of these
states. Indeed, a longstanding challenge for successful synthesis
has been tounderstand and controlwhich statewill form, based
on synthetic conditions and the structural and electronic
characteristics of the starting materials. To do this, it is very
important to be able to interpret and correlate the frequently
complex synthetic agglomerates, with both the synthesis con-
ditions and the starting material characteristics, to channel the
next experiment in the right direction. High pressure offers a
powerful means by which to modify the structural and electro-
nic characteristics of the starting materials and in conjunction
with temperature to generate a range of synthetic conditions.
Indeed, our ability to make new materials can be profoundly
enhanced using pressure and temperature to overcome am-
bient condition constraints to synthesis. We have recently

demonstrated this by preparing a Ge-Sn crystalline solid solu-
tion near 10 GPa1 of optoelectronic importance,1,2 whereas no
mutual bulk solubility exists between the two at ambient
pressure.3 Ge is a semiconductor at ambient pressure with the
cubic diamond structure.4 Above about 10 GPa it undergoes a
phase transition to the tetragonal β-Sn structure (I41/amd)

5,6

(and references therein). High pressure and temperature phase
relations in this system have been documented up to 11 GPa
and 950 K, and its melting curve has been determined to
40 GPa.5,7,8 The local structure of liquid Ge is reported with
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increasing pressure to transform from a disordered β-tin
structure with mixed covalent and metallic bonding to
an ordered β-Sn structure with increasing metallic char-
acter.9-11 At ambient pressure, Sn has the diamond structure
(R-Sn) below 291 K and adopts the β-Sn structure (I41/amd)
above 291 K. β-Sn undergoes a transition to a body centered
tetragonal structure (bct, I4/mmm) at about 10GPa, which is
stable to 45 GPa.6,12 High pressure and temperature phase
relations for the tin system have beenmeasured up to 16GPa
and 420 K, and the melting curve of tin has been determined
up to 20 GPa.11,13,14 No other tin phases were found in this
region, and the transformations are reversible. At between
9 and 10 GPa, upon compression, Ge and Sn can adopt the
same crystal structure (β-Sn) (Figure 1), and their atomic
radii ratios are then within 13% of each other, whereas in all
other cases at, or above room temperature compression, their
atomic radii ratios differ by 20% ormore (the ratio decreases
to 20%at 24GPa).1,12,13,15-17 Further, the nominal valencies
and electronegativities of the two elements are similar above 9
GPa when they are both in the metallic state.18-22 Thus the
Hume-Rothery criteria (i, atomic radii difference<15%; ii,
similar electronegativities; iii, same crystal structure; iv, same
valence)5,23 upon compression are most closely satisfied near
10 GPa. Studies of the liquid states of Ge and Sn reveal that
existing structural and electronic similarity of the two at
ambient pressure is enhanced with pressure with the higher

pressure structural and electronic character of Ge liquid
increasingly resembling that which liquid Sn already exhibits
at ambient pressure.9-11,24 The similarity between liquid Ge
and Sn at ambient pressure is significant enough that a single
binary liquid phase already occurs at ambient pressure, but
the tendency for segregation in the liquid state increases
markedly with decreasing temperature.3,25 As first shown
by Predel for binary liquid alloys,26 the tendency for segrega-
tion will decrease with increasing pressure as Ge and Sn
become more similar.
Here, we succeed in capturing, with an unprecedented

detail needed, the evolution from segregation to reactivity
tomixing in theGe-Sn system upon compression, to be able
to correlate these transformations directly, with the electronic
and structural transformations of Ge and Sn in their solid
and liquid states. For this we employ a range of vessels from
1atm furnaces to highpressure piston cylinder andmultianvil
devices. These are coupled with electron microscopy analysis
which allows us to visualize the chemical,morphological, and
structural changes within the Ge-Sn system with highest
spatial resolution for a range of tailored experiments promot-
ing, instrumentally, both equilibrium and kinetically hin-
dered conditions.

Experimental Section

We employ ultrapure Ge (99.9999þ% puratronic Alfa
Aesar) and Sn (I41/amd) (99.999 metal basis % Alfa Aesar)
starting materials. For the ambient pressure experiments
equimolar Ge and Sn samples were heated at 1500 K in a
90% Ar -10% H2 atmosphere for up to 120 min and
temperature quenched. Compositions ranging from equi-
molar to 3:1 Ge to Sn in several piston cylinder experiments
were heated at 1500 K for up to 120 min and up to 3.5 GPa
followed by temperature and pressure quenching. Twenty
multianvil experiments on samples ranging from endmember
to equimolar, 3:1 or 6:1 Ge to Snmixtures were performed at
pressures ranging from7 to24GPaand temperatures to2000K
for up to 30 min heating duration, followed by either
quenching or annealing at lower temperatures up to 1050 K

Figure 1. Crystal structure comparison of Ge and Sn upon room
temperature compression, to 45 GPa. Semiconducting GeI (cubic dia-
mond structure) transforms to metallic GeII (β-Sn structure (I41/amd))
above about 9 GPa and coexists with GeII to 12 GPa.7 GeII can be
retained to about 7 GPa upon decompression.7 There is a smaller region
near 10GPawhere themetal-metal transition fromβ-Sn (I41/amd) to bct
Sn (I4/mmm) occurs (9.2-10.3 GPa).5,12.

Figure 2. SEM image in BSE (Backscattered Electron) mode of a
polished section of the capsule of a Ge-Sn sample quenched from 1500 K
after heating for 5 min at 3 GPa. Semiquantitative results from
numerous EDX analyses of the two regions reveal segregation of
Sn (light contrast regions) from Ge (dark contrast regions).
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and annealing times up to 5 h. Temperatures in the ambient
and piston cylinder experiments were measured with Pt/
Pt87Rh13 thermocouples and in the multianvil experiments
with W75Re25/W97Re3 thermocouples, with emf’s uncor-
rected for pressure. Pressure calibrations were performed
with a variety of assemblies using a number of high pressure
ambient and high pressure-high temperature phase trans-
formations. These are discussed in previous work.27-30

Further details and tabulations of the experimental runs can
be found in section I of the Supporting Information.
Scanning Electron Microscopy (Philips XL30CP, with an

energy dispersive X-ray analyzer (Oxford instruments EDX
detector - SiLi crystal with PGT spirit analysis software) as
well as Field Emission Gun Scanning Electron Microscopy
(Hitachi S-4700 type II cold FEG SEM equipped with an
EDAX Phoenix X-ray microanalysis system [SiLi crystal
detector] and an Yttrium-Aluminum-Garnet [YAG] scintil-
lator BSE detector) were employed for chemical and mor-
phological analysis. The spatial resolution afforded by a
FEGSEM is typically, in our measurements, about an order
of magnitude higher than that of a SEM. The acceleration
voltages usedwere 10 kV and 20 kV in backscattered electron
mode for adjustable chemical contrast.31 Secondary electrons
were also used to differentiate between chemical and mor-
phological heterogeneity. Further details on compositional
and morphological analysis and tabulations of the experi-
mental results described below are found in section II of the
Supporting Information. Moreover, definition of salient ter-
minology used here, is presented in section III of the Support-
ing Information. Samples were also investigated with a
Philips CM30, Transmission Electron Microscope (TEM),
equipped with a Gatan slow scan CCD camera and with
Digital Micrograph software for acquisition of electron dif-
fraction patterns and bright-field imaging with an accelerat-
ing voltage of 300 kV. The CM30 is also equipped with an
EDX detector for further chemical analysis. This additional
highest resolution (∼5 nm) chemical analysis was performed

in spot, line scan ormappingmode in ScanningTransmission
ElectronMicroscope (STEM)mode. Both convergent beam,
precession electron diffraction, and microdiffraction (elec-
tron diffraction with a nearly parallel incident beam focused
on the specimenwitha small spotsize in the range10 to50nm)
were used for collecting diffraction patterns.32-34

Results

Recovered samples from experiments up to 9 GPa all show
separation of Sn from Ge up to this pressure, either directly
upon melt-quenching (ambient to 3.5 GPa) (Figure 2) or after
annealing (7-9 GPa) (Figures 3-6). In particular, up to 3.5
GPa, direct quenching from the melt results in segregation of
Sn fromGe and the boundaries between Ge and Sn are sharp,
with no compositional gradient at the Ge rims (Figure 2). At 7
GPa direct quenching from the melt results in a pure Ge phase
and a two phase Sn- rich region composed of a core agglom-
erate containing twice as much Ge as the lighter contrast
Ge-Sn agglomerate situated adjacent to the pure Ge phase
(Figure 3). At 8 GPa the starting mix was annealed at 820 K
after melt-quenching. A residual melt-quenched region, how-
ever, is recovered together with the bulk subsolidus annealed
product (Figure 4). In the subsolidus annealed product, Sn is
segregated from Ge and there is no compositional gradient
adjacent to the pure Ge phase (darkest contrast) (Figure 4b).
Contrastingly, the Ge-rich agglomerate (intermediate contrast
region) in the melt-quenched region is drastically depleted in
the area adjacent to the pure Ge phase in the subsolidus region
(Figure 4b). At 9GPa direct quenching from themelt results in
an intimatemixture ofGe andSn-rich agglomerates (Figure 5).
This increasing difficulty in separating Sn from Ge at 9 GPa,
even as compared to proximal 7 or 8 GPa, as the tendency for
segregation in the liquid state decreases further, and the
metallic character of the solid states converge, can be seen by
the nature of the reaction products in a further experiment at

Figure 3. (a) SEM image in BSE mode of a polished section of the capsule of a Ge-Sn sample quenched from 1500 K after heating for 10 min at 7 GPa.
Numerous EDX analyses from the three different contrast regions reveal virtually pure Ge in the darkest region (1), as well as two lighter contrast regions
containing agglomerates of Ge-Sn, with the brightest contrast regions (2) (depletion zone), containing about 14 at% less Ge than the intermediate contrast
regions (3). Higher resolution field emission gun scanning electron microscopy images of the (b) darkest contrast pure Ge region (1) revealing its chemical
homogeneity is also shown, as are images of the (c) brightest (2) and intermediate (3) contrast regions revealing even more clearly the pronounced chemical
heterogeneity in these regions (see also Supporting Information).
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9GPawhere the samplewas annealed at 1000Kaftermelting
(Figure 6). This temperature is close to the liquidus,5 and
indeed the majority of the recovered product is quenched
from the melt (Figure 6) and resembles the intimate mix-
ture of Ge and Sn-rich agglomerates shown in Figure 5.
The cooler upper and lower rims of the capsule, however,
allow subsolidus annealing of the mixture near the rims,
giving rise to pure Ge and a two phase Sn-rich region, with
the area adjacent to pure Ge being Sn richer (Figure 6c).
These observations again designate that segregation of the
two components is not yet complete upon quenching from
1000 K (and from somewhat lower temperature near the
rims), and that reaction between Ge and Sn is not favored
at this pressure either. The situation is drastically changed at
10 GPa where after melt-quenching and subsequent anneal-
ing at 770K, a regionwith a uniformGe0.9Sn0.1 composition,
uniquely spanning almost the entire capsule is obtained,
with a residual melt-quenched product being recovered as
well (Figure 7).

Extensive EDX measurements in SEM and STEM mode
reveal a uniformGe0.9Sn0.1 composition. No elemental germa-
nium or tin was detected anywhere.1 Zone-axis diffraction
patterns fromnumerous crystals throughout the homogeneous
chemically analyzed region were collected, two of which are
shown in Figure 8. The program electron diffraction version
7.0136 was used to interpret the zone-axis microdiffraction
patterns. These showed excellent fits to the P43212 tetragonal
structure of Ge, which combined with a supporting angular
diffractionpatterngive lattice parameters (a=6.014 (1) Å, c=
7.057 (1) Å, Z=12)1,37 which are greater with respect to end-
member tetragonal Ge by 1.4 and 1.1% because of incorpora-
tion of the larger Sn atoms in the structure. The density of
tetragonalGe0.9Sn0.1 is F=6.028 g/cm3, making it 2.2%denser

Figure 4. Lower (a) and higher (b) magnification SEM images in BSE mode of a polished section of the capsule of a Ge-Sn sample heated at
1500 K at 8 GPa for 5 min followed by annealing at 820 K for 1 h before quenching. The part of the image to the left of the boundary in (a) and (b) is
quenched directly from the melt, possibly because of a thermal35 or density gradient. The boundary is circled in (a) and (b). Numerous EDX analyses from the
three different contrast regions shown in higher magnification in (b) reveal virtually pure Ge in the darkest regions, and about 20 at% less Ge in the brightest
contrast regions than in the intermediate contrast Ge-Sn agglomerate. The very bright contrast region in (a) surrounding the reaction product is the rhenium
capsule (see also Supporting Information).

Figure 5. Lower (a) and higher (b)magnificationSEM images inBSEmodeof a polished section of the capsule of aGe-Sn sample quenched from1500K
after heating for 5 min at 9 GPa. Numerous EDX analyses from the five different contrast regions as labeled in the figures show that the brightest contrast
region is the rheniumcapsule (1), the somewhat lighter contrast region is aRe-Gephase (2), the needles correspond toaRe-Gephase orRe-Ge-Snphase
(3), and the darker and lighter colored regions in the interior areGe-Snagglomerates, with the darker region (4) containing about 12 at%moreGe than the
lighter contrast region (5) (see also Supporting Information).
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than endmember tetragonal Ge. In 14 multianvil experiments
above 10 GPa regardless of heat treatment protocol (see also
Supporting Information), no such homogeneous region could
be attained, Ge-rich and Sn-rich agglomerates were recovered,

even though segregation into pure Ge regions and pure Sn
regions was not achieved (Figure 9).

Discussion

We provide here an explanation for the detailed nature of
the recovered products presented above. The structure and
the metallic character of the Ge and Sn liquid states are
considered to increasingly resemble each other with higher
pressure.11 To ∼3 GPa however, the combination of the
significant segregation tendency of the binary liquid state25

and the distinctly dissimilar, structurally and electronically,
solid states (Figure 1) means that segregation into pure Ge
and Sn will easily take place upon cooling. Indeed, this is
reflected by the sharp boundaries separating Ge from Sn
directly quenched from the melt, that is, without the need for
annealing (Figure 2). Between ∼3 and 9 GPa the segregation
tendency of the liquid state becomes less pronounced, while the
Ge and Sn solid states still differ (Figure 1). Thus at 7 GPa
segregation is not as facile as at lower pressures (Figure 3).

Figure 6. Lower (a) andhigher (c, d)magnificationSEMimages inBSEmodeofapolished sectionof the capsuleof aGe-Snsampleheatedat1500Kfor5min
at 9 GPa followed by annealing at 1000 K for 20 min, and followed then by temperature and pressure quenching. The higher magnification BSE image in (c)
depicts both the bulk region quenched from themelt, and the cooler rim region annealed in the solid state. The highermagnification region in (d) depicts a part of
the cooler rim section. (b) is a schematic of the half-capsule showing the bulk and cooler rim sections and the corresponding sections in the actual SEM images.
Eachof the twocooler rimsections, as seen, is actuallya torus.NumerousEDXanalyses fromthe sevenregionsofdifferent contrast, as labeled in the figures, show
that thebrightest contrast rimregion is theRecapsule (1), the somewhat lighter coloredregion is aRe-Gephase (2), thedarkand light contrast regions in thebulk
of the capsule are Ge-Sn agglomerates, with the lighter contrast agglomerate (3) containing 15 at% less Ge than the darker contrast agglomerate (4). In the
annealed sections, thedarkest contrast region contains pureGe (5)whereas thebrightest contrastGe-Snregion (6) (depletionzone) contains about 8at%lessGe
than the intermediate contrast region (7) in those sections (see also Supporting Information).

Figure 7. Lower (a) and higher (b)magnificationSEM images inBSEmode of a polished section of aGe-Sn sample heated at 1500K at 10GPa for 5min
followed by annealing at 770K for 1 h before temperature and pressure quenching. The brighter triangular region shown in the lower right of the images in
(a) and in (b)was quencheddirectly from themelt.NumerousEDXanalyses from the five regions of different contrast, as labeled in the figure, show that the
brightest contrast region is the Re capsule (1), the slightly lighter contrast regions are a Re-Ge phase (2), the extensive homogeneous regions is a uniform
Ge0.9Sn0.1

1 phase (3), and the small triangular region on the right is composed of a mixture of darker contrast Ge-rich (4) (81 at%Ge) and lighter contrast
Ge-poor (5) (39 at%Ge) agglomerates. (c) A higher resolution field emission gun scanning electron microscope image of (3) is also shown confirming the
complete chemical homogeneity of the new Ge0.9Sn0.1 solid solution (see also Supporting Information).

Figure 8. [-201] (a) and [-15-2] (b) zone-axis microdiffraction pat-
terns of the tetragonal (S.G. P43212) Ge0.9Sn0.1 structure.
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While extensive pure Ge regions evolve, there are significant
regions where segregation is not complete. That the process is
moving toward segregation can be seen from the Sn-richer rim
surrounding pure Ge, which shows that remaining Ge is still in
the process of segregating from Sn after direct quenching from
the melt. At 8 GPa, and further at 9 GPa, the segregation ten-
dency of the liquid state decreases further, so that direct quen-
ching from themelt no longer permits development of pure Ge
regions, unless subsolidus annealing is undertaken, in which
case segregation is facilitated (Figures 4-6). Indeed at 8 GPa
the majority of the recovered product has been annealed in the
solid state and, unlike the case at 7GPa, sharpboundaries sepa-
rateGe fromSn (Figure 4). The absence of an intermediate Sn-
rich composition adjacent to theGe-rims signifies that segrega-
tion of Sn from Ge is largely complete. Contrastingly, the
boundary between pure Ge and the residual melt-quenched
liquid is depleted of Ge, showing that segregation of Ge from
Sn in the quenched liquid is not complete (Figure 4). At 9 GPa
segregation of Sn from Ge is even more difficult, as evidenced
by the intimate mixture of Ge-rich and Sn-rich agglomerates in
the recovered melt-quenched product (Figure 5). This increas-
ing difficulty in separating Sn from Ge at 9 GPa, even as
compared to proximal 7 or 8 GPa, as the segregation tendency
of the liquid state decreases further, and the metallic character
of the solid states converge, can be seen by the nature of the
reaction products in a further experiment at 9 GPa where the
sample was annealed at 1000 K after melting (Figure 6). This
temperature is close to the liquidus,5 and indeed themajority of
the recovered product is quenched from the melt (Figure 6)
and resembles the intimate mixture of Ge and Sn-rich agglom-
erates shown in Figure 5. The cooler upper and lower rims
of the capsule, however, allow subsolidus annealing of the
mixture near the rims, giving rise to pure Ge and a two phase
Sn-rich region, with the area adjacent to pure Ge being Sn
richer (Figure 6c). These observations again designate that
segregation of the two components is not yet complete upon
quenching from 1000 K (and from somewhat lower tempera-
ture near the rims), and that reaction betweenGe and Sn is not
favored at this pressure either. Near 10 GPa at lower tem-
peratures, both the structural and electronic properties in the
solid state satisfy the conditions for solid solution formation
(Figure 1). Further, the liquid state segregation tendency is
further decreased.Thus annealing, followedby cooling to room
temperature facilitates reaction between Ge and Sn and solid
solution formation, giving rise to a completely homogeneous
recovered product (Figures 7, 8). The residual melt-quenched

region, being a hotter, liquid region, was able to accom-
modate more Sn homogeneously with Ge in the liquid
state. Upon quenching, the excess tin and the absence of
annealing in this region, results in intimately mixed Sn-rich
and Ge-rich regions. Above 10 GPa Ge-rich and Sn-rich
agglomerates of varying extent were always recovered
regardless of annealing time (Figure 9), because of the
combination of a liquid state with diminished segregation
tendency with respect to lower pressure, and ensuing
metallic solid states for both Ge and Sn (Figure 1). The
incompatibility however, of their atomic radii and crystal
structures, make formation of a bulk crystalline Ge-Sn
solid solution problematic.
Hence only near 10 GPa is formation of a bulk crystalline

Ge-Sn phase favored. From the equilibrium phase stability
point of view, the documented reason for this is that the
structural and electronic criteria for solid solution between
Ge and Sn aremet near 10GPa.23 From themetastable phase
stability point of view we suggest that there might be two
further factors influencing solution of Sn in Ge near 10 GPa.
The first factor may be linked to possible enhancement of
reactivity in a region of profuse structural and electronic
phase transitions, that is, a region in a state of flux. Namely,
(i) at about 10GPa,Ge is near a triple point,5,7 (ii) in the solid
state it transforms between semiconducting cubic Ge and the
metallic β-tin structure, and (iii) Sn transforms between β-tin
and a bct tetragonal phase. Thus this region of pronounced
reconstruction and reformation might be more conducive
to reaction between Ge and Sn. The second factor may be
linked to the low liquid diffusivity near the low-lying triple
point near 10 GPa. Low liquid diffusivity namely promotes
formation of a bulk homogeneous structurally disordered
system (elemental Ge-glass)38,39 upon rapid cooling. Here,
upon cooling of a lower segregation tendency, with respect
to lower pressures, Ge-Sn liquid, the slow liquid diffusivity
on the precipice of solidification, may also partly deter the
two elements from separating, so that they retain random
ordering in the same solid phase as well, which upon anneal-
ing results in formation of the bulk positionally disordered
but structurally ordered system (i.e., crystalline Ge-Sn solid
solution).

Figure 9. SEM images in BSE mode of polished sections of 2 Ge-Sn samples both heated at 1500 K at 24 GPa for 5 min followed respectively (a) by
annealing at 1000 K for 10 min before temperature and pressure quenching and (b) by annealing at 1050 K for 5 h before temperature and pressure
quenching. Numerous EDX analyses from the brighter and darker contrast regions in the two recovered products revealed Sn-rich and Ge-rich
agglomerates, respectively.Annealing somewhatwidens the domains of theGe-rich andSn-rich regions, but the data only support intimate agglomerates of
Ge and Sn. (c, d) Higher resolution field emission gun scanning electron microscopy images of (b) are also shown confirming the extensive chemical
heterogeneity of the recovered sample (see also Supporting Information).
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Considering the present experimental results and their
analysis in their totality, as well as first X-ray diffraction
measurements,40 we put forth a broader perspective on the
solid state (i) equilibrium and (ii) metastable phase relations
within the extended pressure and temperature regime exam-
ined here. The equilibrium phase diagram of bulk Ge-Sn
between ambient and 24 GPa consists of virtually pure
Ge and pure Sn at all pressures and temperatures except
in a narrow region near 10 GPa where a bulk crystalline
Ge0.9Sn0.1 is stable together with any excess Sn. The meta-
stable phase diagram like the equilibrium phase diagram also
consists of virtually pure Ge and Sn between ambient and up
to between 3.5 and less than 7 GPa. Between 7 and 9 GPa, as
well as above 10 to 24 GPa, Ge-rich nanocrystals together
with pure Sn may coexist, but with the Ge-rich nanocrystals
not able to grow in size and sinter into a bulk crystalline
Ge-Sn phase without dissociating into Ge and Sn, analo-
gous to the behavior observed in likewise metastable Ge-Sn
thin films.41,42 The content of Ge in the nano-Ge-rich phase
can vary depending on pressure, temperature, and quenching
conditions. Near 10 GPa the metastable phase diagram, like
the equilibrium phase diagram, consists of a bulk extended
Ge0.9Sn0.1 crystalline phase together with any excess Sn, and
depending on exact annealing and quenching conditions it
may be possible to incorporate some additional Sn in the
Ge-Sn crystalline phase. An amorphous Ge-rich phase may
also be recoverable from between about 7 and 24 GPa
depending on heating and quenching profile.

Conclusions

From a hierarchical materials design viewpoint, this work
documents directly how modification of the underlying
electronic (continuum description) and atomistic structures
(nm to μm) is correlated with the resulting microstructure
(μm tomm).43 As such these results also provide a testbed for

predictive computer-aided materials design across different
length-scales.44 Further, this direct imaging approach in
conjunction with structural investigation is particularly power-
ful in revealing kinetic versus thermodynamic effects influen-
cing the nature of the recovered products and their stability, by
identifying detailed compositional variations (e.g., depletion
zones) as well as product differentiation as a function of
temperature gradients and possibly density driven separation.
The thermodynamic and kinetic aspects of phase relations can
then in turnbe exploited in concert forpreparingnewmaterials.
Also, the work provides a window into what should increas-
ingly become a versatile approach for examining in situ and
ex-situ the evolution of reactions under extreme conditions,
namely, highest possible resolution 3-Dprofiling of chemical,
structural, and morphological changes45 as a function of
variables including pressure, temperature, and time.
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