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Abstract 

Metastable crystal phases promise new functionalities by providing access to materials 

properties beyond those of thermodynamically stable crystalline solids. While realizing 

metastable phases in the bulk requires non-equilibrium processes such as rapid quenching or 

high pressures, size effects at the nanometer scale can promote their formation and 

stabilization during mild processing. Here we demonstrate the controlled formation of axial 

heterostructures of alternating stable semiconductor (Ge) and metastable metallic (AuGe) 

segments via post-growth processing, by decorating Ge nanowires with Au, encapsulating 

them in graphitic carbon shells, annealing at moderate temperatures to induce alloying of Au 

and Ge in the melt, followed by slow cooling and crystallization. The process is extended to 

form heterostructures of binary AgGe and ternary AuAgGe alloy segments in Ge nanowires. 

The metallic alloys adopt different metastable crystal phases that are selected via the nanowire 

diameter. This phase selection, explained by a size-dependent solubility of Ge in liquid AuGe 

(and AgGe) and distinct structural motifs in Ge-rich AuGe melts, allows establishing a 

previously unknown metastable g-AgGe metastable in thin axially segmented Ge-AgGe 

nanowires. The findings demonstrate an avenue for synthesizing axial heterostructures of 

stable and metastable solid phases in nanowires. 
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1. Introduction 

Hybrid nanostructures that incorporate junctions between dissimilar materials, such as 

semiconductors and metals, are promising for applications in photocatalysis,1-3 plasmonics,4 

electronic devices,5 nano-bioelectronics and sensors,6,7 solar cells,8 etc. Nanowires support 

two types of heterojunctions, radial and axial. Radial (core-shell) nanowire heterostructures 

have been investigated for solar-to-fuel conversion,9 electronics,10 electrocatalysis (metal-

metal),11 and photocatalysis (semiconductor-semiconductor),12 while axially segmented 

nanowire heterostructures have been considered for high-performance electrocatalysis, 

nanomotors (metal-metal),13 or for applications requiring control over magnetic domain 

walls.14 Axially segmented semiconductor-semiconductor and metal-semiconductor15 

nanowires have been fabricated via sequential vapor-liquid-solid (VLS) growth,16-20 as well as 

alternative approaches such as post-growth oxidation21 or anodic alumina templated 

electrochemical deposition.6,22 Orru et al. demonstrated the formation of Au-rich metallic 

segments by thermally activated diffusion from metal contacts into GaAs nanowires.5 

The incorporation of metastable crystal phases is a possible strategy toward creating nanowire 

heterostructures with new functionalities from an expanded set of crystalline materials. Au-Ge 

and Ag-Ge are metallic systems of interest for integration with semiconductors in nanowires22  

and other types of metal-semiconductor junctions at the nanoscale.23,24 Binary AuGe and 

AgGe alloys both have eutectic-type phase diagrams with relatively low eutectic temperatures 

(361°C and 650°C, respectively) and similar eutectic compositions (27 at.% and 25.9 at.% Ge, 

respectively),25-27 which make them suitable as catalyst melt drops for VLS nanowire growth. 

Indeed, the VLS growth of Ge nanowires typically involves Au catalyst nanoparticles, which 

convert into AuGe alloy melts during Ge deposition.28-30 Au-Ag alloy nanoparticles have also 

been used as VLS catalysts as they allow for higher supersaturations and thus achieve smaller 

Ge nanowire diameters.31  

In the bulk, metastable crystalline AuGe and AgGe phases can be obtained when alloys close 
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to (or more-Ge rich than) the eutectic compositions are rapidly quenched from the melt,25,32-34 

or by applying high pressures.25,35 In this way, bulk alloys close to eutectic composition can 

crystallize as metastable hexagonal close-packed (hcp) b-Au-(20 at.%) Ge25,32,34,35 and b-Ag-

(26 at.%) Ge,25,36 respectively. Bulk Au-Ge alloys with higher Ge content (40-50 at.%) have 

been reported to crystallize in a second metastable phase, body centered tetragonal (bct) g-

AuGe.32 No such second phase has been observed for bulk AgGe alloys.32,34 In Ge nanowires 

grown by the VLS process with Au nanoparticle seeds, the metastable b-AuGe phase is 

occasionally observed in the Au-rich nanowire tips after growth.37-40 Segmented nanowires of 

alternating metastable metallic b-AuGe and semiconducting Ge have been grown in porous 

anodic alumina templates, albeit limited to relatively large diameters (≳80	
  nm), defined by 

the size of the pores. Isolation of the axial nanowires required etching of the template.22 We 

previously demonstrated the possibility of forming single segments of the two different 

metastable Au-Ge phases, b-AuGe and g-AuGe, at the tips of Ge nanowires using annealing 

to elevated temperatures.40,41  

Here we use variable-temperature in-situ transmission electron microscopy (TEM) to 

demonstrate an approach toward axial nanowire heterostructures of alternating Ge and 

metastable AuGe segments via post-growth processing that involves decorating Ge nanowires 

with Au and encapsulating them in graphitic carbon shells to support the melting and 

crystallization of alloy segments without disrupting the morphology of the nanowires. To 

demonstrate the generality of this approach, we extend it to the formation of axial Ge-AgGe 

and Ge-AuAgGe nanowire heterostructures. We show that the nanowire diameter – via 

modifications of the binary phase diagrams at the nanoscale41,42 and composition-dependent 

changes to the structure of the alloy melts – can be used to control the type of metastable 

phases incorporated in the metallic alloy segments. Finally, we establish the formation of a 
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previously unknown metastable g-AgGe phase in thin, axially segmented Ge-AgGe nanowire 

heterostructures. 

2. Results and Discussion 

2.1. Formation and metastable phase selection in Ge-AuGe, Ge-AgGe, and Ge-AuAgGe 

axial nanowire heterostructures 

The process of forming axial heterostructures from Ge nanowires is summarized in Figure 1 

(a). Monocrystalline Ge nanowires are coated at room temperature with ultrathin carbon and 

gold films, and are subsequently annealed to activate their transformation into axially 

segmented Ge-AuGe wires. Figures 1 (b)-(f) show in-situ TEM images of the evolution of a 

representative Ge nanowire with pre-deposited C and Au upon heating to 750°C. The bright-

field TEM image of Figure 1 (b) illustrates the structure and morphology of the nanowire at 

room temperature prior to in-situ annealing. The Au-rich alloy nanoparticle at the nanowire 

tip (the VLS catalyst) is clearly distinguishable by its darker contrast. Higher magnification 

TEM images show the thin polycrystalline Au/C layers covering the nanowire surface (Figure 

1 (b’)). As the temperature is raised to 200°C (Figure 1(c), (c’)) the Au film starts to dewet,43 

and it rearranges on the nanowire surface into larger interconnected Au-rich areas while 

leaving small Au clusters covering the entire nanowire. At temperatures above 300°C, ordered 

graphitic shells assemble on the surface by a mechanism described in detail in Refs. 44,45. 

Briefly, in the presence of C, the Au in the VLS seed at the nanowire tip and small Au clusters 

on the nanowire surface catalyze the complete encapsulation of the nanowire and of its Au-

rich tip in a multilayer shell of graphitic carbon. In parallel, at temperatures between 300°C 

and the eutectic point (~360°C for bulk AuGe) the accumulated Au in parts of the nanowire 

surface locally initiates surface melting as it alloys with Ge so that eutectic AuGe composition 

is reached. The liquid near-surface alloy regions collect progressively more Au from the 

nanowire surface until entire segments of the Ge wire reach eutectic composition and melt. As 

a result of this spontaneous alloying, the nanowire transforms into a heterostructure of  
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Figure 1. Formation of axially segmented (Ge, AuGe) nanowires via a liquid Au-Ge 
intermediate contained in a graphitic carbon shell, followed by crystallization in 
metastable γ- and β-AuGe phases. (a) Schematic showing the consecutive steps of 
transforming a single-crystalline Ge nanowire into an axial heterostructure by annealing in the 
presence of Au and C: (i) room temperature (RT) deposition of thin amorphous C and 
polycrystalline Au films; (ii) dewetting of the Au film into larger patches and nanoparticles; 
(iii) graphitization of the C film; (iv) alloying of Au and Ge to form expanding AuGe 
segments in the graphitic-C encapsulated Ge nanowires. (b) Representative Ge nanowire 
covered with C (1 nm) and Au (6 nm) at room temperature prior to the annealing experiments. 
(b’) Higher magnification TEM image showing the nanowire at room temperature. (c) – (e) 
Sequence of TEM images of the nanowire obtained during annealing at temperatures between 
20°C and 700°C. (c’) Interface between a molten AuGe segment and the adjacent solid Ge. (f) 
Subsequent cooling of the segmented nanowire to room temperature and crystallization of the 
liquid AuGe segments. (f’) High resolution TEM image of the crystalline Ge-AuGe interface 
at room temperature. Note the thin graphitic C-shell encapsulating the nanowire. 

alternating segments of liquid AuGe (showing darker contrast) and solid Ge (lighter contrast, 

Figure 1 (d), (d’)). The graphitic shell serves as a container for the AuGe liquid (Figure 1 (d’) 

and (f’)) and maintains a uniform nanowire shape and diameter despite the melting of the 

alloy segments. Holmberg et al. used carbon shells to contain AuGe melts in Ge nanowires, 
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for visualization by TEM at high temperatures.46 Note that Au deposited on the carbon-

terminated nanowire surface needs to cross the C-shell to be able to alloy with the Ge 

nanowire. Part of the Au uptake likely occurs early on, before an ordered graphitic shell has 

been formed, while even at later stages Au should be able to diffuse across the shell via 

defects, cracks, or domain boundaries.  A further temperature increase causes the liquid AuGe 

segments to expand in length by incorporating additional Ge as the alloy traces its liquidus 

line and its equilibrium Ge content increases (Figure 1 (d), (e)). We previously showed a 

similar exchange of material across the solid Ge/liquid AuGe catalyst interface at the 

nanowire tip,40,42,47 and established that the AuGe alloy closely follows the liquidus upon 

heating but remains Ge-rich (i.e., deviates from the equilibrium composition) during the 

subsequent cooling. The liquid AuGe alloy segments formed here behave analogously. In 

particular, as the temperature is lowered they maintain higher than equilibrium Ge content and 

ultimately crystallize into segments of Ge-rich solid AuGe (Figure 1 (f), (f’) – dark segments, 

see below) alternating with pure Ge segments (Figure 1 (f), (f’) – light segments), thus 

forming an all-solid axial nanowire heterostructure. We found that the formation of axial 

heterostructures of alternating alloy (AuGe; AgGe, see below) and Ge segments was not 

limited to regions exposed to high-energy electrons during in-situ microscopy at high 

temperatures but also occurred in unexposed sample areas. Hence, electron-beam irradiation 

effects, such as the tightening of graphitic carbon shells around melt drops observed 

previously,45 do not play a significant role here and the process outlined above will also give 

rise to axial heterostructures during ex-situ processing, in absence of an electron beam.  
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Figure 2. Thicker axially segmented Ge-AuGe nanowires (diameter d > 20 nm). (a) 
Typical TEM image of an axially segmented Ge-AuGe nanowire (~70 nm diameter). (b) 
High-resolution TEM image of the Ge-AuGe interface. (c) Nanobeam electron diffraction 
pattern of the areas with darker contrast in (a), indexed to the metastable β-AuGe phase. (d) 
Nanobeam electron diffraction pattern of the areas with lighter contrast in (a), indexed to 
crystalline Ge. Zone axes (ZA) are indicated in (c) and (d). (e) EDS line profiles of the 
relative intensity of Ge (red) and Au (yellow) along the line shown in (a). (f) EDS spectra 
obtained in the Ge (red) and AuGe (yellow) segments, respectively. Inset: Magnified view of 
the low-energy (Ge La, Au Ma) part of the spectra. 

The segmented nanowires were further analyzed with focus on establishing the crystal 

structure of the AuGe alloy segments. Initial single crystalline VLS Ge nanowires with (111) 

lattice planes perpendicular to the wire axis and with diameters between 10-150 nm (Figure 

S1 – S3), were processed using the following protocol: Sequential coating with C and 

polycrystalline Au films (Figure 1 (b), (b’)) with nominal thicknesses of 1 nm and 6 nm, 

respectively; and annealing at temperatures up to 750°C. For these conditions, we establish 

two distinct types of axial nanowire heterostructures, which comprise segments of two 

different metastable AuGe phases depending on the nanowire diameter, namely b-AuGe for 

wires above 20 nm diameter, and g-AuGe for thinner wires (see below). 

Figure 2 (a) shows a bright-field TEM image of part of a nanowire heterostructure (diameter d 

~ 70 nm) containing a AuGe alloy segment (dark) sandwiched between Ge sections (bright). 
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High-angle annular dark field scanning TEM (HAADF-STEM, or Z-contrast) confirms a 

higher average atomic number (Z) in the segments with darker TEM contrast (Figure S4). 

High-resolution TEM (HRTEM, Figure 2 (b)) and nanobeam electron diffraction (Figure 2 (c), 

(d)) demonstrate that both types of segments are single crystals. The brighter areas consist of 

crystalline Ge (Figure 2 (d)); nanobeam diffraction patterns of the darker segments can be 

indexed to the metastable hexagonal b-AuGe phase (Zone axis: [0001]; Reported lattice 

parameters: a = 0.2853 nm, c = 0.4687 nm, Figure 2 (c)).25 Energy dispersive X-ray 

spectroscopy (EDS) shows that the segments with lighter contrast contain mostly Ge, while an 

increased Au signal is detected in the b-AuGe segment (Figure 2 (e), (f)). The interfaces 

between Ge and AuGe segments are quite sharp. HRTEM shows an extent of the interface of 

the order of 4-5 Ge(111) lattice spacings, i.e., 1.2 – 1.5 nm (Figure 2 (b)). Thicker Ge 

nanowires with diameters d > 20 nm processed as shown in Figure 1 invariably transform into 

axial nanowire heterostructures consisting of alternating Ge and metastable b-AuGe segments. 

Figure 3 (a) shows a representative thinner Ge-AuGe nanowire (diameter d ~ 19 nm). The 

lighter contrast in TEM again stems from crystalline Ge segments, while the darker segments 

can be assigned to the metastable g-AuGe phase. The HRTEM image (Figure 3 (b)) and 

corresponding fast-Fourier transform (FFT, Figure 3 (c)) of the AuGe alloy show lattice 

spacings of 0.50(7) nm and 0.26(0) nm along two orthogonal directions, corresponding to the 

(211) and (420) lattice spacings of the bct g-AuGe phase with space group I41cd, reported 

lattice constants a = 1.1627 nm, c = 2.2491 nm (Ref 48) and Au and Ge atomic positions 

equivalent to the Cd and As positions in Cd3As2 crystal structure,49 as suggested by ICDD file 

00-018-0551.  

From these combined findings, we conclude that the thermal process for creating axial 

nanowire heterostructures shown in Figure 1 invariably produces metastable AuGe segments, 

whose crystal phase is determined by the nanowire diameter. Under identical conditions, such 
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as nominal Au and C film thicknesses and annealing temperatures, thicker Ge nanowires (d > 

20 nm) incorporate b-AuGe segments, while thin wires favor the formation of g-AuGe 

segments. 

 
Figure 3. Thin axially segmented Ge-AuGe nanowires (diameter d < 20 nm). (a) Typical 
TEM image of an axially segmented Ge-AuGe nanowire (~19 nm diameter). (b) High-
resolution TEM image of the AuGe alloy segment. (c) Fourier transform of the image in (b) 
indexed to the metastable γ -AuGe phase. 

Similar to Au-Ge, Ag-Ge has a phase diagram of the eutectic type and forms metastable 

phases when rapidly quenched from the melt or subjected to high pressure.25,35 For alloy 

compositions of Ag-(26 at.%) Ge, a hcp phase forms similar to the b-Au-(20 at.%) Ge phase. 

The Ag-(26 at.%) Ge hcp phase has a larger stability region with wider range both in 

temperature and composition. This phase is metastable in the bulk, but persists at room 

temperature after quenching of the melt. While AuGe alloys with higher Ge content (40-50 

at.%) have been reported to crystallize in a second metastable phase, g-AuGe,32 no such phase 

has been observed for AgGe alloys. We used the process shown in Figure 1 for Au-Ge to 

investigate the formation of axial nanowire heterostructures containing segments of 

metastable Ag-Ge phases. Before annealing, Ag with nominal thickness of 5 nm or 10 nm was 

deposited on Ge nanowires with different diameters. The thin Ag films show a morphology 

and behavior during annealing similar to the Au films discussed above, i.e., are initially 

polycrystalline and quasi-continuous (Figure S5 (a), (b)) but upon annealing above 200ºC 
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undergo dewetting. The Ag/C capped nanowires were slowly heated to 700°C in-situ in the 

TEM, above the eutectic temperature for bulk Ag-Ge (651°C) and significantly higher than 

the eutectic temperatures established for nanoscale Ag-Ge structures,50 followed by natural 

cooling to room temperature. The observed behavior is analogous to that shown in Figure 1. 

Ge nanowires reacted with Ag at high temperatures invariably develop segments of 

metastable AgGe phases, i.e., transform into axially segmented Ge-AgGe heterostructures. 

The characterization of the AgGe phases formed in Ge nanowires with different diameters is 

summarized below. 

 
Figure 4. Thicker axially segmented Ge-AgGe nanowires (10 nm Ag). (a) Typical TEM 
image of an axially segmented Ge-AgGe nanowire (~40 nm diameter). (b)-(c) High resolution 
TEM images of the Ge and β-AgGe segments. (d) FFT analysis of the sections with lighter 
contrast in (a), indexed to crystalline Ge. (e) FFT analysis of the areas with darker contrast in 
(a), indexed to β-AgGe. (f) EDS line profiles of the relative intensities of Ge (red) and Ag 
(grey) along the line shown in (a). (g) Characteristic EDS spectra from the Ge (red line) and 
b-AgGe (grey line) segments in the axial nanowire heterostructure. 

Whereas the AuGe segments discussed above approximately matched the volume of the 

replaced Ge nanowire section (i.e., maintained a constant diameter), AgGe segments have 

higher density and hence a contracted diameter (Figure 4 (a); see also Figure 5 (a) and Figure 

6 (a)). Such volume changes are easily accommodated by the thin graphitic C shell containing 

the melt at high temperatures. Combined HRTEM (Figure 4 (b)-(e)) and EDS analysis of this 

thicker Ge nanowire (d ~ 40 nm; Figure 4 (f), (g)) shows atomically sharp interfaces between 

the Ge and AgGe segments, alloy segments containing predominantly Ag and Ge and with 
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crystal structure identified as the metastable hexagonal b-AgGe phase. Metastable b-AgGe is 

found for all Ge nanowires with diameters d > 20 nm. 

 
Figure 5. Thin axially segmented Ge-AgGe nanowires (diameter d < 20 nm). (a) High 
resolution TEM image of a nanowire with ~15 nm diameter and nominally 5 nm Ag. (Inset – 
top left) – FFT of the image of the segment to the right indexed to the β-AgGe metastable 
phase. (Inset – bottom right) – FFT of the Ge segment. (b) Typical TEM image of a 
nanowire with ~19 nm diameter, 10 nm Ag. (c) High-resolution TEM image of the AgGe 
alloy segment (dark contrast in (b)). (d) FFT of the high-resolution image in (c), indexed to 
the metastable γ-AgGe phase. 

Processing thin Ge nanowires decorated with 5 nm Ag produces alloy segments that 

crystallize into b-AgGe, similar to thicker wires (Figure 5 (a)). However, larger amounts of 

deposited Ag (10 nm) lead to a different metastable structure. Figure 5 (b) shows a typical 

AgGe segment in a Ge nanowire with ~19 nm diameter. Its structure, observed by HRTEM 

(Figure 5 (c)), does not match b-AgGe. Comparison with high-resolution images of g-AuGe 

(Figure 3 (b), (c)) shows close similarities. In particular, the new AgGe phase has lattice 

spacings of 0.507 nm and 0.260 nm, identical to the (211) and (420) lattice spacings of the bct 

g-AuGe phase (Figure 3 (b), (c)).49 These findings strongly suggest that metastable g-AgGe 

can form in nanowires, even though such a structure has never been observed for bulk AgGe 

alloys. 
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Figure 6. Axially segmented Ge-ternary (AuAgGe) nanowires. (a) TEM image of the axial 
nanowire heterostructure (dGe ~ 53 nm). (b) Characteristic EDS spectra from the Ge (red line) 
and β-AuAgGe (grey line) segments in the nanowire shown in (a). (c) HRTEM image of the 
β-AgAuGe segment. (Inset – bottom right) – FFT of the image in (b) indexed to the β-AgGe 
metastable phase. 

The hexagonal b-AuGe (a = 0.2853 nm, c = 0.4687 nm, Ref. 25) and b-AgGe (a = 0.2860 nm, 

c = 0.4666 nm, Ref. 25) phases are isostructural with nearly identical lattice constants and are 

thus expected to be completely soluble across all compositions. This offers the possibility of 

forming ternary solid solutions in nanowire heterostructures. To realize such materials, Ge 

nanowires were decorated with both Au and Ag at room temperature and annealed to form 

axial alloy segments (Figure 6 (a)). EDS confirms that these segments indeed contain Ag and 

Au (Figure 6 (b)). HRTEM (Figure 6 (c)) shows that the ternary alloy segments are single-

crystalline with a plane spacing of 0.24(7) nm, consistent with the (100) lattice plane spacing 

of b-AuGe and b-AgGe. The interfaces between the ternary AuAgGe alloy and Ge are 

atomically sharp, and EDS shows no detectable Au or Ag in the Ge segments of the 

heterostructures. 

2.2. Selection mechanism of different metastable phases: Structure of the melt 

The selection of different metastable AuGe phases in axially segmented nanowires is 

consistent with our prior work, where we demonstrated that the solubility of Ge in AuGe melt 
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drops at the tips of VLS nanowires is dependent on the nanowire diameter, with AuGe drops 

on thinner wires showing higher Ge solubility due to a size-dependent depression of the AuGe 

liquidus.41,42 A higher solubility of Ge correlated with a preference for crystallization into 

metastable g-AuGe upon cooling.40 Alloy segments in axial nanowire heterostructures show 

analogous behavior, i.e., thicker wires form segments of b-AuGe, while thin wires with higher 

Ge solubility in the AuGe melt produce g-AuGe segments. Thus, for identical process 

conditions (amount of added Au, annealing temperature) the nanowire diameter controls the 

type of metastable phase in the AuGe alloy segments of the axial AuGe-Ge nanowire 

heterostructures. We carried out additional experiments to probe possible differences in the 

structural motifs of AuGe melts close to the eutectic composition (crystallizing as b-AuGe) 

and in the Ge-rich regime (crystallizing as g-AuGe), which could explain the phase selection 

during crystallization. A correlation between the structure of the melt and the solid crystal 

phase was found in previous work on the crystallization of Ga nanodrops.51 Experimental data 

on the structure and crystallization of nanometer-sized metallic melt drops remain scarce,45 

and these systems tend to be too large for atomistic simulations over relevant time scales. 

We performed electron diffraction on AuGe melt drops at the tips of Ge nanowires to 

determine the liquid structure factor in Ge-rich AuGe melts, for which there are no 

experimental data available in the literature.52 Diffraction measurements on the nanowire tips 

are representative of the behavior of AuGe melts in embedded axial segments along the 

nanowires, as shown by a direct comparison of segment- and tip-melts in Figure S6. Ge-rich 

melts are achieved by heating Ge nanowires with AuGe VLS seeds to temperatures well  
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Figure 7: Electron diffraction of liquid AuGe drops at the tips of Ge nanowires. (a) TEM 
image of the Ge nanowire and AuGe melt drop at its tip at temperatures above 360°C. (b) 
Diffraction pattern from the AuGe drop at 515°C, exhibiting diffuse rings. (c) Diffraction 
pattern from a supercooled Ge drop, obtained at 880°C showing a broader primary ring at 
smaller spatial frequency than in AuGe. (d) Radial distribution of the diffracted intensity of 
liquid Ge, compared with AuGe melts at different temperatures, i.e. with different Ge content. 
(e) Position of the principal diffraction peak as a function of composition (see (d)), compared 
to the results obtained by X-ray diffraction on bulk AuGe melts.53,54 

above the eutectic point (Figure 7 (a)),41,42 where the alloy adjusts its composition by 

incorporating Ge from the adjacent solid Ge reservoir (i.e., traces the liquidus line). The 

composition can be inferred from in-situ TEM observations of the drop and of the advancing 

interface to the Ge wire.41,42 Figure 7 (a) shows a TEM image of a AuGe melt drop at the tip 

of a Ge nanowire at T = 515°C.  The corresponding selected-area electron diffraction pattern 

obtained within the melt drop (Figure 7 (b)) consists of diffuse rings, characteristic of the 

liquid phase. Figure 7 (d) shows the radial distributions of the diffracted intensity of the AuGe 

melt at three different temperatures (i.e., different Ge content).41,42 Electron diffraction on 

AuGe drops was compared to measurements on large Ge particles, which were briefly 

brought to the melting temperature and then supercooled to ~880°C where electron diffraction 

patterns were obtained (Figure 7 (c)). The radial distribution of diffracted intensity of the pure 

Ge melt is shown in Figure 7 (d). Comparison to the structure factor determined by X-ray 

diffraction of bulk liquid Ge52 shows a good correlation in both the overall curves as well as 

the  positions of the principal peaks, validating the use of electron diffraction for investigating 
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the structure of melts. In contrast to pure Ge, which shows a broad diffuse diffraction ring at q 

~2.5 Å-1, Ge-rich AuGe melts are characterized by a narrower primary peak with a shoulder 

towards larger q-vectors, consistent with X-ray structure factors of liquid bulk AuGe with 

lower Ge content.53-55 Increasing the Ge content shifts this principal peak systematically 

toward larger q (Figure 7 (e), orange squares), continuing a trend observed in X-ray 

diffraction at lower Ge concentration (Figure 7 (e), green circles53 and diamonds54,55). The 

same is also observed in the direct comparison of diffraction patterns and radial intensity 

distributions of AuGe segments embedded in thick and thin wires where the principal 

diffraction peak of AuGe melts in thinner nanowires, which are expected to reach higher Ge 

concentration at the same temperature, systematically shifts to larger q (Figure S7). X-ray 

diffraction on bulk AuGe melts shows a simple close-packed liquid structure, similar to that 

of Au, for AuGe melts near the eutectic point (i.e., 28 at.% Ge).56 With increasing Ge 

concentration (50 at.% Ge), a clear trend to a more open structure – characteristic of liquid 

group IVA elements – emerges.56,57 Splat-cooling of such Ge-rich bulk AuGe melts, which 

tends to produce crystalline structures templated by the packing in the liquid, results in 

metastable g-AuGe, i.e., the same phase crystallized in our experiments from slowly 

supercooled AuGe melts with high Ge content inserted into Ge nanowires. The notion that the 

underlying liquid-phase structural motifs of the Ge-rich AuGe melt are preserved during 

supercooling in a nanoscale system, whereas they can only be quenched-in at very high 

cooling rates in the bulk, indicates a that these liquid phase motifs can be stabilized during 

supercooling of nanoscale melts. 

3. Conclusions 

In-situ TEM investigations show that Ge nanowires decorated with Au (Ag) spontaneously 

transform into axial nanowire heterostructures consisting of metastable metallic AuGe 

(AgGe) segments alternating with semiconducting Ge segments. In the axial heterostructures 

formed here, the length and spacing of the inserted metallic AuGe and AgGe alloy segments 
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did not show any pronounced ordering, i.e., they were likely dictated by local differences in 

the supply and mass transport of Ge and metal, permeability of the graphitic carbon shell, etc.  

If such non-uniformities can be eliminated, the combination of our thermal process with self-

organization phenomena, such as a Plateau-Rayleigh instability, could provide a pathway 

toward highly ordered axial segmentation of nanowires. The type of the metastable phase in 

the metallic segments, hexagonal b-AuGe (b-AgGe) or tetragonal g-AuGe (g-AgGe), which 

forms during slow cooling of molten binary AuGe (AgGe) alloys contained in graphitic 

carbon shells is governed by the Ge nanowire diameter. Size effects generally cause an 

enhanced solubility of Ge in nanoscale melts compared to the bulk. Electron diffraction on 

AuGe melt drops at the nanowire tips suggests that structural motifs in the liquid play a role in 

templating the crystalline metastable phase that is obtained. These findings provide the 

foundation for harnessing the functional properties of metastable phases in nanowires and 

other nanoscale systems. 

4. Methods 

Ge nanowires with a broad distribution of diameters were synthesized by vapor-liquid-solid 

(VLS) growth via digermane (Ge2H6) chemical vapor deposition over Au catalysts formed by 

thermally dewetting thin Au films (2 nm nominal thickness) on Ge (100) substrates.  VLS 

growth was performed at ~380°C in an ultrahigh vacuum reactor with a base pressure of 

2×10-9 Torr.43,47 The diameters of the resulting single-crystalline Ge nanowires ranged from 

10 nm to ~150 nm. As-grown Ge nanowires were dispersed on amorphous carbon films 

supported by standard Cu, Au or W TEM grids for the variable-temperature in-situ TEM 

experiments. Immediately before transfer to the TEM, a 1 nm C film followed by nominally 

2-10 nm Au or Ag films were deposited on the dispersed Ge nanowires by sputtering at room 

temperature, which results in polycrystalline Au or Ag films on the nanowire surface (See 

Figures 1 and S4). The morphology and composition of individual nanowires was investigated 

by TEM, HAADF-STEM, as well as selected-area and nanobeam electron diffraction in JEOL 
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2100F and FEI Talos F200X field emission microscopes, equipped with an energy dispersive 

x-ray (EDS) detector, at an electron-beam energy of 200 keV.  Variable-temperature in-situ 

TEM experiments used a Gatan 652 single tilt high-temperature holder and covered the 

temperature range between room temperature and 800°C while maintaining pressures below 

10-7 Torr. The electron intensity was kept intentionally low (< 0.1 A/cm2) to prevent any 

uncontrolled electron beam-induced structural changes. The AuGe alloy composition for the 

investigation of liquid structural motifs as a function of temperature and Ge content was 

quantified from measurements of the volume of VLS seed drops at the tips of Ge nanowires, 

following a procedure described in detail previously.40,42,47  

 
Supporting Information Available. Supporting Figures S1-S7: TEM imaging and 
diffraction analysis of the initial Ge nanowires; crystal structure of thin Ge nanowires; TEM 
and STEM of an axially segmented Ge-AuGe nanowire heterostructure; TEM characterization 
of Ge nanowires with deposited C and Ag films, before and after annealing; comparison of 
electron diffraction patterns of AuGe melts at nanowire tips and in axial segments, and of 
AuGe segments in thick and thin Ge nanowires. 
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Figure  S1.  Morphology  of  a  characteristic  Ge  nanowire.   (a)  TEM  image  of  a  typical  Ge  
nanowire  along   the   [112]  zone  axis.   Inset:  High-­resolution  TEM  image  of   the  nanowire  part  
marked   by   the  white   rectangular   frame   in   (a).   (b)   Selected   area   electron   diffraction   of   the  
nanowire   recorded  along   the   [112]  zone  axis.   Inset:  Nanobeam  electron  diffraction  pattern.  
(c)   TEM   image   of   the  Ge   nanowire   after   tilting   by   11º   to   the   [213]   zone   axis.   Inset:  High-­
resolution  TEM  image  of  the  nanowire  part  marked  by  the  white  rectangular  frame  in  (c).  (d)  
Selected  area  electron  diffraction  of  the  nanowire  recorded  along  the  [213]  zone  axis.  Inset:  
Nanobeam  electron  diffraction  pattern.  Zone  axes  (ZA)  are  indicated  in  (b)  and  (d).  
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Figure  S2.  Electron  diffraction  on  Ge  nanowires  along  two  different  zone  axes  (ZA).  (a)  
Diffraction   pattern   of   a  Ge   nanowire   along   [112]   zone   axis.   (b)  Diffraction   pattern   of   a  Ge  
nanowire  along  [101]  zone  axis.  Both  patterns  are  indexed  to  single-­crystalline  Ge.  

 

 

 
Figure   S3.   Crystal   structure   of   Ge   nanowires   with   diameters   <   20   nm.   (a)   High-­
resolution   TEM   image   of   two   Ge   nanowires   (~15   nm   diameter).   Both   wires   show   {111}  
planes  perpendicular  to  the  nanowire  axis.  (b)  Higher  magnification  TEM  image  of  part  of  the  
lower   nanowire   in   (a)   showing   the   [111]   growth  direction  of   the  nanowire.   Inset   (top   right):  
FFT  of  (b).    
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Figure  S4.  Ge-­AuGe  axial  nanowire  heterostructures.  (a)  TEM  image  of  a  segmented  Ge-­
AuGe  nanowire.  (b)  HAADF  STEM  (Z-­contrast)  image  of  the  same  nanowire.  
 

 
Figure   S5.   (a)   Typical   TEM   image   of   a   Ge   nanowire   on   amorphous   carbon   grid   after  
deposition   of   ~   1   nm   thick   carbon   film   and   5   nm  Ag   at   room   temperature.   The  Ag   film   is  
polycrystalline   and   quasi-­continuous.   (b)   Higher  magnification   TEM   image   of   the   nanowire  
showing   the  polycrystalline  Ag   film  on   its  surface.   (c)  TEM   image  of  a  section  of   the  same  
nanowire  at  300°C  showing  the  rearranging  of  the  Ag  on  its  surface.  
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Figure   S6.   Comparison   of   nanobeam   electron   diffraction   on   AuGe   melts   at   the  
nanowire  tip  and  in  alloy  melt  segments.  (a)  TEM  image  of  an  axially  segmented  nanowire  
(65  nm  diameter)  during  annealing  at  490°C.  Liquid  AuGe  melt   segments  are   imaged  with  
bright  contrast,  whereas  Ge  segments  appear  dark.  (b)  High-­temperature  electron  diffraction  
pattern  (T  =  490°C)  from  the  AuGe  melt  segment,  obtained  at  the  position  marked  by  a  red  
square   in   (a).   (c)  High-­temperature  electron  diffraction  pattern   (T  =  490°C)   from   the  AuGe  
melt   drop   at   the   nanowire   tip,   obtained   at   the   position  marked   by   a   blue   circle   in   (a).   (d)  
Radial   distribution   of   the   diffracted   intensity   of   the   liquid   AuGe  melts   at   the   two   positions  
along  the  nanowire  (tip:  blue  circle;;  internal  segment:  red  square)  showing  identical  positions  
of  the  principal  diffraction  peak  (arrows).  
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Figure  S7.  Comparison  of  nanobeam  electron  diffraction  on  AuGe  melts  in  segments  
of  thick  and  thin  nanowires.  (a)  TEM  image  of  a  thick  axially  segmented  nanowire  (65  nm  
diameter)   during   annealing   at   690°C.   Liquid   AuGe   melt   segments   are   imaged   with   bright  
contrast,   whereas   Ge   segments   appear   dark.   (b)   High-­temperature   electron   diffraction  
pattern   (T   =   690°C)   from   the   AuGe  melt   segment,   obtained   at   the   position  marked   by   an  
orange   diamond   in   (a).   (c)   TEM   image   of   a   thick   axially   segmented   nanowire   (30   nm  
diameter)  during  annealing  at  690°C.   (d)  High-­temperature  electron  diffraction  pattern   (T  =  
690°C)  from  the  AuGe  melt  segment,  obtained  at  the  position  marked  by  a  purple  triangle  in  
(c).  (e)  Radial  distribution  of  the  diffracted  intensity  of  the  liquid  AuGe  melts  in  thick  (65  nm,  
diamond)  and  thin  (30  nm,  triangle)  nanowires,  showing  the  principal  diffraction  peak  of   the  
thinner  wire  shifted  to   larger  spatial   frequency  (arrows),  consistent  with  the  results  obtained  
on  melt  drops  at  the  nanowire  tips  (Fig.  7  of  the  main  text).  
 


