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Abstract 

The short-range order in liquid Si, Ge and binary Six-Ge1-x alloys (x = 0.25, 0.50, 0.75) was 

studied by x-ray diffraction and reverse Monte Carlo simulations. Experiments were performed 

in the normal and supercooled liquid states by using the containerless technique of aerodynamic 

levitation with CO2 laser heating, enabling deeper supercooling of liquid Si and Si-Ge alloys 

than that previously reported. The local atomic structure of liquid Si and Ge is found to 

resemble the β-tin structure. The first coordination numbers of about 6 for all compositions are 

found to be independent of temperature indicating the supercooled liquids studied retain this 

high-density liquid (HDL) structure. However, there is evidence of developing local tetrahedral 

ordering, as manifested by a shoulder on the right side of the first peak in S(Q) which becomes 

more prominent with increasing supercooling.  This result is potentially indicative of a 

continuous transition from the stable HDL β-tin (high pressure) phase, towards a metastable 

low-density liquid (LDL) phase, reminiscent of the diamond (ambient pressure) structure. 

Keywords: Aerodynamic levitation, SiGe melts, liquid structure, Synchrotron x-ray diffraction, RMC 

 

1. Introduction 

Silicon and germanium are the only group IV elements that 

are fully miscible, forming a continuous series of 

substitutional solid alloys. In the crystalline form at room 

pressure, these substances have a diamond lattice structure - 

an open structure with a coordination number of four. The 

lattice constants of the alloys depend linearly on their 

concentration, following Vegard’s law, and their properties 

change continuously with concentration [1]. There is 

significant practical importance for these alloys and their end-

members for semiconductor applications. Monocrystalline 

silicon is the most widely used host material in the integrated 

electronics industry. Si-Ge heterojunction bipolar transistor 

technology was first developed at IBM [2]. It is now widely 

used in various communication applications and still studied 

for next generation technologies [3]. Applications range from 

wired and wireless communications circuits to disk storages 
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and high-speed high-bandwidth instrumentation [4]. Single 

crystal Si-Ge materials are typically grown from the melt via 

the Czochralski process [5]. Information on the liquid 

structure of Si-Ge compounds is therefore important for 

understanding and optimising the fabrication of these highly 

demanded industrial materials. 

Silicon and germanium both undergo a semiconductor to 

liquid metal transition upon melting from the crystalline solid, 

which is accompanied by an anomalous ~ 10 % (Si) and 6 % 

(Ge) volume contraction [6,7] and unusual negative slope in 

the high-pressure melting curves on initial compression [8]. 

Diffraction experiments reveal average coordination numbers 

of around 6-7 in the liquid-state [9-15], significantly lower 

than the value of ~11-12 observed in most liquid metals with 

simple close packed [16] or bcc [17] structures in the solid 

state. Similar anomalous melting curves with negative 

pressure dependence accompanied by densification on 

melting is classically observed in H2O ice-water transition (ice 

floats on water) and reported in some other complex low 

coordinated elemental liquids (e.g. Ga, Bi, Sb) and is typically 

accompanied by a crystalline phase transition with large 

volume change below the solidus temperature. If remnants of 

both (high- and low-density) crystalline phases are transferred 

into the liquid state then this anomalous melting behaviour 

may be explained by the continuous transition between these 

low-density liquid (LDL) and high-density liquid (HDL) local 

structures with pressure [18], implying the existence of a 

melting curve maximum at negative (tensile-strained) 

pressure similar to melting curve maxima observed in other 

anomalous liquid systems [19]. Detailed experimental 

structural studies of high temperature and supercooled liquid 

Si, Ge, and their alloys are, therefore, important for 

understanding the melting behaviour of these complex liquids 

and relationship to solid-state structure and properties. 

The structure of pure levitated liquid Si has been measured 

by x-ray diffraction to temperatures extending 143 K into the 

supercooled liquid regime below the melting point Tm [13]. 

The local structure of pure liquid Ge has also been studied 

300 K into the supercooled regime by x-ray absorption 

spectroscopy (XAS) using a graphite oven [20]. Molecular 

dynamics (MD) simulations combined with ambient 

temperature high-pressure data indicate the existence of an 

LDL-HDL transition in deeply supercooled Si and Ge liquids 

[21]. At normal pressure, this LDL-HDL transition is expected 

to occur at about 1060K [22], approximately 300K below the 

lowest supercooling previously reported (for liquid Si [23]) 

and is thus difficult to access experimentally. 

Only a few experimental studies of the melt structure of 

Six-Ge1-x alloys have been reported. Inui et al. measured the x-

ray absorption spectra of various melt compositions from 

x = 0 to 0.6 at the Ge absorption edge [24], suggesting a slight 

decrease in the nearest neighbour distances rGe-Ge and rGe-Si 

with increasing temperature, and an increase in both distances 

with higher silica fractions. Naito et al. reported the structure 

of melt compositions x = 0, 0.3, 0.5, 1 using energy-dispersive 

x-ray diffraction and found the first peak position in g(r) 

remains relatively stable with increasing temperature, moving 

to shorter distances with increasing Si content [14]. These 

authors report average coordination numbers of ~ 5-6, with 

most values in agreement within experimental uncertainty 

regardless of composition or temperature when using a 

consistent integration method. Both studies were performed 

using a conventional furnace with all measurements made 

above the melting point. Using the containerless method of 

aerodynamic levitation, Krishan et al. measured the structure 

of Si0.5Ge0.5 melts in the supercooled region at temperatures 

120 K below Tm [15]. The position of the first peak in g(r) and 

coordination number of ~6 were found to be invariant with 

temperature. An ab initio molecular dynamics (MD) study of 

the electronic structure and properties of liquid Si0.5Ge0.5 

showed the alloy has a predominantly random structural 

arrangement of Si and Ge with a slight preference for Si–Si 

and Ge–Ge bonds, and exhibits metallic conductivity 

characteristics [25]. A recent MD study of the thermophysical 

properties and atomic structure of Si-Ge melts predicts some 

development in structural ordering during cooling from the 

stable liquid into the supercooled regime [26]. 

In this work, we report the structural properties of liquid 

Si0.5Ge0.5, Si0.75Ge0.25 and Si0.25Ge0.75 alloys in the stable and 

supercooled liquid states using in situ synchrotron x-ray 

diffraction with aerodynamic levitation. We also measured the 

structure of liquid Si with deeper supercooling (385 K below 

Tm) than previously reported, and report measurements of 

liquid Ge at ~ 90 K below Tm. The atomic structure of the 

stable and supercooled liquid states was refined using reverse 

Monte Carlo (RMC) simulations constrained to the diffraction 

measurements. 

2. Experimental methods 

All samples were prepared from silicon and germanium 

powders (purity 99.999% from Alfa Aesar) in a 2-step 

process. First, compacted pellets formed from mixed powders 

of the required stoichiometry for the alloys were formed using 

a powder press in an argon-filled glove box (less than 3ppm 

O2). Spherical samples (2.7 mm in diameter) were then formed 

by melting these pellets using aerodynamic levitation and CO2 

laser heating [27]. To avoid oxidation, the levitation chamber 

was first evacuated to 10-5 mbar and then refilled with the 

same pure argon (Air Liquide, < 0.1ppm O2) gas used for 

levitating the sample. 

The x-ray diffraction experiments were performed at the 

ID11 beam line at European Synchrotron Radiation Facility 

(ESRF) in Grenoble, France, with an incident x-ray beam 

energy of 79.72 keV. The scattered intensity was measured in 

transmission geometry using a 10 x 10 cm2 “Frelon” high-

resolution fast CCD detector, developed at the ESRF [28]. A 
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cylindrical lead beam stop with a diameter of 3 mm was used 

to protect the detector from the direct beam. The acquisition 

time for each liquid diffraction measurement was 60 s. The 

distance between the sample and the image plate was 194 mm, 

giving a reasonable usable Q-range of 0.8-16 Å-1. One-

dimensional diffraction patterns were obtained by integrating 

the two-dimensional diffraction patterns using the FIT2D 

software package [29]. The detector calibration was 

performed using Ni and Si spheres. 

 
Figure 1. Total x-ray structure factor S(Q) for liquid Si-Ge alloys at 

different temperatures. The data are shifted vertically for clarity. 
 

The samples were melted using the containerless method of 

aerodynamic levitation with CO2 laser heating. This technique 

offers a high degree of supercooling [15] and is well suited 

for, and readily integrated into, a wide range of different 

experimental setups at synchrotron and neutron beamlines 

[30]. A detailed description of the levitation setup is given 

elsewhere [31]. The spherical sample is placed in a 

convergent-divergent nozzle that directs a gas jet supporting 

the sample. Then the sample is melted using two 125 W CO2 

laser beams focused onto the sample by means of spherical 

mirrors. As for the sample fabrication step, the levitation 

chamber was pre-evacuated to 10-5 mbar before refilling with 

the pure argon (Air Products, < 0.01ppm O2) levitation gas 

prior to each measurement. 

Temperature was measured using a single-color infrared 

pyrometer, operating at  = 1.625 µm, focused at the top of 

the sample. The calibration procedure described in Ref. [32] 

was applied. To check this calibration, we recorded 

temperatures during the free cooling of the sample after 

turning off the laser. The recalescence temperature was then 

checked for agreement with the expected liquidus temperature 

from the phase diagram [33]. In order to minimize the 

temperature gradient, the top laser is incident on the sample at 

an angle of 20 from the vertical axis around which the sample 

rotate rapidly during levitation. The temperature gradient is 

further reduced by the second laser incident on the bottom of 

the sample to compensate for the cooling from the gas flow. 

Temperature homogenisation within the sample is also 

enhanced by the good thermal conductivities of the alloy 

components, close to that of metallic melts. (~57 W/mK at 

1700 K for Si and 43 W/mK at 1273 K for Ge [34]). The 

residual temperature gradient is estimated to be less than 10K 

in all measurements. 

The total structure factors S(Q) were extracted from the 

experimental data using the procedure described in detail in 

Drewitt et al. [35]. The data were corrected for background, 

absorption by the sample, and self and Compton scattering 

contributions. The pair correlation function g(r) is calculated 

from S(Q) via the Fourier transform relation: 
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where 𝜌0 is the number of atoms per unit volume. M(Q) is 

a modification function used to reduce the termination ripples 

in the Fourier transform arising from the finite maximum 

scattering vector Qmax in the experimental measurements. In 

this study, we used the Lorch modification function. The 

temperature dependent number density was calculated from 

the molar volumes of the pure elements [36,37] assuming ideal 

mixing. Although the average coordination numbers C1 can be 

determined by different methods, we adopted the method used 

by Naito et al. [14] by taking twice the value obtained by 

integrating the first peak of the radial distribution function 

𝑅𝐷𝐹(𝑟) = 4𝜋𝜌0𝑟
2𝑔(𝑟) up to the maximum of the first peak 

at distance r1. 

 
Figure 2. Total pair correlation function g(r) for liquid Si-Ge alloys 

at different temperatures. The data are shifted vertically for clarity 
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The structural parameters obtained for the compositions 

studied are summarized in Table 1 together with the melting 

points taken from the Si-Ge phase diagram [33]. The 

temperatures of the supercooled liquids are shown in bold 

italic giving a maximum supercooling of 385 K for Si, 238, 

244 and 120 K for the alloys and 91 K for Ge. The absolute 

uncertainties in the peak positions and coordination numbers 

are estimated at ± 0.02 Å and ± 0.5, respectively. The peak 

positions in the S(Q) and g(r) functions are in excellent 

agreement with previous studies [9-15]. 

 
Figure 3. Ge-concentration dependencies of the first interatomic 

distances r1 (top) and coordination numbers C1 (bottom) in the stable 

liquid and at the lowest temperature of supercooling. The values C1 

and r1 remain constant over the studied temperature range within the 

experimental uncertainty. The solid straight line represents a linear 

fit to the stable liquid data. The dashed line corresponds to C1=6.  

3. Simulation details 

Reverse Monte Carlo (RMC) simulations [38] were 

performed using the RMCA version 3.14 package to generate 

structural models of the Si and Ge liquids and their binary 

SixGe1-x alloys. The final atomistic configurations were 

generated by iteratively minimising the difference between the 

S(Q) measurements and the structural model. A starting cubic 

cell with periodic boundary conditions contained 104 

randomly arranged atoms. The volume of the cubic cells was 

adjusted to match the atomic number density (ρ0) of each alloy 

measured by x-ray diffraction at the temperatures reported in 

table 1. Distances of the closest approach for two atoms d(Si-

Si) = 1.95 Å and d(Ge–Ge) = 2.15 Å were estimated from the 

experimental pair correlation functions of the pure liquids. 

The distance of closest approach cut-off distance between Si 

and Ge atoms was taken as 2.05 Å (computed as arithmetic 

average of d(Si-Si) and d(Ge–Ge). The initial value of random 

atomic movement was 0.5 Å, reducing to 0.05 Å during 

simulation. 

The RMC-models were analysed using Voronoi 

tessellation, a common descriptor of the local structure in a 

disordered system [39]. In Voronoi tessellation (also called a 

Voronoi diagram) the model volume is divided into cells 

(Voronoi polyhedra) with an atom at the centre. Each Voronoi 

polyhedron (VP) encloses the region of space that is closer to 

the central atom than any other ones. Since the VP is the 

geometrical image of the local environment of the central 

atom, its metric and topological characteristics can be used to 

find the statistical regularities of the short-range order (SRO) 

in liquid alloys. One of the most informative metric 

characteristics of the VP is the sphericity coefficient 

(Ksph = 36πV2/S3, where V is the volume, and S is the surface 

area of the VP), that defines a deviation of the shape of the 

given VP from a regular sphere (Ksph = 1). The Voronoi 

diagram of the RMC-models was constructed using the 

algorithm described by Medvedev [40]. 

4. Results and discussion 

The measured S(Q) functions for the Si-Ge alloys and end 

member at the highest (stable liquids above Tm) and lowest 

(supercooled liquids) temperatures obtained for each sample 

are shown in Figure 1. All the S(Q) functions share similar 

characteristics, with three distinct peaks and a shoulder on the 

high-Q side of the first peak, which becomes increasingly 

prominent with deeper supercooling. The position of the first 

peak varies from ~ 2.5 Å-1 for liquid Ge to ~ 2.7 Å-1 for liquid 

Si. The shoulder appears in the region from 3.2 to 3.4 Å-1. 

There is a slight shift in the first peak to lower Q with deeper 

supercooling for all alloys, as previously observed for liquid 

Si [15]. The S(Q) for the Si0.25Ge0.75 alloy at 1320 K contains 

minor Bragg peak contamination due to onset crystallization 

of the melt towards the end of the measurements. However, as 

crystalline Bragg scattering is much more intense compared to 

liquid diffuse scattering, it is obvious that this crystalline 

contamination is negligible compared to the bulk liquid 

contribution and should not affect the structural parameters. 

The corresponding real-space g(r) functions are shown in 

Figure 2. For all compositions, the bond distance r1 and 

nearest-neighbour coordination numbers C1 remain 

independent of temperature (within the absolute errors) across 

the experimentally accessible temperature range, even at 

considerable supercooling, consistent with previous studies 

[14,15,23]. Distinct changes are, however, apparent in the 

second and higher coordination spheres.  

The first peak position at r1 = 2.48 Å for pure Si gradually 

shifts to higher distances with increasing Ge concentration in 

the alloy to 2.57 Å (x = 0.75), 2.62 Å (x = 0.5), 2.66 Å 

(x = 0.25) and 2.68 Å for pure Ge. This trend is plotted in 

Figure 3, together with the corresponding C1 values, at the 

highest and lowest measured temperatures.  The distance r1 for 

the alloys deviates slightly from a linear evolution if 

constrained to the absolute values for the end members, which 

may indicate a slight tendency towards more homoatomic 

bonding as predicted by Ko et al. [25]. However, the weighted 

fit to the stable liquid data (as shown in Fig. 3) reveals a quasi-



J. Phys.: Condens. Matter XX (XXXX) XXXXXX Pozdnyakova et al  

 5  
 

linear evolution of r1 over the studied composition range 

within the experimental uncertainty. Additional investigations 

are required to provide firm conclusions on the preferential 

bonding nature in these alloys. In agreement with previous x-

ray diffraction studies [13,23], the average coordination 

number C1 remains ~ 6 for all compositions (within the 

absolute errors), although, as noted in an earlier study [10], C1 

is ill-defined in the pure liquid Ge measurements ranging from 

~ 5.7 to ~ 7.5 depending on the limit of integration used. If 

there are any systematic changes in coordination number, 

these are small and below the resolution of the experiment. 
 

It is useful to consider the classification of the structural 

properties of liquids according the scheme proposed by Price 

and Moss [41]. In this scheme, the main peaks in S(Q) are used 

to identify the type of ordering that may exist in the liquid or 

glass by scaling Q1 with r1 (both tabulated in table 1), the first-

nearest-neighbour distance, and ds, the mean interatomic 

spacing (𝜌0
−1 = (𝜋/6)𝑑𝑆

3). Figure 4 shows Q1r1 plotted against 

Q1ds for all the liquids studied here. It is clear that all the liquid 

compositions studied depart significantly from the dense 

random packing limit of hard spheres, indicated by the solid 

line in figure 4. The Q1r1 values between (6.5 and 6.8) are 

higher than the characteristic values expected for tetrahedral 

network forming liquids (~4.5) and approach those for 

metallic glasses (~7.5) [42]. 

 
Figure 4. Scattering vectors of the first peaks in the structure factors 

S(Q) of liquid alloys, scaled by the nearest-neighbour distance r1 and 

the mean interatomic spacing ds. The corresponding dense packing 

limit is shown for reference. The values next to the data points 

indicate the temperature in Kelvin. 
 

The RMC simulations can provide some more detailed 

insight into the local structure organization. The RMC derived  

structure factors for liquid Si, Ge, and their binary SixGe1-x 

alloys are shown in Figure 5 together with the experimental 

data at temperatures above (Fig. 5a) and below (Fig. 5b) the 

equilibrium liquidus line. The RMC simulations are in 

relatively good agreement with the experimental data. 

However, we note that RMC simulations have been shown by 

Drewitt et al. [43] to converge to drastically different 

structures, depending on starting configurations, yet still 

exhibit almost identical g(r) functions. Nevertheless, we note 

the RMC results do reproduce the observed shoulder in S(Q) 

very well, and the local structure predicted from the RMC 

model is in good agreement with earlier experimental and 

theoretical findings. Further MD calculations using reliable 

empirical potentials or from first principles could also be 

employed to verify the RMC results presented here. 

 
Figure 5. The S(Q) functions for the stable (a) and supercooled (b) 

liquid Si, Ge, and SixGe1-x alloys. The solid (red) lines denote the 

RMC results, whereas the open (black) circles show the experimental 

data. 
 

The values of Ksph obtained from the VP analysis of liquid Si, 

Ge, and SixGe1-x alloys vary from 0.63 for Si-centred 

polyhedra to 0.66 for Ge-centred motifs. For reference, Ksph of 

VPs for atoms in the ambient pressure (diamond) and high 

pressure (β-tin) crystal structures are 0.465 and 0.652, 

respectively, while Ksph= 0.689 for the dense non-crystalline 

packing typical of most liquid metals [44]. Therefore, liquid 

Si and Ge appear to have local atomic structures similar to β 

(white)-tin, in agreement with earlier experimental and 

theoretical findings [9,20,45-48]. In the β-tin structure, each 

atom has four nearest neighbours on a flattened tetrahedron 

and two other neighbours slightly further away on the 
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perpendicular to the plane of the flattened tetrahedron., giving 

a coordination number C1 = 4 + 2,  consistent with the values 

of C1 ~ 6 obtained for all melts measured in this study. 

The high-Q shoulder observed in the first peak in S(Q) for 

liquid Si, Ge, and their binary alloys, is a key feature of 

category III liquid metals according to the Waseda 

classification [9], which includes other low coordinated 

elemental liquids including Ga (C1 ~ 10 [49]), Sb (C1 ~ 8.5 

[50]), Bi (C1 ~ 8 [51]), and Sn (C1 ~ 7.5 [52]). This shoulder 

is associated with the Friedel oscillations induced by the 

conduction electrons, as shown for liquid Ga [53] and liquid 

group-IV elements [54], and its position is determined as 

Q = 2kF,, where kF is the Fermi wavenumber of the conduction 

electrons. It was suggested that the covalent elements with 

anisotropic bonding in the solid state have a lower degree of 

symmetry in the liquid state than elements with isotropic 

metallic bonding, which is manifested by a shoulder in S(Q), 

and this structure disappears at temperatures of 300-500K 

above the melting point [9]. Jank and Hafner performed 

molecular dynamics simulations of the atomic structure and 

self-consistent linear muffin-tin orbital supercell calculations 

of the electronic structure [54]. They showed that for the two 

light elements Si and Ge, the modulation of the random ionic 

packing by Friedel oscillations leads to a complex structure of 

the liquid with low coordination numbers, only short-range 

distance correlations, and weak covalent bonding effects. For 

the two heavier elements Sn and Pb, non-local relativistic 

effects lead to a damping of the Friedel oscillations and to a 

return to a hard sphere-like structure of the melt. [55]. Indeed, 

the shoulder in S(Q) of liquid Sn is much less pronounced [9] 

in comparison to liquid Si and Ge.  
 

Next, we attempt to rationalize the relationship between the 

shoulder in S(Q) and the covalent bonding in the liquid using 

the refined RMC models for liquid Si and Ge. The latter have 

been analysed for the presence of short interatomic distances 

less than the length of the covalent bond in the crystal 

structures of Ge (0.245 nm) and Si (0.235 nm). The atomic 

configurations were divided into two parts: (1) atoms that have 

at least one neighbours at a distance less than and equal to the 

length of a covalent bond (type Cb – “Covalent bonding”) and 

(2) all remaining atoms (type Mb − “Metal bonding”). Thus, 

pure liquid Si and Ge are considered as binary systems. The 

partial structure factors SCbCb(Q), SCbMb(Q), and SMbMb(Q) 

calculated from the RMC models using the Faber-Ziman 

formalism are shown in Figure 6. The position of the main 

peak in SCbCb(Q) coincides with the position of the shoulder 

observed in the first peak of the measured S(Q). The first peaks 

in SCbMb(Q) and SMbMb(Q) on-the-other-hand coincide with the 

first peak of S(Q). Since the individual contributions of the 

partials to the total structure factor depend on the atomic 

concentration of each component, the contribution of SCbCb(Q) 

curve is more significant in the S(Q) of liquid Si leading to a 

more pronounced shoulder. It should be noted that the division 

of the liquid structure into two subsystems (“covalent 

bonding” and “metal bonding”) is somewhat arbitrary, 

because the only criterion for selection was the interatomic 

distance. However, our results already indicate that the cause 

of the shoulder appearance may be the presence of a 

subsystem that is characterized by shorter distances between 

the nearest atoms. 

 
Figure 6. The experimental S(Q) curves and the RMC partial 

SCbCb(Q), SCbMb(Q), and SMbMb(Q) curves for the liquid Si at 1302K 

(a) and Ge at 1120K (b). The experimental data are shifted up by 0.5 

for clarity. The negative values in figure (b) are due to some 

shortcomings of the RMC simulations.  
 

Various MD simulations on Si [21,22], Ge [56] and SiGe 

[25], attribute the high-Q shoulder on the first peak in S(Q) to 

a signature of a tetrahedral structure which remains after 

melting and grows with decreasing temperature. Since liquid 

Si and Ge stabilize into the diamond structure upon 

solidification, it is reasonable to consider that the structural 

units with shorter bonds found in these liquids are tetrahedral. 

However, it is difficult to unequivocally associate the 

evolution of this shoulder observed during supercooling to the 

development of this tetrahedral order, because we do not 

observe any reduction in the average coordination number, 

and all our liquids appear to have the same local order (see 

Fig.3). A recent neutron diffraction with isotopic substitution 

(NDIS) measurement of liquid Si20Ge80 attributes this 
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shoulder to a selective occupancy of Ge positions by Si in the 

SSiGe(Q) partial structure factor [57] 

Nevertheless, MD simulations predict an increase in local 

tetrahedral order, and corresponding rapid decrease in average 

coordination number, with decreasing temperature during 

deep supercooling, at temperatures below ~ 750 K for Ge [58], 

and ~1100 K for Si [55]. These deeply supercooled states are 

beyond our experimental temperature range and difficult to 

access using aerodynamic levitation due to early 

crystallization at much lower temperatures. Interestingly, the 

relation between these “critical” temperatures and the 

corresponding melting temperatures is the same for liquid Ge 

and liquid Si: 750 K / 1211 K  1100 K / 1687 K. 

 

Table 1. Summary of the structural parameters for all liquids studied 

in this work. Temperature: T, number density: 𝜌0 , position of the 

main peak and its shoulder in S(Q): Q1 and Qsh, first peak position in 

g(r): r1 and coordination number C1. Temperatures for the 

supercooled liquids are indicated in bold italic. 

T (K) 

± 20 K 
𝜌0 (Å-3) 

Q1 (Å-1) 

± 0.05 

Qsh (Å-1) 

± 0.05 

r1 (Å) 

± 0.02 

C1 

± 0.5 

 Si (Tm = 1687 K) 

1779 0.0550 2.7  2.48 5.8 

1508 0.0559 2.7 3.33 2.48 5.6 

1404 0.0561 2.68 3.35 2.48 5.6 

1302 0.0563 2.65 3.43 2.49 5.7 

 Si0.75Ge0.25 (Tm ≈ 1625 K) 

1628 0.0524 2.61 3.36 2.58 5.9 

1423 0.0530 2.53 3.38 2.57 5.8 

1387 0.0531 2.55 3.4 2.58 5.8 

 Si0.5Ge0.5 (Tm ≈ 1550 K 

1716 0.0493 2.59 3.3 2.61 5.9 

1432 0.0502 2.52 3.32 2.62 6.0 

1306 0.0506 2.49 3.34 2.62 5.9 

 Si0.25Ge0.75 (Tm ≈ 1440 K) 

1533 0.0474 2.52 3.32 2.66 5.9 

1320 0.0482 2.49 3.2 2.66 5.8 

 Ge (Tm = 1211 K) 

1534 0.0452 2.54 3.22 2.68 6.0 

1303 0.0461 2.5 3.22 2.68 5.9 

1181 0.0465 2.49 3.24 2.69 5.9 

1120 0.0467 2.49 3.24 2.69 6.0 
 

An increase in tetrahedral order with deeper supercooling 

could be indicative of a continuous transition from the stable 

HDL phase, reminiscent of β-tin (high pressure) structure, 

towards a metastable LDL phase, reminiscent of the diamond 

(ambient pressure) structure, accompanying the metal-

semiconductor transition. Indeed, MD simulations combined 

with high-pressure data at ambient temperatures suggest the 

low-density liquid (LDL) – high-density liquid (HDL) phase 

transition in the deeply supercooled region for both Si and Ge 

[21]. More recently, ultrafast time-resolved x-ray emission 

spectroscopy measurements, using femtosecond free electron 

x-laser pulses, have observed the electronic structure of Si 

evolve from the solid, melting into a transient LDL phase prior 

to the stable HDL phase transition in liquid Si [59]. If the 

liquid-liquid phase transition is continuous there will be some 

coexistence of metastable LDL clusters in the HDL matrix. 

Therefore, with deeper supercooling, the number of tetragonal 

LDL clusters grow causing Friedel oscillations to scatter more 

on these structural “defects” which is manifested as a 

development we observed in the shoulder of the first peak in 

S(Q). 

5. Conclusion 

We have presented new high-energy x-ray diffraction 

measurements of the structure of Si, Ge, and Six-Ge1-x in the 

stable liquid and supercooled states at temperatures up to 

~385 K (Si), ~90 K (Ge), and ~ 120-244  K (Six-Ge1-x) below 

their melting temperatures. The nearest-neighbour interatomic 

distance increases linearly with increasing Ge concentration, 

although a slight deviation from linear behaviour due to the 

presence of homoatomic bonding cannot be excluded. All 

compositions have temperature independent average 

coordination numbers of ~ 6, consistent with the liquid 

structure resembling the high-pressure β-tin structure. A 

shoulder is apparent on the high-Q side of the first peak in all 

of the measured S(Q) functions. Atomistic models generated 

from RMC simulations constrained to the measured S(Q) data 

indicate that this shoulder may be related to the presence of 

atomic clusters characterized by interatomic distances shorter 

than covalent bonds in crystal structures. The shoulder 

becomes well defined on supercooling, which supports, albeit 

indirectly, the existence of a transition towards a metastable 

low-density liquid (LDL) state comprised of tetrahedral 

clusters with covalent bonding consistent with the ambient-

pressure crystal structure. 

The use of element selective analysis techniques, such as 

NDIS or EXAFS, would be invaluable to obtain detailed 

measurements of the partial structure factors and pair 

distribution functions of the liquid alloys, in order to gain 

more detailed insight into the structural evolution upon 

supercooling. Indeed, the structure of liquid Si20Ge80 was 

measured recently by NDIS [57]. The results of these studies 

will provide powerful additional constraints for molecular 

simulations to provide a detailed description of the structural 

mechanisms of the LDL-HDL transformation observed in 

these metallic melts during deep supercooling. 
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