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Abstract 

The high-pressure behaviour of Si0.8Ge0.2 alloy is explored using in situ Raman 

spectroscopy, X-ray diffraction techniques and density functional theory (DFT) 

simulations. High pressure experiments revealed a pressure-induced transition from the 

stable cubic semiconducting phase (dc- Si0.8Ge0.2) to the tetragonal β-tin metallic phase 

(β-Si0.8Ge0.2) during compression. This sluggish transition is significantly accelerated at 

moderate temperature (<300°C). Upon decompression, successive transitions towards 

metastable phases are observed. A first transition from the metallic β-Si0.8Ge0.2 toward the 

rhombohedral r8-Si0.8Ge0.2 phase is observed at 10.3 GPa followed by a partial transition 

to the body-centered cubic bc8-Si0.8Ge0.2 phase at 2.2 GPa. After releasing the pressure, 

r8 and bc8 phases coexist at ambient conditions. This transition pathway is similar to that 

followed by pure silicon and is consistent with the ab initio enthalpy calculations. This 

phase transition sequence is confirmed by in situ Raman spectroscopy, where signatures 

of r8 and bc8 phases are observed in the Raman spectra at decompression. An ab initio 

simulation method is proposed to assign the Raman spectrum of Si0.8Ge0.2 alloy using 

group theory and projection operators. The exploration of metastable states in these alloys 

is of major interest both in terms of applications (e.g. optoelectronics) and from a 
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fundamental point of view to better understand the effects of alloying on the physical 

properties (e.g. vibrational). 

 

I. Introduction   

Applying extreme conditions on materials can lead to metastable structures with attractive 

physical properties. Group IV elements, such as carbon, silicon and germanium are known 

to exhibit polymorphism under pressure, and they can exist in different metastable phases 

after pressure cycling. The carbon diamond phase is the typical example of a metastable 

phase at ambient conditions, obtained by pressure-temperature treatment, and which has 

drastically different physical and chemical properties compared to the stable graphite 

phase. Silicon and germanium exhibit a rich pressure-temperature phase diagram. One 

of their peculiarities is the decrease of the melting temperature with increasing pressure, 

a situation that goes against the usual tendency found using the Clapeyron equation for 

melting. Another interesting aspect of the pressure-induced phase transitions in Si and Ge 

is the rich polymorphism of metastable phases. 

Silicon and germanium are known to transform from the semiconducting diamond 

structure to the metallic β-tin phase in the range of 8-10 GPa [1]–[6]. New metastable 

phases were observed during the decompression from this metallic phase [7]–[11]. 

Depending on the conditions of decompression, transition pathways in germanium and 

silicon differ. On the one hand, germanium transforms to a tetragonal structure (st12-Ge) 

at around 8 GPa under non-hydrostatic conditions and slow unloading [1], [8], [12], [13]. 

In case of fast hydrostatic unloading, germanium tends to form a distorted body-centered 

rhombohedral structure (r8-Ge) at ~7 GPa followed by a transformation to a body-

centered-cubic structure (bc8-Ge) at ~0.5 GPa [7], [8]. Then, bc8-Ge rapidly transforms at 

ambient pressure to a hexagonal diamond phase [2], [14], [15]. Silicon, on the other hand, 

is known to transform into the r8-Si phase at ~10 GPa, and then to the bc8-Si phase (~3 

GPa) upon decompression, regardless of hydrostaticity [10], [11]. Contrary to germanium, 

r8-Si and bc8-Si phases are relatively stable at ambient conditions and only transform into 

hexagonal silicon at temperatures of ~200°C [2]. 

 

SixGe1-x alloys are an example of solid solutions with perfect miscibility. In their stable 

cubic diamond structures, they have interesting properties. Tunability of physical 

properties such as the bandgap [16] or thermal properties [17] make them materials of 

choice for a wide range of applications. They are used for energy conversion in the space 

industry due to their thermo-electric properties [18]–[20], in solar cells [21], in photonic [22] 

or microelectronics [23]. They also show synergistic effects when used as anode active 

material in Li-ion batteries [24] combining the very high storage capacity of lithium in silicon 

with the high electronic and Li ion conductivity in germanium [25] . More recently, an 

hexagonal structure showing a tunable direct bandgap has received a huge interest 

because of potential applications in optoelectronics [26]. The hexagonal phase is obtained 

by heteroepitaxial growth of SixGe1-x on a nanowire of GaAs [26] and, interestingly, can be 



3 
 

also synthesized by high-pressure and high-temperature (HP-HT) treatments [2], [27]–

[29].  

Surprisingly, while the amount of work dealing with phase transitions and transformations 

in pure silicon and germanium during the pressure cycle is significant, there are far fewer 

experimental studies on the high pressure (HP) behaviour of SixGe1-x alloys, and on the 

formation of their metastable phases after a pressure cycle. Pressure-induced phase 

transition to the metallic β structure has been reported in SixGe1-x both theoretically [30], 

[31] and experimentally [32]. A primitive hexagonal phase was also observed at higher 

pressure (> 14  GPa) and the transition pressure depends on the Ge content in the alloy 

[33]. Upon decompression, metastable phases in SixGe1-x have been observed for Ge 

dominant alloys (up to x= 0.13) and Si-doped Ge alloys (up to x= 0.974) [34]. According 

to this study, the behaviour of the alloys follows that of the main component (Ge in case 

of Ge dominant alloy and Si in case of Si dominant alloy). The possibility to recover 

metastable phases was also observed by ex-situ HP-HT experiments for different SiGe 

compositions [29].  

Furthermore, a challenging aspect in the study of SixGe1-x alloys is the correct description 

of their Raman spectra. Indeed, in the solid solution, some local substitutional disorder is 

introduced into the structure, although the overall symmetry remains cubic. Here, we 

propose the Raman spectrum of SixGe1-x alloys can be interpreted using a description of 

the band unfolding method based on the projection operators as shown by Ikeda et al. 

[35], [36]. The assignment of the Raman modes can be obtained by projecting the phonon 

frequencies of the disordered alloy (without symmetry) into the irreducible representations 

of the given “ordered” structure. 

In this work, pressure-induced phase transitions in Si0.8Ge0.2 are investigated. The goals 

of this study are manifold :1) to determine the elastic and vibrational properties of the low-

pressure, diamond structure, phase; 2) to identify the (metastable) phases formed during 

pressure cycle; and 3) to assign the Raman spectra of the different phases using ab initio 

simulations that account for the local and global organization using the method of 

projection operators.  

The article is organized as follows. After describing the methods in section II (synthesis, 

high-pressure techniques and ab initio simulations), in situ X-ray diffraction (XRD) and 

Raman spectroscopy experiments are reported in section III. First, the ones performed 

using a Paris-Edinburgh (PE) press on a synchrotron light source, including the effect of 

annealing at high pressure (Section III.A), second, the HP experiments in a diamond-anvil 

cell (DAC) using an X-ray lab source (Section III.B). The last section (Section III.C) is 

dedicated to the results obtained by in situ Raman spectroscopy during pressure cycles 

in DAC. The experimental results are complemented with ab initio simulations to assign 

the different modes observed in the Raman spectra.  
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II. Methods 

Materials 

200 mg of silicon powder from Strem chemicals (purity: 99.999%) and germanium powder 

from Sigma Aldrich (purity: 99.999%) was mixed in the atomic ratio 80:20 using an agate 

mortar and a crucible under protective atmosphere (step 1). The resulting mixture was 

pressed to form pellets 2 mm high and 8 mm in diameter (step 2). They were placed inside 

an alumina crucible which was then inserted inside an alumina tube of a horizontal 

Carbolite (STF 16/180) oven. Zirconium was also inserted as a local reductant due to its 

strong affinity with oxygen (step 3). To further protect the sample from oxidation, the tube 

atmosphere was pumped and filled with argon several times before annealing, and a 

continuous flow of argon was used during the experiment. Between each one-hour 

annealing at different temperatures, grinding and compaction (steps 1 and 2) were 

repeated. Starting from 1000°C, the temperature was successively increased to 1100°C, 

1200°C, 1250°C, and finally to 1350°C. Energy Dispersive X-Ray analysis (EDX) on the 

sample gives a Si:Ge ratio of 0.79(2):0.21(2) (see Fig. S1) in agreement with Raman 

spectroscopy analysis (see Section III. C). No sign of oxidation or any contamination were 

detected on the synthesized samples by EDX analyses. Ambient diffraction pattern of the 

Si0.8Ge0.2 is shown in Figure 1. Patterns can be indexed by Le Bail refinement using the 

diamond-type structure with a cell parameter a = 5.458(1) Å in perfect agreement with the 

literature (PDF file n°04-022-2155 for Si0.8Ge0.2). The measured cell parameter is also in 

agreement with the Vegard’s law considering the composition Si0.8Ge0.2 [39].  

 

 

Figure 1 – XRD pattern of Si0.8Ge0.2 at ambient conditions to be compared with simulated 

Ge and Si patterns. Shoulders in the diffraction peaks are due to the splitting of Cu Kα1 

and Kα2 radiation. Cell parameter obtained using Le Bail refinement is a = 5.458(1) Å. 

 

High pressure characterization methods 

In situ synchrotron XRD measurements under HP conditions were performed using a PE 

press at the Xpress beamline of the Elettra Synchrotron Facility (Trieste, Italy). The 
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pressure/heating device is composed of the PE press, a hydraulic pump and a low voltage 

- high current power supply. Using opposed conical sintered diamond anvils, this system 

can achieve pressure up to 16 GPa and temperature over 1000°C [40]. The Si0.8Ge0.2 

sample was placed inside a boron-nitride capsule of 0.8 mm inner diameter and 2 mm 

high, surrounded by a graphite furnace. This assembly was then inserted into an X-ray 

transparent gasket (boron-epoxy composite), which serves as a thermal and electrical 

insulator as well as the pressure transmitting medium (PTM). The boron-epoxy composite 

gasket offers quite good hydrostatic conditions for this type of sample configuration. From 

in situ X-ray diffraction measurements on powdered NaCl loaded into a boron-epoxy 

gasket, Gauthier et al. estimated that the average deviatoric contributions were less than 

5% below 10 GPa [41].   

XRD patterns were obtained using an 80 µm focused monochromatic X-ray beam of λ= 

0.4958 Å. Good quality 2D diffraction patterns were collected in 80 s on a PILATUS3 S6M 

detector (from Dectris). The pressure calibration curve at room temperature was checked 

by using silicon powder in the same environment (Fig. S2), upon compression up to an oil 

pressure of 600 bars and using the silicon Equation Of State (EOS) [6]. 

Complementary in situ XRD HP experiments using a lab source were performed using a 

flat Almax-type DAC with 600 μm diameter diamond culets. The sample was placed inside 

a 250 μm chamber drilled in an indented stainless-steel gasket (thickness = 80 μm), along 

with a ruby acting as a pressure gauge. The pressure was calculated using the known 

dependence of the ruby luminescence line with pressure [42]. Paraffin oil was used as 

PTM. The DAC has an aperture angle of 85° (top and bottom). We used a molybdenum 

source (λ= 0.70926 Å) and a beam of approximately 150 μm in diameter, in a microfocus 

Oxford Xcalibur Mova diffractometer. 

Because the sample was slightly textured and the experimental setup in the lab did not 

allow the cell to be rotated during data acquisition in order to average crystallite 

orientations and obtain a better statistic, the quality of the XRD pattern was not sufficient 

for robust Rietveld refinement and Le Bail refinements on the 1D integrated diffraction 

patterns were done to extract cell parameters. 

Raman spectra were recorded using a homemade spectrometer in backscattering 

geometry. The laser wavelength used was 532 nm, the laser power was initially adjusted 

to 2 mW at the entrance of the objective in order to avoid heating effects on the sample 

and to improve signal over noise ratio. The laser beam was focused with a 50x objective 

and the signal was dispersed by a grating of 1800 grooves/mm. The signal was collected 

on a Princeton Instruments Acton SP-2500i spectrometer. The spectral resolution of the 

setup is estimated to ∼1 cm-1.  

In situ Raman spectroscopy measurements under high pressure conditions were 

conducted using a Letoullec-type DAC with 600 μm diameter diamond culets [43]. The 

sample chamber and sample environment were prepared in the same way as for the XRD 

experiment using a flat Almax DAC. Paraffin oil, used as PTM, is quasi-hydrostatic up to 

3-4 GPa [44] and its Raman activity does not interfere with the main Raman modes of the 

sample. The HP Raman experiment was performed when the loaded samples showed 

homogeneity to avoid discrepancies due to variation in positions due to composition. 
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Simulations  

SixGe1-x can be considered as a random alloy whose lattice parameters depend on the 

composition according to the Vegard's law [45]–[47]. The Raman spectra of SixGe1-x alloys 

can be simulated within the harmonic approximation using a cluster expansion method 

[48], [49]. Due to the disorder associated with the solid solution, the symmetry of the 

simulation clusters is normally different (usually lower) than that of the crystallographic 

phase. Within the cluster expansion method, the supercells used for the phonon 

calculation of a disordered alloy normally lack the (average) crystallographic symmetry of 

the real alloy. This makes difficult to assign the calculated vibrational modes and to 

compare them with those from experiments. As an example, a typical simulation supercell 

has only the trivial identity as a symmetry operation and is then described by the space 

group P1. In this case, all the calculated modes at the centre of the Brillouin zone of the 

simulated alloy would be both Raman and infrared active, a situation that does not 

correspond to the experimental observations. A possible solution is to use the projection 

operator method which consists in decomposing the modes of the disordered structures 

according to the irreducible representation of the modes of the underlying "ideal-ordered" 

structure [35], [36]. With this scheme, the modes obtained at the Brillouin zone centre can 

be analysed in a form quite similar to that of an ordered system (with its crystallographic 

symmetry). The positions of the peaks in the spectral function curve obtained by the 

unfolding method, which reflect the crystallographic symmetry, are related to the 

frequencies of the studied disordered structure.  

Based on our previous work [12], all the Density Functional Theory (DFT) simulations for 

the analysis of the Si0.8Ge0.2 alloy were performed using the Vienna ab initio simulation 

package (VASP) [50]–[53].We used a projector-augmented-wave scheme (PAW) and 

explicitly included the semi-core d-electrons of Ge as well as the outermost s and p- 

electrons, adopting the so-called PBEsol generalized gradient approximation (GGA) for 

the exchange and correlation functional [50]. The cut-off in the plane wave basis set was 

taken at 375 eV. For the integration over the Brillouin zone, we used a 10x10x10 

Monkhorst-Pack grid. The Si0.8Ge0.2 alloy was simulated using the ATAT cluster expansion 

scheme [48], [49] with cluster sizes up to 16 atoms, which is necessary to obtain accurate 

cluster convergence (the cross validation score was 0.34 meV).  

In order to identify the vibrational modes of the SixGe1-x alloy (with an experimental value 

of x of about 0.8), appropriate supercells according to each symmetry were employed.  

16-atom supercells were used for bc8 and r8 structures (corresponding to the 

stoichiometric composition Si0.8125Ge0.1875) whereas 8-atom supercells were used for the 

diamond and β phases (corresponding to Si0.75Ge0.25). These simulated compositions are 

closed enough to the experimental ones to allow comparison between theory and 

experiments. To calculate the phonon frequencies, we used a post processing Phonopy 

package to analyze the vibrational modes and the structure plots were done with VESTA 

[54], [55]. 

 



7 
 

III. Results & discussion 

A. In situ HP-HT synchrotron XRD study using a PE press 

Si0.8Ge0.2 was first studied at HP and high temperature (HT) using a PE press at the Xpress 

beamline (Elettra Synchrotron Facility). Evolution of Si0.8Ge0.2 diffraction patterns with 

pressure are shown in Figure 2. During compression, the diffractograms can be indexed 

with the diamond structure (named hereafter dc-Si0.8Ge0.2) up to ~7.4 GPa. Additional 

features due to graphite and h-BN can also be observed and identified. Above this 

pressure, a phase transition is observed with the appearance of a weak signal at 2 ~ 12°. 

Interestingly, this transition is concomitant with the strong reduction of the full width at half 

maximum (FWHM) of the diamond phase diffraction peaks (Figure 2.b). This effect is due 

to an elastic relaxation associated with a phase transition and has already been observed 

in germanium during the semiconductor-to-metal transition [4], [12]. Such behaviour was 

also observed for pure silicon during the calibration of the PE press (Figure S2). The 

metallic character of the high-pressure phase was confirmed by electrical resistance 

measurements (Figure 2.c), performed in a separate experiment, using two electrodes 

placed at the top and bottom of the anvils of the PE press. A drop in the resistance of more 

than four orders of magnitude is observed across the transition. This result is similar to 

what was observed in silicon or germanium [10], [56].   

With increasing pressure, the signal from the HP phase increases and can be assigned to 

the tetragonal structure β-tin (β-Si0.8Ge0.2). This phase transition is similar to that observed 

for silicon and germanium. The onset transition pressure at ~7.4 GPa appears to be in 

agreement with reported theoretical values for Si (~7.5 GPa) [57]–[59] but below the 

theoretical values obtained by Soma & al. (~12±2 GPa) [30] and the experimental values 

reported by Werner & al. (~12 GPa) [60] for solid solutions. The beginning of the transition 

at rather low pressure can be attributed to: i) the presence of shear stresses induced on 

the sample by the non-hydrostatic conditions, that are known to lower the transition 

pressure [4]; ii) a different way to define the transition pressure. By indirectly measuring 

the relaxation in the sample, we were able to detect the transition earlier and more 

accurately. Indeed, this relaxation is believed to occur at a very early stage of the transition 

when the β-phase begins to nucleate. In ref. [60], the onset of the transition is defined by 

the equality between the intensity of the dc-SixGe1-x (111) peak and that of β-SixGe1-x (200) 

peak for different compositions. By taking this definition, the diamond-to-β phase transition 

occurs at 12 GPa in our case, in very good agreement with previous works.  

During this compression step, β-Si0.8Ge0.2 mass ratio increases from 20% at 12.3 GPa to 

36% at the maximum reachable pressure of 14.2 GPa, where diamond- and β-Si0.8Ge0.2 

phases still coexist. This large domain of coexistence is attributed to the sluggish character 

of the transition related to the strong first order character of the transition [61], [62]. 
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Figure 2 - a) XRD patterns of Si0.8Ge0.2 upon compression in a PE press. The peaks under 
the asterisk represent the contribution of the gasket (h-BN and graphite). b) Evolution of 
FWHM of the three most intense reflections of Si0.8Ge0.2 with pressure, showing a 
maximum relaxation at ~7.4 GPa when the phase transition starts. c) Electrical resistance 
measurements during compression and decompression cycling in PE press. 

 

β-Si0.8Ge0.2- unit cell parameters at 12.3 GPa are a = 4.68(1) Å and c = 2.59(1) Å, with c/a 

= 0.55(1) in agreement with ref. [30]. This is consistent with a linear interpolation of the a 

and c parameters of β-Si and β-Ge obtained from our simulation data (Tab. S1). 

A plot of V/V0 as a function of pressure is shown in Figure 3. These data were initially fitted 

using a second-order Birch-Murnaghan (BM2) equation of state model and led to K = 92(1) 

GPa. In a second step, a third-order Birch-Murnaghan (BM3) equation of state model was 

used with K’ fixed to 4.24. This K’ value was chosen so that the resulting bulk modulus 

could be compared with the recent data obtained on Si by Anzellini et al. [6]. We obtained 

K = 91(1) GPa, which is in very good agreement with the expected value based on a linear 

interpolation between bulk modulus and composition (Table I). 

Using DFT simulations, the calculated bulk modulus (and its first derivative) for the 

diamond phase is 93.9 GPa (K’=4.0), 69.6 GPa (K’=4.1) and 88.6 GPa (K’ =3.9) for Si, 

Ge, and Si0.75Ge0.25, respectively, values that are in excellent agreement with the 

experimental ones. 

 

* 
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Figure 3 - V/V0 plot for Si0.8Ge0.2 as a function of pressure (points) along with a second-
order with K’ parameter fixed at 4 (blue dotted line) and a third-order Birch-Murnaghan 
EOS fitted to the data (red dotted line). 

 

Table I - Comparison of reported bulk modulus for the diamond structure of Si, Ge and 
Si0.8Ge0.2  

Sample K (GPa) K’ PTM Method Ref. 

Si 101.5 3.45 He XRD, DAC [6] 

Si 96.86 4.24 (fixed) He XRD, DAC [6] 

Si 99.90 3.80 4:1 eth:meth XRD, DAC [63] 

Si 97.88 4.23  Ultrasonic [64] 

Si 96 3.9 1:1 

ethyl:methyl 

XRD, cubic 

anvil press 

[65] 

Ge 74.37 4.76  Ultrasonic [64] 

Ge 76.0 4.373 4:1 eth:meth XRD, DAC [1] 

Ge 74.9 3.0 4:1 eth:meth XRD, DAC [1] 

Si0.8Ge0.2 93.7   Ultrasonic [66] 

Si0.8Ge0.2 92(1) 4.00 (fixed) Boron-epoxy XRD, PE This work 

Si0.8Ge0.2 91(1) 4.24 (fixed) Boron-epoxy XRD, PE This work 

 

As the transition is still incomplete at 14.2 GPa, and dwelling time does not affect the 

phase proportion, temperature was augmented from 25°C to 255°C in 30 min with 10 min 

steps at 170°C and 200°C. During these heating steps, pressure was maintained constant 

at 14.2 GPa. Diffraction patterns in Figure 4 show that heating results in a rapid increase 

of the β-Si0.8Ge0.2 phase proportion, indicating that the energy barrier between the two 

phases is very low at this pressure.  
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Figure 4 - a) XRD patterns of Si0.8Ge0.2 obtained upon isobaric heating from 25 to 255 °C 
at 14.2 GPa. The peak under the asterisk represent the contribution of the gasket. b) 
Weight fraction of β-Si0.8Ge0.2 as function of annealing temperature and time. 

 

After 1 hour at 255°C, no reflection from the diamond phase can be measured anymore, 

indicating the full transformation of the diamond phase to the β phase. This metallic phase 

appears to be stable after decreasing the temperature and staying one night at ambient 

temperature and 14.2 GPa. It is worth noting that no chemical decomposition was 

observed under HP and HT. It has been observed that pressure may lead to a ΔV in alloys 

energetically favouring the chemical decomposition and the emergence of components 

(end-members of the solid solution) [67]. 

We decompressed Si0.8Ge0.2 from 14.2 GPa at constant temperature (255°C) with the 

intention of improving the kinetics of the phase transformations to potentially new 

metastable phases. However, only a reverse β-to-diamond transition was observed at 

~10.0 GPa. The two phases coexist down to ~5.7 GPa (Figure S3). From this pressure to 

ambient conditions, only the diamond phase is observed. No appearance of metastable 

phases was observed in this experiment. This is certainly due to the effect of temperature 

that ensures a thermodynamic pathway and prevents the formation of metastable phases.  

It is well documented that in silicon, germanium and alloys, under certain conditions, 

different metastable phases can be observed [68], [69]. They are usually formed with the 

help of shear stresses associated to non-hydrostatic conditions [8], [10], conditions we 

considered with the other XRD experiments we performed using a DAC and cold pressure 

cycles. 

 

B. In situ XRD at HP using a DAC 

A second experiment using a DAC with paraffin oil used as the PTM (providing hydrostatic 

conditions up to ~4 GPa [44]) was conducted. The compression up to 17.2 GPa (Figure 

S4) of the diamond-Si0.8Ge0.2 phase was covered rapidly, the focus being on 

characterizing the metallic β-phase and the transition sequence on subsequent 

decompression. During compression, the phase transition from diamond to the β-phase is 

* 
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observed above ~10.0 GPa. Coexistence between the two phases extends from 10 GPa 

(~1 wt% of β-Si0.8Ge0.2) to 17.2 GPa (fully transformed). The wide pressure range of phase 

coexistence is similar to that of silicon [6], [9], [63], [70] and germanium [1], [4]. No new 

phase transitions were observed up to 17.2 GPa, the highest pressure reached in this 

experiment and no evidence of additional phases such as orthorhombic or hexagonal was 

detected in our case, although they were observed for Si in this pressure range [33], [69], 

[71].  

XRD patterns in DAC during decompression are shown in Figure 5a. A first transition is 

observed at ~10.3 GPa with clear new reflections appearing at 2~15° and 2~9°. This 

pattern can be successfully indexed with a r8 structure, as in the case of silicon where this 

structure was observed at a similar pressure [11], [72]. The measured cell parameters are 

a = 9.16(1) Å and c= 5.41(1) Å, in agreement with the values obtained by DFT calculations 

(a = 9.17 Å and c = 5.43 Å) of the r8-phase. Phase proportions indicate that β and r8 

phases coexist between 10.3 and 5.4 GPa (Fig.5b). In pure silicon, a full transition to r8 

phase was reported at around 6.2 GPa [11] and 8.2 GPa [72] under more hydrostatic 

conditions.  

At lower pressure, the rhombohedral r8 phase partially transforms to another phase that 

can be indexed as the body-centered cubic structure (bc8). Pure bc8 was recovered for 

elemental Si and Ge [7], [9], [73], [74] and Si0.8Ge0.2 and binary [29], [75]. 

Diffraction peaks of bc8 and r8 phases are close to each other. However, the reflection at 

2~9° is only explained by the presence of the r8 phase at ambient pressure i.e., in our 

case, bc8 and r8 coexist at ambient conditions. For germanium, a similar transition 

pathway was observed in very specific conditions: during very fast unloading (time<s) in 

quasi hydrostatic conditions [8]. In this case, the transition to the r8 phase occurs at ~7 

GPa and to bc8 at less than 1 GPa. 

 

 

Figure 5 –a) XRD patterns during decompression from 17.2 GPa to ambient pressure of 
the β-Si0.8Ge0.2 phase. Major reflections for each phase are marked in colour. b) Evolution 
of the phase proportions of the different phases as a function of pressure.  

 

A bulk modulus of K = 80(2) GPa for r8-Si0.8Ge0.2 is obtained using a BM2 EOS, in good 

agreement with the value obtained by ab initio simulation (Figure 6). This value is between 

that of Si (K=83.0(6) GPa) and that of Ge (K = 68.7(3) GPa). It is worth noticing that our 
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values are lower than those of ref. [11] reporting K = 96(5) with K’ = 5 (fixed). Using the 

K’=5 we obtain K = 76(2) GPa for our experimental results. 

 

 

 

Figure 6 - V/V0 of r8-Si0.8Ge0.2 structure as a function of pressure obtained from this 
experimental work (black points) along with theoretical data obtained for r8-Si, r8-Ge and 
r8-Si0.8Ge0.2 (open symbols). 

 

The recovered sample is a mixture of bc8 and r8 phases in an almost 75:25 ratio (Figure 

7). No trace of other phases could be observed. Such coexistence of r8 and bc8 at ambient 

pressure has been observed in pure silicon after nano-indentation [76], [77] and in a DAC 

experiment [72]. The unit cell parameters for r8- and bc8-Si0.8Ge0.2 phases at ambient 

pressure are presented in Table S2. All parameters agree with theoretical values except 

the c-parameter of r8 phase that slightly deviates from expected values (measured at 

5.59(1) Å vs 5.649 Å). 

 

Figure 7 – XRD pattern at ambient conditions of the recovered Si0.8Ge0.2 sample after the 
pressure cycle. LeBail refinement indicates that the sample is composed of two phases: 
bc8:r8 in a ~75:25 ratio. 
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To confirm the experimentally observed phase sequence, DFT calculations of enthalpy for 

the different phases of Si0.8Ge0.2 were conducted. Enthalpy variations as a function of 

pressure for β, bc8 and r8 phases, with the diamond phase as reference, are shown in 

Figure 8. Enthalpies of the diamond and β phases are predicted to cross at ~9.4 GPa, in 

good agreement with our experimental data. The kinetics of the phase transition is 

influenced by temperature and the effect of non-hydrostatic conditions, two parameters 

that are not included in our simulations. For example, even though the diamond phase is 

predicted to be the lowest enthalpy structure, r8 phase can be formed during 

decompression because of a lower kinetic barrier (as shown in the case of Si [78]). In the 

whole pressure range, the r8 phase has a lower enthalpy than the bc8. Predicted pressure 

of transition from β to r8 is around 10 GPa in perfect agreement with our experimental 

results. As pressure is further reduced, enthalpy difference between r8 and bc8 structures 

decreases by two orders of magnitude, and is almost zero at ambient conditions. This 

explains the coexistence of the two phases at ambient conditions.  

 

 

Figure 8 – Enthalpy variations as a function of pressure simulated for different phases of 
Si0.8Ge0.2 The diamond to β structure crossing point is located at 9.3 GPa. The inset 
represents the enthalpy difference between r8 and bc8 phases, showing that at low 
pressures the enthalpy difference between the two phases decrease, which could explain 
the experimentally observed coexistence of r8 and bc8 metastable phase.  

 

C. In situ high-pressure Raman spectroscopy 

Assignment of the Raman spectrum at ambient conditions 

The Raman spectrum of Si0.8Ge0.2 measured at ambient conditions is shown in Figure 9. 

The overall spectrum is in agreement with those from the literature [79]. First, three main 

peaks are present at ~288, ~405 and ~508 cm-1 and correspond to optical phonons 

associated with Ge-Ge, Ge-Si, and Si-Si vibrations, respectively. These three main modes 

are asymmetric because of the disorder introduced by the alloying that leads to a partial 

lifting of the selection rule and a contribution from the vibrational density of states [79], 

[80]. Using a split Lorentzian function to refine the ratio between left and right full width at 

half maximum, ratio of 1.58 for Si-Si, 1.86 for Ge-Si and 1.50 for Ge-Ge mode were 

measured, respectively. Composition determination from peak positions were reported 

[37], [38]. The most compositionally sensitive peak is the Si-Si. In our sample, it is 
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measured at 508 cm-1 which corresponds to x = 0.19(3) using the method developed in 

Ref. [38]. This value is in perfect agreement with EDX and XRD results (see section II). 

. 

 

Figure 9 – Typical raw (in black) and fitted (in green) Raman spectrum of diamond-
Si0.8Ge0.2 at ambient conditions. Low frequencies zone has been magnified x100. 
Deconvoluted Raman modes are displayed in red. The experimental Raman mode 
positions (purple ticks) are compared to the Raman frequencies obtained by DFT 
simulations (red ticks) of a Si0.75Ge0.25 alloy. 

 

Between the Ge-Si peak (~405 cm-1) and the Si-Si peak (~508 cm-1), three peaks 

measured at ~433 cm-1, ~455 cm-1 and ~481 cm-1 were assigned in the literature to 

peculiar Si–Si local vibrational modes due to fluctuations of the number of Ge atoms in 

the vicinity of those of Si [37], [79]. Another peak at ~375 cm-1 is not much discussed in 

the literature and may arise from a local vibration of an isolated Si atom in a Ge matrix 

[81]. In the low frequency region, a broad feature is observed at ~254 cm-1. This feature is 

often referred to as quasi-amorphous (q-a) because of a correspondence with a similar 

peak reported in amorphous alloys [82]. This mode attribution is still under debate [38], 

[79], [82]. Finally, three very weak peaks in the low frequency region (~197 cm-1, ~142 cm-

1 and ~109 cm-1) are measured and have not been reported in the literature so far.  

All these peaks can be explained in a consistent approach based on DFT simulations as 

detailed in section II. To complete the study of the vibrational properties, the phonons at 

the centre of the Brillouin zone were calculated and the symmetry analysis of the 

eigenvectors for each mode was made in order to identify its possible Raman (R)  or 

infrared (IR) activity. For the ideal diamond structure, the mechanical representation (M) 

of the normal modes at the center of the Brillouin zone is given by M = T2g (R) + T1u (IR) 

with the threefold degenerated T2g mode being Raman active. In silicon, this Raman mode 

is observed at 521 cm-1. However, due to the substitutional disorder, the symmetry is 

partially lost in the alloys, with the appearance of additional modes and a spurious mode 

assignment. The analysis of the disordered alloys for each phase within the framework of 

the band unfolding method can shed light on the real local symmetry of the system and 

the representation of the irreducible modes (see Section II).  
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Figure 10 shows the decomposition of the partial spectral function at the center of the 

Brillouin zone of the disordered Si-Ge alloys for each irreducible representation of the 

space group (diamond structure) that can be Raman active. 

 

Figure 10 - Decomposition of the partial spectral function at Γ point of the Brillouin zone 
of disordered Si0.75Ge0.25 alloy in the diamond structure. The segments below indicate the 
positions of the modes obtained from the real disordered structure. In the upper plots the 
Ge-Ge and Si-Si pairs are represented by blue and red lines, respectively.  

 

The positions of the maxima in the spectral function (Figure 10) are compared with the 

experimental peak positions in Figure 9. The correspondence between the Raman peaks 

and the maxima of the simulated partial spectral function is a validation of the method that 

allows an assignment of all the peaks observed experimentally. By decomposing the 

spectral function into the contributions of each chemical element, we can deduce the 

contributions of the Ge and Si to the vibrations of the modes. All peaks above 400 cm-1 

are mainly related to Si-Si bonds while the peak at 250 cm-1 is mainly assigned to Ge-Ge 

bonds. 

Further evidence that this methodology allows to correctly interpret Raman spectra is 

given by the agreement between simulations and experiments on Si0.8Ge0.2 under 

pressure as developed in the following.  

 

Evolution of Raman spectra upon compression 

To complement XRD investigations, HP Raman spectroscopy experiments were 

conducted on the same alloy. If previous Raman studies have reported the evolution of 

major Si-Si, Ge-Si or Ge-Ge modes during compression [83], to the best of our knowledge, 

there is no data on: i) the weak peaks observed in the Raman spectra of the diamond 

phase (Figure 9); ii) the decompression path; and iii) the vibrational properties of 

metastable phases obtained upon decompression.  

Raman spectra of Si0.8Ge0.2 up to 15.7 GPa are reported in Figure 11a). DFT simulations 

have also been performed over a range of volumes, allowing the theoretical study of the 

pressure evolution of the frequencies of the different modes. It has to be noticed that 

during compression, the evolution of the low-frequency modes at ~197, ~142 and ~109 

cm-1, observed at ambient pressure, could not be followed due to a weak signal. 

Peak positions of the Raman modes of the diamond phase as a function of pressure are 

reported in Figure 11b and compared to those obtained by ab initio simulations. The 
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positions were fitted using a quadratic equation. The parameters for each mode are given 

in Table S3.  

First, the pressure-induced shifts of the three main modes (Si-Si, Si-Ge, Ge-Ge) are in 

good agreement with measurements made by Sui et al. for similar compositions [83]. 

Second, the experimental pressure-dependencies are in good agreement with the DFT 

simulations as shown in Figure 11 (see also Table S3).  

In Figure 11a, one can notice that at pressures above ~14 GPa, only a very weak signal 

from the diamond phase can be measured. The diamond phase transforms to the metallic 

phase as attested by the electrical resistance measurements (Figure 2c). The Raman 

cross section of the metallic phase being very low, the signal loss at 15.7 GPa, in our 

experimental conditions, is a mark of the total disappearance of the diamond phase. 

 

    

Figure 11 - a) Raman spectra of Si0.8Ge0.2 upon compression up to 15.7 GPa showing the 
transition toward a metallic phase around 15.7 GPa. b) Evolution with increasing pressure 
of measured Si0.8Ge0.2 Raman mode positions along with simulated Si0.75Ge0.25 modes 
projected on an ideal cubic diamond structure. The main Si-Si, Si-Ge and Ge-Ge modes 
are highlighted in colour. 

 

Evolution of Raman spectra upon decompression 

Spectra obtained upon decompression are presented in Figure 12. During 

decompression, special attention was paid to reducing the laser power to 0.2 mW at the 

entrance of the objective to minimize sample heating. The exposure time was therefore 

increased to several hours. During decompression, no significant signal is measured down 

to ~9.2 GPa, a pressure at which a new spectrum appears. This transition pressure agrees 

with the β → r8 transition observed by XRD at 10.2 GPa (Figure 5). This spectrum is 

complex and made of several broad peaks. The main features are: a broad band made of 

at least two peaks and centered at 310 cm-1 and a second band composed of 2-3 peaks 

and centered at 400 cm-1. Additional peaks at 150 cm-1, 450 cm-1 and 550 cm-1 are 

observed. Except for pressure-induced Raman shifts, this new spectrum remains 

unchanged down to ~3.2 GPa. The pressure-dependencies of the Raman peaks are 

shown in Figure 12b.  
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At 0.2 GPa, the spectrum shows new features in addition to reminiscent peaks due to the 

r8 phase. These new features can be attributed to the bc8-Si phase with peaks at 350 cm-

1, bands in the range [400-460 cm-1] and the absence of peaks above 480 cm-1. These 

features are consistent with those of the bc8-Si [74]. This result indicates that the alloy 

Si0.8Ge0.2 follows a similar transition path to Si, even in the metastable regime.  

The partial spectral functions for r8- and bc8-Si0.8Ge0.2 at ambient pressure has been 

simulated (Figure S5). The number of the simulated modes is important. Some of the 

maxima of the curve coincide with the measured frequencies. The direct assignment is 

difficult because of the phase coexistence and because the relation between the partial 

spectral function and the Raman spectra requires consideration of the light-vibration 

coupling coefficient C(ω), which has an effect on the scattering light. This explains the 

discrepancies sometimes observed between intensities of simulated modes and 

experimental data obtained by light scattering [84]. 

In summary, the sequence of phase transformations under decompression is similar to 

what observed by XRD, i.e., the phase transition sequence β → r8 → r8+bc8. The absence 

of strong (Si-Si) mode at 508 cm-1 indicates that no diamond phase is present during 

decompression.  

    
 

Figure. 12 - (a) Raman spectra of Si0.8Ge0.2 sample as a function of pressure during 
decompression. From 15.7 GPa to ~9.2 GPa, no significant signal is measured and 
therefore not reported. A new Raman spectrum starts to appear at 9.2 GPa. Green and 
blue arrows indicate the appearance of the main r8 and bc8 peaks, respectively. (b) 
Raman frequencies observed in decompression as a function of pressure. 

 

 

Conclusion  

Si0.8Ge0.2 alloy has been studied during a pressure cycle. At ambient pressure, the global 

cubic symmetry is preserved but substitutional disorder strongly modifies the Raman 

spectra with several additional observed peaks. They can be interpreted using DFT 

simulations and the band-unfolding method. The experimental pressure-dependencies of 

the Raman modes are also well reproduced.  

By in situ HP XRD experiments we found that the bulk modulus of the Si0.8Ge0.2 diamond 

phase linearly scales with the composition. A pressure-induced phase transition towards 
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a metallic phase with the β-tin structure is observed with an extended phase coexistence 

range centered around 12 GPa. The transition towards the β-tin structure can be triggered 

by isobaric heat treatment.  

On decompression, a transition pathway β→r8→r8+bc8 is observed. These metastable 

phases and this phase transition sequence are similar to those observed in pure silicon. 

The relative stability of these phases is consistent with DFT simulations. The structural 

and elastic properties of the r8-phase are also a weighted average between those of Si 

and Ge. 

In conclusion, this work provides an extensive characterization of the Si0.8Ge0.2 alloy during 

pressure cycle. The metastable regime has been accurately investigated for the first time 

by complementary in situ techniques. The complex Raman spectrum can be now 

interpreted in a unified manner. Importantly, we provide insights into how to ensure a 

complete transition to the metallic phase in a large volume press using moderate 

temperatures, opening up pathway for synthesizing large quantity of metastable phases. 

This could lead to easier characterisations of the recovered sample using ex-situ 

characterization techniques and potentially to the scaling up of the metastable phase for 

various applications. 
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