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We investigated the high-pressure phase transformation of a Si0.29Ge0.71 alloy grown by a 

traveling liquidus-zone (TLZ) method. The TLZ-grown Si0.29Ge0.71 alloy was subjected to high 

pressures of up to ~15 GPa using a diamond anvil cell. In situ synchrotron X-ray diffraction 

(XRD) and micro-Raman measurements revealed the appearance of a tetragonal β-Sn phase at 

12.1 GPa. A weakened residual diamond-cubic (dc) diffraction peak together with dominant β-

Sn peaks was present at 15.2 GPa. Upon depressurization, a metastable rhombohedral r8 phase 

appeared at 8.4 GPa. When depressurized to ambient pressure, the XRD profile showed an 

almost body-centered-cubic bc8 phase with residual weak r8 and dc diffraction peaks. No 

appreciable Raman peaks were observed upon depressurization down to 4.1 GPa, but weak 

peaks appeared at ~283 cm−1 and ~396 cm−1 at ambient pressure. Theoretical calculations based 

on density functional perturbation theory indicated that the observed peaks were not related to 

bc8, but rather to hexagonal diamond (hd). These results indicate that a bc8 → hd phase 

transformation was induced by laser heating during the Raman measurement. 

 

a)Authors to whom correspondence should be addressed: ikoma@zaiko.kyushu-u.ac.jp and 

eunae.choi@kims.re.kr 
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Group IV semiconductor allotropes have attracted much attention because they are 

expected to exhibit interesting physical properties that cannot be achieved in a diamond-cubic 

(dc) crystal structure.1,2 The allotropes of Si and Ge are obtained through phase transformations 

under high pressure.3 When Si and Ge crystals are subjected to high pressure, Si-I/Ge-I with 

the dc structure transforms to a tetragonal (β-Sn) Si-II/Ge-II phase. The pressure of the Si-I → 

Si-II phase transformation is at ~10 GPa under hydrostatic conditions,3 but it decreases to 0.3 

GPa under plastic strain for Si nanoparticles with a size of 100 nm.4 Upon depressurization, Si-

II and Ge-II transform to metastable Si-III (bc8) through Si-XII (r8), and Ge-III (st12) which 

does not further transform to bc8-Ge, respectively.3 Since Si-III, Si-XII, and Ge-III have 

different bandgaps of 30 meV,5 0.24 eV,6 and 0.59 eV,7 respectively, the metastable phases of 

SiGe alloys can cover a wider range of bandgaps. 

The dc-SiGe alloys have been used in strained Si channel metal-oxide-semiconductor 

field-effect transistors,8 quantum wells using Si/SiGe/Si heterostructures,9 and thermoelectric 

devices.10 The dc-Si1−xGex alloys exhibit an indirect bandgap ranging from 0.66 to 1.12 eV with 

Ge atomic composition x,11 while a direct bandgap can be realized in a hexagonal structure for 

x > 0.65.12 The high-pressure phase transformation of SiGe alloys has been studied both 

experimentally13 and theoretically.14–17 Recently, Serghiou et al.18 reported the formation of 

metastable bc8/st12 phases of SiGe alloys obtained via a high-pressure and high-temperature 

process utilizing a multianvil system. They also reported the synthesis of hexagonal SiGe alloys 

using multianvil and laser-heated diamond anvil cell methods.19 High pressure phase 

transformation and formation of bc8/r8 phases of Si0.8Ge0.2 were reported by Gerin et al.20 The 

formation of bc8-Si0.5Ge0.5 was achieved by severe plastic deformation using high-pressure 

torsion.21 A theoretical study predicts that st12-Si1−xGex exhibits a direct bandgap when x ≈ 

0.84.22 However, the detailed phase transformations and the formation of metastable phases in 

SiGe alloys are not yet fully understood. In this study, we investigated the high-pressure phase 

transformation of a Si0.29Ge0.71 alloy using synchrotron X-ray diffraction (XRD) and micro-

Raman measurements using a diamond anvil cell (DAC). 
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The Si0.29Ge0.71 alloy crystal was prepared by the traveling liquidus-zone method 

(TLZ).23 The bulk-polycrystalline Si0.29Ge0.71 piece was characterized by Raman spectroscopy 

(micro-Raman system HR 800, HORIBA) using a semiconductor laser at a wavelength of 488 

nm and a laser output power of 10 mW. The alloy crystal was crushed into a powder in a mortar, 

and then placed in a DAC with a stainless gasket. The culet size of the diamond anvils was 0.5 

mm. Helium was used as a pressure-transmitting medium to achieve nearly hydrostatic 

conditions. The high-pressure DAC experiments were performed at BL10XU of SPring-8, 

where XRD profiles and micro-Raman spectra can be obtained simultaneously.24 The 

wavelengths of XRD and micro-Raman measurements were set at 0.0414 nm and 532 nm, 

respectively. The laser power was set to 5–8 mW for the micro-Raman measurements. The X-

ray beam was collimated to a diameter of 60 μm. The DAC was remotely pressurized and 

depressurized by a gas-driven membrane. Pressurization and depressurization were performed 

incrementally while holding at each pressure. During each holding period, a Raman 

measurement was taken first, followed by an XRD profile. The pressure was determined by 

conventional ruby fluorescence measurements.25 All the DAC experiments and measurements 

were carried out at room temperature. The diffraction patterns obtained by a flat-panel detector 

were converted into one-dimensional profiles using IPAnalyzer.26 The changes in lattice 

constants and cell volumes were determined by PDIndexer26 and Le Bail analysis on the 

Jana2006 software.27 To provide a deeper understanding of the experimental results, we 

performed first-principles calculations of the zone-center phonon frequencies for the r8, bc8, 

and 2H hexagonal diamond (hd) phases of Si0.3Ge0.7, with the Ge concentration comparable to 

that used in this study. These calculations were carried out using the density functional 

perturbation theory (DFPT) within the Vienna Ab-Initio Simulation Package (VASP).28,29 The 

Perdew–Burke–Ernzerhof exchange correlation functional (PBE-GGA)30 and the projector 

augmented wave (PAW) method31,32 were employed. The Si and Ge pseudopotentials included 

Si 3s23p2 and Ge 4s24p2 as their respective valence electrons. A wavefunction energy cutoff of 

300 eV was applied. The convergence criteria for electronic self-consistency and structural 
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relaxation were set to 10−8 eV and 10−4 eV/Å, respectively. Alloying effects were considered 

using the special quasi-random structure (SQS),33 generated through Monte Carlo samplings 

within the Advanced Theoretical Alloy Toolkit (ATAT-mcsqs).34 The structural and atomic 

relaxations were performed on an 80-atom SQS cell, with 6×3×2 and 5×5×1 Monkhorst-Pack 

(MP)35 k-meshes applied to the r8-Si0.3Ge0.7 phase at 5.6 GPa, and bc8- and hd-Si0.3Ge0.7 phases 

at ambient pressure, respectively. The cell volume was fixed at 18.5 Å3/atom for r8-Si0.3Ge0.7 

based on the lattice constant shown in the supplementary material (Fig. S1). The cell volumes 

for bc8-Si0.3Ge0.7 and hd-Si0.3Ge0.7 were fixed at 20.0 Å3/atom and 21.7 Å3/atom, respectively, 

in accordance with Vegard’s law,36 based on the experimental lattice parameters of bc8-Si, bc8-

Ge, hd(2H)-Si, and hd(2H)-Ge.5,37–39
 

Figures 1(a) and 1(b) show the XRD profile of the Si0.29Ge0.71 powder and the Raman 

spectrum of the bulk-crystal Si0.29Ge0.71 sample, respectively, at atmospheric pressure. The 

diffraction peaks in Fig. 1(a) correspond to the dc structure with a lattice constant of 0.5586 nm, 

which is in good agreement with that reported by Dismukes et al.40,41 The Raman peaks in Fig. 

1(b) at 293, 406, and 474 cm−1 correspond to Ge–Ge, Si–Ge, and Si–Si Raman peaks with the 

dc structure for x ~ 0.7.42,43 Some weak peaks at 420–470 cm−1 are associated with local 

vibrational modes (LVM) in Ge-rich SiGe alloys.44
 

Figures 2(a) and 2(b) show the changes in the XRD profiles and Raman spectra, 

respectively, of the Si0.29Ge0.71 powder upon pressurization. The XRD profiles in Fig. 2(a) show 

that the diffraction peaks corresponding to the dc structure shift to higher diffraction angles as 

the pressure increases. The Raman peaks in Fig. 2(b) corresponding to the Ge–Ge and Si–Ge 

modes are also shifted to higher wavenumbers. Weak diffraction peaks at 2θ ~ 9.8° and 10.1° 

corresponding to a β-Sn structure and the diffraction peaks with the dc structure coexist when 

the pressure increases to 12.1 GPa, as shown in Fig. 2(a). The intensities of the diffraction peaks 

corresponding to β-Sn and dc structures increase and decrease, respectively, with increasing 

pressure. A weakened residual dc peak at ~7.7° together with dominant β-Sn peaks is present 

at 15.2 GPa. The coexistence of dc and β-Sn phases during pressurization in Fig. 2 is similar to 
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the case of Si, Ge (Ref. 3), and SiGe alloys.13,20 The phase transformation pressure from dc to 

β-Sn of the Si0.29Ge0.71 alloy (~12 GPa) shown in Fig. 2 is higher than that of pure Si and Ge. 

The pressure of dc → β-Sn phase transformation of Si1−xGex alloys has nonlinear dependence 

on the concentration, because the disordered atomic arrangements in the solid solution SiGe 

alloys favors the stability of the dc structure.13,14
 

Figure 3 shows the fitting curve of a second-order Birch-Murnaghan (BM2) equation 

of state45 for relative volume changes of the dc phase. The bulk modulus K obtained from BM2 

is 82.4(3) GPa. The obtained K value follows a linear relationship between that of Si (~100 

GPa)46,47 and Ge (~75 GPa),48 and is lower than that of Si0.8Ge0.2 (92 GPa).20
 

Figures 4(a) and 4(b) show the XRD and Raman spectra upon depressurization, 

respectively. The residual dc peak at ~7.7° and intense β-Sn peaks are present at 15.4 GPa, as 

shown in Fig. 4(a). The β-Sn diffraction peaks become weak and shift to lower diffraction 

angles with decreasing pressure. New diffraction peaks corresponding to rhombohedral r8 

appear at 8.4 GPa. The changes in the lattice constants of the r8 phase is shown in the 

supplementary material (Fig. S1). When depressurized to ambient pressure, the XRD profile 

includes bc8 and residual r8 and dc peaks. The lattice constant of the bc8 phase at ambient 

pressure is estimated to be 0.684 nm, which is in good agreement with that of bc8-Si0.3Ge0.7 

(0.6843 nm), calculated using Vegard’s law based on 0.6636 nm and 0.6932 nm for bc8-Si and 

bc8-Ge, respectively.37 The estimated lattice constant of the r8 phase at ambient pressure also 

closely follows Vegard’s law, as shown in the supplementary material (Fig. S2). No appreciable 

Raman peak is observed up to 3.1 GPa as shown in Fig. 4(b). A weak Raman peak at ~300 cm−1 

appears as the pressure decreases down to 3.1 GPa, and weak broad peaks centered at ~283 

cm−1 and ~396 cm−1 are present at ambient pressure. 

Figure 5(a) shows the DFPT calculations of the Raman-active mode frequencies for 

the r8-Si0.3Ge0.7 phase at 5.6 GPa. The Raman spectra of the r8 structure is expected to exhibit 

significantly broader features spanning a wide frequency range. The Raman frequencies of bc8- 

and hd-Si0.3Ge0.7 at ambient pressure, as calculated using DFPT, are presented in Fig. 5(b) and 
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compared with the experimental Raman peak positions extracted from Fig. 4(b). For bc8-

Si0.3Ge0.7, a significant number of Raman modes are present at around 235, 270, 330, and 365 

cm−1, which differ notably from the experimental peaks at ~283 and ~396 cm−1 under ambient 

pressure. In contrast, the theoretical Raman modes for hd-Si0.3Ge0.7 are primarily located around 

280 and 400 cm−1, reasonably matching the experimental results. To facilitate a more accurate 

comparison between the experimental data and the theoretical calculations, we also calculated 

the Raman intensity for hd-Si0.3Ge0.7 as shown in Fig. 5(c). The maxima of the Raman spectrum 

were calculated at 285 and 396 cm−1, which align well with the experimentally observed peaks 

at ~283 and ~396 cm−1. 

As shown in Figs. 4(b), 5(b), and 5(c), the experimental and theoretical Raman peak 

positions corresponding to the hd phase are incompatible with the presence of the bc8 phase, as 

indicated by the XRD profile in Fig. 4(a). The observed discrepancy indicates that the bc8 → 

hd phase transformation occurred during the Raman measurement. The phase transformation 

from bc8 to hd is often observed by annealing at ~200 °C in the case of Si.49–51 The bc8-Ge 

phase is unstable at ambient pressure and transforms to hd-Ge at room temperature.37 These 

results indicate that bc8-Si0.29Ge0.71 easily transforms to the hd phase due to laser heating. No 

appreciable diffraction peaks of the hd phase in Fig. 4(a) can be attributed to the fact that the 

area transformed from bc8 to hd by laser heating during micro-Raman measurements is ~50 

μm2, whereas the area in the XRD measurements is ~2.8 × 103 μm2. The Raman peak 

corresponding to the r8 phase was not clearly observed during depressurization in Fig. 4(b), 

which is likely due to severe peak broadening that rendered it undetectable within the spectral 

resolution. This broadening can be attributed to several factors. First, a SiGe alloy system 

introduces significant atomic-scale disorder due to the random substitution of Si and Ge atoms. 

This random atomic arrangement disrupts the periodic lattice potential and results in a 

distribution of local bonding environments, leading to a natural broadening of phonon modes. 

The Raman-active mode frequencies of r8 shown in Fig. 5(a) is a strong indication of increased 

structural disorder in the r8-Si0.3Ge0.7 phase. The pair distribution function analysis in the 
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supplementary material (Fig. S3 and Table S1) also confirms that r8-Si0.3Ge0.7 phase is the most 

disordered among the three phases. Second, the coexistence of the metallic β-Sn phase may 

have introduced electronic screening and optical absorption effects, thereby reducing the 

scattering efficiency and distorting the vibrational response of nearby r8 regions. Third, the 

effect of laser heating cannot be ignored. Localized heating during Raman measurements could 

have induced partial phase transitions or further disorder, exacerbating the broadening of the 

Raman peaks. High-pressure conditions combined with laser-induced temperature rise may 

have driven transitions from the r8 phase to other metastable or disordered phases, overlapping 

with the original Raman features and further complicating the spectrum.  

In summary, we investigated the high-pressure phase transformation of the Si0.29Ge0.71 

alloy. In situ synchrotron XRD and micro-Raman measurements revealed that the dc → β-Sn 

phase transformation occurred at 12.1 GPa, and the β-Sn single phase was obtained at 15.2 GPa. 

Upon depressurization, the r8 phase appeared at 8.4 GPa. When depressurized to ambient 

pressure, bc8 and residual r8 and dc phases are present. No appreciable Raman peak was 

observed up to 4.1 GPa, but weak Raman peaks appeared at ~283 cm−1 and ~396 cm−1 at 

ambient pressure. First-principles calculations using DFPT showed that these observed peaks 

were not related to bc8 but rather to hd, indicating that the bc8 → hd phase transformation was 

induced by laser heating during the Raman measurement. 

 

See the supplementary material for changes in the lattice constant of the r8 phase upon 

depressurization, changes in the lattice constant of the r8 phase at ambient pressure, the pair 

distribution functions of the r8, bc8, and hd-Si0.3Ge0.7 phases calculated from atomic structures 

relaxed at fixed experimental volumes using 80-atom SQS cells, and the first peak positions of 

the total and partial pair distribution functions for the r8, bc8, and hd-Si0.3Ge0.7 phases. 
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Figure captions 

 

FIG. 1.   (a) Le Bail–refined XRD profile of Si0.29Ge0.71 powder at atmospheric pressure. Red 

circles and the black line correspond to the observed and calculated patterns, respectively. The 

blue line shows the difference between the observed and calculated patterns. Green ticks 

indicate theoretical Bragg positions. (b) Raman spectrum of a bulk-crystal Si0.29Ge0.71 sample 

at atmospheric pressure. 

 

FIG. 2. Changes in (a) XRD profiles and (b) Raman spectra of Si0.29Ge0.71 powder upon 

pressurization. 

 

FIG. 3. Fitting curve of the second-order Birch-Murnaghan (BM2) equation of state model for 

relative volume changes of the dc phase. V0 is the unit cell volume of the dc phase at 

atmospheric pressure. 

 

FIG. 4. Changes in (a) XRD profiles and (b) Raman spectra of Si0.29Ge0.71 powder upon 

depressurization. 

 

FIG. 5. DFPT calculations of the Raman-active mode frequencies for (a) the r8-Si0.3Ge0.7 

phase at 5.6 GPa and (b) the bc8- and hd-Si0.3Ge0.7 phases at ambient pressure. (c) Raman 

spectrum calculated for the hd-Si0.3Ge0.7 phase at ambient pressure. The colored bars in (b) and 

(c) represent the experimentally observed Raman peak positions. 
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FIG. 1.   (a) Le Bail–refined XRD profile of Si0.29Ge0.71 powder at atmospheric pressure. Red 
circles and the black line correspond to the observed and calculated patterns, respectively. The 
blue line shows the difference between the observed and calculated patterns. Green ticks 
indicate theoretical Bragg positions. (b) Raman spectrum of a bulk-crystal Si0.29Ge0.71 sample 
at atmospheric pressure. 
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FIG. 2. Changes in (a) XRD profiles and (b) Raman spectra of Si0.29Ge0.71 powder upon 
pressurization. 
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FIG. 3. Fitting curve of the second-order Birch-Murnaghan (BM2) equation of state model for 
relative volume changes of the dc phase. V0 is the unit cell volume of the dc phase at 
atmospheric pressure. 

T
hi

s 
is

 th
e 

au
th

or
’s

 p
ee

r 
re

vi
ew

ed
, a

cc
ep

te
d 

m
an

us
cr

ip
t. 

H
ow

ev
er

, t
he

 o
nl

in
e 

ve
rs

io
n 

of
 r

ec
or

d 
w

ill
 b

e 
di

ffe
re

nt
 fr

om
 th

is
 v

er
si

on
 o

nc
e 

it 
ha

s 
be

en
 c

op
ye

di
te

d 
an

d 
ty

pe
se

t.

P
L

E
A

S
E

 C
IT

E
 T

H
IS

 A
R

T
IC

L
E

 A
S

 D
O

I:
 1

0
.1

0
6
3
/5

.0
2
8
1
7
4
7



 
16 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIG. 4. Changes in (a) XRD profiles and (b) Raman spectra of Si0.29Ge0.71 powder upon 
depressurization. 
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FIG. 5. DFPT calculations of the Raman-active mode frequencies for (a) the r8-Si0.3Ge0.7 
phase at 5.6 GPa and (b) the bc8- and hd-Si0.3Ge0.7 phases at ambient pressure. (c) Raman 
spectrum calculated for the hd-Si0.3Ge0.7 phase at ambient pressure. The colored bars in (b) and 
(c) represent the experimentally observed Raman peak positions. 
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