
This is the accepted manuscript made available via CHORUS. The article has been
published as:

Pressure-induced transformations in amorphous Si-Ge alloy
F. Coppari, A. Polian, N. Menguy, A. Trapananti, A. Congeduti, M. Newville, V. B.

Prakapenka, Y. Choi, E. Principi, and A. Di Cicco
Phys. Rev. B 85, 045201 — Published  5 January 2012

DOI: 10.1103/PhysRevB.85.045201

http://dx.doi.org/10.1103/PhysRevB.85.045201


BY11225

REVIE
W

 C
OPY

NOT F
OR D

IS
TRIB

UTIO
N

Pressure-induced transformations in amorphous SiGe alloy

F. Coppari1,∗, A. Polian1, N. Menguy1, A. Trapananti2, A. Congeduti3, M.

Newville4, V. B. Prakapenka4, Y. Choi4, E. Principi5,6 and A. Di Cicco1,5
1 IMPMC-CNRS UMR 7590, Université P.et M. Curie, 4 pl. Jussieu, 75005 Paris France.

2 CNR, Istituto Officina dei Materiali - OGG Grenoble c/o ESRF BP 220,
6 Rue Jules Horowitz F-38043 Grenoble Cedex, France.

3Synchrotron Soleil, L’Orme des Merisiers, St. Aubin 91192 Gif s/Yvette, France.
4Center for Advanced Radiation Sources, University of Chicago, Chicago, Illinois 60637, USA
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The pressure behavior of an amorphous Si-rich SiGe alloy (a-SixGe1−x, x=0.75) has been investi-
gated up to about 30 GPa, by a combination of Raman spectroscopy, x-ray absorption spectroscopy
and x-ray diffraction measurements. The trends of microscopic structural properties and of the
Raman-active phonon modes are presented in the whole pressure range. Nucleation of nanocrys-
talline alloy particles and metallization have been observed above 12 GPa, with a range of about
2 GPa of coexistence of amorphous and crystalline phases. Transformations from the amorphous
tetrahedral, to the crystalline tetragonal (β-Sn) and to the simple hexagonal structures have been
observed around 13.8 GPa and 21.8 GPa. The recovered sample upon depressurization, below about
4 GPa, shows a local structure similar to the as-deposited one. Inhomogeneities of the amorphous
texture at the nanometric scale, probed by high resolution transmission electron microscopy, indi-
cate that the recovered amorphous sample has a different ordering at this scale, and therefore the
transformations can not be considered fully reversible. The role of disordered grain boundaries at
high pressure and the possible presence of a high-density amorphous phase are discussed.

PACS numbers: 61.43.Dq,64.70.kg,78.30.Ly,78.70.Ck,78.70.Dm

I. INTRODUCTION

The study of amorphous semiconductors is of great
relevance for both applied and theoretical physics. They
are among the main constituents of electronic devices
and photovoltaic cells and a deep understanding of their
structure is essential. A detailed knowledge of their
structure is also important for a complete interpreta-
tion of their physical and chemical properties, especially
when structural modifications induced by the applica-
tion of an external pressure occur. Disordered mat-
ter under extreme conditions of pressure and temper-
ature can exhibit structural changes whose nature is
not completely understood. An external pressuriza-
tion can result in the atomic rearrangement into crys-
talline and nano-crystalline structures (pressure-induced
crystallization,1–4), thus opening the way to the study
of new phases and metastable states. Compressed amor-
phous materials also show complex transformation dur-
ing the pressure release, including the stabilization of new
crystalline structures as well as the recover of the initial
amorphous one5–8. One of the most debated phenom-
ena, postulated and sometimes observed in glassy and
amorphous materials (especially those characterized by
an open environment at ambient conditions), is the oc-
currence of “polyamorphism”, that is the existence of
different forms for the same amorphous material, usu-
ally characterized by different densities, atomic struc-
tures and/or physical properties (9,10 and ref. therein).
Stimulated by previous results on a-Si (11 and ref.

therein) and a-Ge (12 and ref. therein), showing the

occurrence of dense disordered phases at high pressure,
we have performed a detailed study of the pressure be-
havior of a Si-rich amorphous SixGe1−x alloy (x=0.75),
that can be considered a prototypical binary system for
IV group semiconductors. Raman spectroscopy measure-
ments were combined with X-ray techniques to provide a
complete scenario of the transformations occurring in this
system during compression up to 30 GPa and decompres-
sion down to ambient conditions. Solid-solid transitions
associated with the metallization of the alloy have been
detected and nanocrystalline phases have been grown
upon pressurization. Reamorphization was observed dur-
ing the unloading.
This manuscript is organized as follows: in Sec. II a de-

scription of the sample preparation and its preliminary
characterization will be given, together with details of
the experimental techniques. A comprehensive discus-
sion of the experimental results will follow in Sec. III.
Concluding remarks will be given in Sec. IV.

II. EXPERIMENTAL TECHNIQUES

The Si-rich amorphous SiGe alloy was prepared as film
using a Molecular Beam Epitaxy (MBE) apparatus, in
order to control the stoichiometry during the growth.
Evaporation was done over a common SiO2 glass sub-
strate at about 0.2 nm/s growth rate. An alloy with Si
content of about 75% was prepared so to have a good
balance among Raman signals associated with the Ge-
Ge, Si-Ge and Si-Si bond vibrations and a reasonable
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FIG. 1: High resolution TEM image (a) and electron diffrac-
tion pattern (b) of as deposited a-SiGe (peeled off the sub-
strate of deposition). The broad halo pattern is typical of
amorphous materials.

absorption jump for XAS measurements at the Ge K-
edge (transmission mode). The deposited amorphous
film (about 300 nm thick) was obtained keeping the sub-
strate temperature at about 80◦C and resulted in a pow-
der once peeled off from the substrate.
All the preliminary characterizations and measure-

ments described in this work were done on the sample
after removal from the substrate of deposition. A needle
was used to peel the sample off the substrate.
A preliminary TEM analysis of the film was performed

at IMPMC (Paris) using a JEOL 2100F microscope op-
erating at 200 kV accelerating voltage, equipped with a
field emission gun, a ultra high resolution (UHR) pole
piece and a Gatan US4000 CCD camera. TEM analysis
allowed to collect images of the sample down to about 0.2
nm resolution as well as electron diffraction (ED) pat-
terns, reveling that the deposited film is homogeneous
and amorphous (as shown by the high resolution TEM
image and the halo ED pattern typical of amorphous ma-
terials in Fig. 1).
All the experiments at high pressure were performed

using a 400 µm culets membrane diamond anvil cell
(mDAC)13,14.
Micro-Raman spectra as a function of pressure were

collected using a T64000 spectrometer and a Ar+ laser
(λ=514.5 nm) with spot size ∼2 µm. Laser power
was about 100 mW onto the sample and a Mitutoyo
x20 objective was used. Two sets of measurements
were collected in order to check the reproducibility of
the observed transformations and the absence of spa-
tial dishomogeneities. After removal from the substrate,
a small amount of sample was loaded inside the gasket
hole, on top of a thin NaCl layer as pressure transmitting
medium.
Two sets of combined XAS and XRD measurements

were collected up to about 30 GPa. Energy-dispersive
XAS spectra were recorded at ODE beamline (Soleil
Synchrotron), exploiting an upgraded setup for com-
bined XAS/XRD acquisition15. X-ray absorption was
measured in transmission mode at the Ge K-edge
(11.103 keV) and the incident wavelength for diffrac-

tion was λ=1.118 Å. Also energy-scanning XAS mea-
surements (Ge K-edge) were performed at the GSE-
CARS (GeoSoilEnviroCARS) sector at Advanced Pho-
ton Source (APS), Argonne National Laboratory, taking
advantage of a new setup available at 13-BMD Station,
suitable for high-pressure measurements with diamond
anvil cells16. Diffraction patterns were also collected us-
ing a MAR345 Image Plate detector and an incident
wavelength of λ=0.62 Å. Beam sizes were about 45×45
µm2 and 15×15 µm2 in the two beamlines, respectively.
A stainless steel gasket was preindented to about 40 µm
and a 150 µm hole was drilled and completely filled with
sample, to ensure enough x-ray absorption at the Ge K-
edge in our silicon-rich alloy. Different pressure transmit-
ting media and pressure gauges were used in the two set
of measurements: silicone oil and a small ruby chip were
loaded in the first case, while Ne and a small gold grain
were used in the second one. Non-hydrostatic effects due
to the use of NaCl as pressure transmitting medium can
be neglected, as confirmed by the consistency of results
obtained in different experiments where different media
(including Ne) were used (see next section).

III. RESULTS AND DISCUSSION

A. Nucleation of crystalline phases by Raman

scattering and XRD

Raman spectra at selected pressures are shown in
Fig. 2. The three main bands characterizing the ambient
pressure Raman pattern of the Si-Ge alloy (due to Ge-Ge,
Si-Ge and Si-Si optical stretching modes of vibration17)
show a shift to higher frequencies up to 13.8 GPa, where
a new weak band around 400 cm−1 is observed. The
corresponding peak position versus pressure are reported
in Fig. 3. Red crosses and blue stars (corresponding to
two sets of measurements) are associated with the amor-
phous state, while magenta squares correspond to the
Raman shift of the band observed above 13.8 GPa. Its
Raman shift versus pressure is consistent with the TO
vibrational mode of the Si-Si pair in the metallic β-Sn
structure, whose Raman shift is also reported for com-
parison in Fig. 3 (black diamonds, from18). According
to our Raman spectroscopy measurements, amorphous
SiGe transforms to a crystalline phase consistent with
the β-Sn structure starting from 13.8 GPa. Looking at
Fig. 3 one can observe a softening of the Raman modes of
the amorphous structure around 12 GPa, which can be
interpreted as a transformation to a denser amorphous
structure (HDA) just before the crystallization.
Diffraction patterns have been collected up to 29.0 GPa

and a selection is reported in Fig. 4. Patterns up to 10.7
GPa (black solid curves) correspond to the amorphous
phase, as can be observed by the broad band around
2θ ∼11◦ corresponding to the first peak of the S(q) for
this system. The sharp Bragg peaks come from gold,
used as pressure calibrant, tungsten (due to a possible
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FIG. 2: (Color online) Raman patterns or the low-pressure
amorphous state up to 11.8 GPa (red curves) and high-
pressure phases (above 13.8 GPa, green curves). The inset
shows ambient pressure spectra collected before (red line or
light gray in the printed version) and after (black crosses)
compression.

contamination of the sample by the tungsten needle used
for DAC loading) and the stainless steel gasket (indicated
by the label “G”). Starting from 7.2 GPa sharp peaks
from Ne used as pressure transmitting medium are also
visible.

In the pattern collected at 12.7 GPa (black dashed line)
the broad band characteristic of the amorphous state is
less intense and Bragg peaks associated with the crys-
talline tetragonal phase are observed, indicating the on-
set of crystallization. The coexistence of crystalline and
amorphous grains at this pressure is not in contrast with
the possible presence of higher-density amorphous do-
mains. Unfortunately a quantitative study of the amor-
phous component is not possible on the basis of this work.

The pressure value for the amorphous-to-crystalline
transition obtained in the present study is in fair agree-
ment with data available in literature19,20. In the crys-
talline phase peaks from the alloy are the doublets around

FIG. 3: (Color online) Raman shift versus pressure. The three
modes of the amorphous alloy are indicated by red crosses
and blue stars (two different sets of measurements). Magenta
squares indicate the frequency of the high pressure band. For
comparison also the Si-Si TO mode of the β-Sn structure of
pure Si is reported (black diamond18).

2θ ∼ 15◦ and 2θ ∼ 22◦, which have been assigned to
the (200), (101), (220) and (211) reflections of the β-Sn
tetragonal structure (red curve), called SiGeII in analogy
with the nomenclature used for pure Si and Ge.
Between 18.5 and 20.1 GPa the structure is compatible

with both the simple hexagonal (SH) and the orthorhom-
bic (Imma) one (green curve). Starting from 21.8 GPa
the first Bragg peak shows a shift to lower angles as a
function of increasing pressure and the second doublet
transforms into a single peak. In this phase the struc-
ture of the sample is consistent with SH ((001), (100)
and (101) reflections, blue patterns). In analogy with
the nomenclature used for the hexagonal phase of pure
Si21, we call this phase SiGeV.
The values of the lattice parameters obtained by fitting

the diffraction patterns in the 17-30 GPa pressure range
are reported in Fig. 5, lower panels. Red diamonds cor-
respond to β-Sn, green squares refer to the Imma phase
and blue crosses are used for the simple hexagonal.
In the upper panel the volume/atom in the unit cell

as a function of pressure is also reported. The continu-
ous decrease of the volume upon compression (regardless
the Imma structure is considered or not) suggests that
our SiGe alloy undergoes a continuous β-Sn-to-SH phase
transition.
Looking at the diffraction patterns associated with the

crystalline phases of SiGe (patterns above 17.2 GPa in
Fig. 4) one can also observe that the width of the Bragg
peaks related to the alloy, is always broader (typical full
widths at half maximum are 0.2◦) than that obtained
for other substances contained in the sample environ-
ment (0.06◦ for Au used as the pressure marker, 0.04◦
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FIG. 4: (Color online) Diffraction patterns upon pressuriza-
tion up to 29.0 GPa. The amorphous structure is observed up
to 10.7 GPa (black patterns). Crystallization into the β-Sn
phase starts at 12.7 GPa (dashed line) and goes on by fur-
ther compression (red pattern at 17.2 GPa). Between 18.5
and 20.1 GPa patterns are compatible with both the simple
hexagonal and the orthorhombic (Imma) structure (green).
From 21.8 GPa the simple hexagonal structure is obtained
(blue). Spurious peaks from the gasket (“G”), gold, tungsten
and neon are also visible (see text).

for Ne, pressure transmitting medium). The peak width
is related to the average size of the crystalline grains22.
Standard approaches for the determination of crystallite
sizes can be found in the literature and are based on the
Scherrer’s equation (23,24). By application of these meth-
ods to our XRD patterns we have estimated crystalline
sizes of the order of 6(2) nm in the pressure range 17-30
GPa. This result is consistent with typical grain sizes
deduced by inhomogeneities observed in the recovered
sample, as will be further discussed in Sec. III C. The
nanocrystalline nature of SiGe grown under pressure can
play a role in the behavior of our sample under depres-
surization, as will be further discussed in the following.

FIG. 5: (Color online) Lattice parameters and of vol-
ume/atom in the unit cell of the crystalline phases obtained
upon pressurization. Red diamonds are associated with the β-
Sn structure, green squares with the orthorhombic Imma and
blue crosses with the simple hexagonal. The smooth decrease
of the volume across the phase transitions suggests that they
are continuous.

B. XAS analysis: edge shift and local structure

The amorphous-to-crystalline transition is accompa-
nied by the metallization of the amorphous alloy. A shift
of the Ge K-edge of about 0.5 eV toward lower ener-
gies has been observed by XAS measurements (in both
energy-dispersive15 and scanning-energy setups) around
13.9 GPa.
In Fig. 6 the absorption edge position versus pressure

obtained in both sets of XAS measurements (squares and
circles correspond to GSECARS and ODE data, respec-
tively) is reported. The transition from four-fold (amor-
phous) to six-fold (β-Sn) coordination and from six-fold
to eight-fold (simple hexagonal) coordination are associ-
ated with a shift of the edge towards lower energies of
about 0.5 eV each (open symbols). This is simply inter-
preted as due to the closure of the semiconducting gap in-
duced by the application of an external pressure25, result-
ing in a semiconductor-to-metal transition. The presence
of a further energy shift associated with the six-to-eight
fold coordination change can be qualitatively interpreted
as due to an increased density of states in the conduc-
tion band which slightly diminishes the energy of the last
occupied state.
The analysis of the EXAFS region of the collected

XAS spectra allowed the characterization of the local
structure of our disordered alloy around the photoab-
sorber Ge atom. Using the GNXAS package26,27 and
a well-established procedure (28 and ref. therein) we re-
constructed the structural EXAFS signal starting from



5

FIG. 6: Ge K-edge energy as a function of pressure obtained
at GSECARS (squares) and at ODE (circles). Pressure makes
the absorption onset occurring at a lower energy (open sym-
bols). Once ambient conditions are recovered (filled symbols),
the edge position is at a slightly lower energy as compared to
its position before compression. The uncertainty in the edge
position is ±0.3eV.

the radial distribution function derived from molecular-
dynamics (MD) calculations for a-SiGe29,30. A simple
first-shell model accounting for the first peak of the radial
distribution was used to fit the experimental data. We
considered only two-body first-neighbor signals (γ(2)),
due to the single scattering between the Ge-Ge and Si-
Ge pairs, assuming a Gaussian bond-length distribution
(upper green curves in Fig. 7). The EXAFS signals as-
sociated with the above mentioned MD simulations of
the a-SiGe structure at ambient conditions are compared
with our experiment in Fig. 7 (lower curves), showing
that a refinement of the relevant structural parameters
(distance R and variance σ2) is necessary.

Our first shell best-fit model (green bottom curve) rep-
resents fairly well the experimental signal up to k=10
Å−1. At k >10 Å−1, the contribution from the Pt
L3 absorption edge (from the Pt-coated focusing mir-
ror at the GSECARS beamline) overlaps to the signal of
our sample. First-neighbor distances of RGe−Ge=2.44(1)
Å and RSi−Ge=2.40(1) Å were obtained at ambient
conditions and the variance of the Si-Ge bond was
σ2
Si−Ge=0.0053(8) Å2. These results are in good agree-

ment with previous EXAFS results for a-SiGe31–33.

In order to avoid the introduction of additional fitting
parameters, some constrains were used in the fit of the
high-pressure spectra. SiGe is known to form a randomly
mixed alloy17 (that is the probability of finding Ge or
Si atoms as first neighbor is proportional to the atomic
concentration), thus stoichiometry (x=0.75) and coordi-
nation number were fixed. CN=4,6,8 were used for the
low pressure amorphous, β-Sn (between 13.9 and 20.1
GPa) and SH structures (above 21.8 GPa), respectively.

Due to the limited amount of Ge contained in our al-
loy, the amplitude of the Ge-Ge signal is quite small
(NGe−Ge = CN/4), thus for the high pressure spectra
also σ2

Ge−Ge was fixed to the values obtained for pure

FIG. 7: (Color online) Fit of the reference XAS spectrum of
a-SiGe (blue continuous line), simulated adding single scat-

tering signals (γ(2)) due to the Si-Ge and Ge-Ge pairs (upper
green curves). Comparison with results from MD simulations
of Ko et al.29 (magenta dot-dashed line) and Ishimaru et al.30

(black dashed line) is also reported.

amorphous Ge (0.0054 Å2 at low pressure and 0.011 Å2

above 10 GPa,7).

Structural parameters as a function of pressure ob-
tained by the fit of the experimental data are reported in
Fig. 8 (squares and crosses are associated with ODE and
GSECARS data, respectively). Green symbols have been
used for the Ge-Ge pair and red ones for the Si-Ge pair.
In the amorphous phase the values of the first-neighbor
distances (both RGe−Ge and RSi−Ge, upper panel) de-
crease under compression, reaching the values of 2.39(3)
Å and 2.30(1) Å at 11.3 GPa. At 12.1 GPa the onset of
the transition to the β-Sn structure is observed by XRD
measurements. Nevertheless, at this pressure the signal is
mainly dominated by the contribution of the amorphous
structure, as can be seen by the corresponding values of
the first-neighbor distances and their variances. By fur-
ther increasing pressure, the values of the structural pa-
rameters start to increase. At 15.9 GPa mean interatomic
distances show an elongation of about 6% (Si-Ge) and 9%
(Ge-Ge) as compared to the tetrahedral bonds and the
typical bond-length distances above 22 GPa (hexagonal
phase) are RGe−Ge=2.63(2) Å and RSi−Ge= 2.52(2) Å.

In the amorphous phase the Si-Ge bond-length vari-
ance decreases down to σ2

Si−Ge=0.003(2) Å2 at 11.3 GPa
and starts to increase in correspondence to the crystal-



6

FIG. 8: (Color online) First-neighbor Ge-Ge and Ge-Si dis-
tances R (upper panel) and Ge-Si bond variance σ2 (lower
panel) as resulted by the analysis of the EXAFS signals mea-
sured at GSECARS (crosses) and ODE (squares). Dashed
lines are guides for the eyes.

lization onset, as a consequence of the higher broadening
of the first-neighbor distance distribution. The typical
value of σ2

Si−Ge for the β-Sn structure is 0.027(2) Å2 and
the highest spread in the first-neighbor distances is ob-
tained at 20.8 GPa, just before the transition to the SH
structure.

C. Reversibility of phase transitions

All the experimental techniques used in this study
indicate that the pressure-induced crystallization of our
alloy is a reversible transformation, since the amorphous
structure is recovered upon pressure release from 29.0
GPa. Diffraction patterns collected upon decompression
at ODE beamline (Fig. 9) show that the high pressure
crystalline phase survives down to 5.2 GPa (green
curves), then crystalline and amorphous structures
coexist between 4.2 and 2.5 GPa (blue curves) and an
amorphous state is recovered at ambient pressure (red
curve). The same phenomenon was observed during
Raman spectroscopy (see inset of Fig. 2) and XAS
measurements.

However, the analysis of the recovered sample by trans-
mission electron microscopy (TEM) highlights some dif-
ferences in the texture of the sample at the nanometric
scale. In Fig. 10 a TEM image collected on the recovered
sample is reported. If compared with the image collected
on the initial (as-deposited) sample (Fig. 1 a) one can
see that after compression the sample becomes inhomo-
geneous as clearly indicated by the textures visible in

FIG. 9: (Color online) Diffraction patterns collected upon
pressure download. The crystalline phase is observed down
to 5.2 GPa (green patterns). At 4.2 GPa the mixture of crys-
talline and amorphous structures is obtained (blue lines) and
at ambient pressure the amorphous state is recovered (red).
Spurious peaks due to the gasket and tungsten needle con-
tamination are also visible and indicated by the label “G”
and “W”, respectively.

Fig. 10. The interpretation of this image is not trivial. It
may suggest the presence of lower atomic density regions
separating grains of amorphous SiGe of typical dimen-
sions of the order of 5-10 nm. No traces of crystals (even
at the nanometric scale) have been found on the recov-
ered sample, as confirmed by TEM electron diffraction.
Further investigation using high angle annular dark field
(HAADF) could help to clarify the possible variation of
composition.
The occurrence of reversible phase transitions in amor-
phous SiGe has been proposed for Si-rich alloys20. Simi-
lar behaviors have been observed in other materials, like
HDA-H2O

1, amorphous Ge7,34, porous amorphous Si8

and multi-component amorphous Zr-based alloy5.

A tentative explanation can be found considering
the specific configurational Gibbs free energy landscape
G(q, P, T ) (where q is the ensemble of atomic configura-
tions) explored by our systems during the pressurization
cycles. In the configurational landscape the stable phase
is the one which minimizes the Gibbs free energy. Reach-
ing that state requires enough thermal energy for over-
coming the barrier between the absolute and local min-
imum reached by the actual system. In our experiment
XRD revealed that the high pressure crystalline phase
is an ensemble of nanocrystals of limited size (5-8 nm)
separated by grain boundaries usually characterized by a
high level of disorder (see Fig. 11 for a pictorial descrip-
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FIG. 10: TEM image of the recovered a-SiGe. Inhomo-
geneities at the nanometric scale are present as a consequence
of the pressurization/depressurization cycle.

tion, upper part). The Gibbs free energy of this system
is likely to be higher than the absolute minimum associ-
ated with the stable phase, in the thermodynamic limit.
Reaching this absolute minimum would require a heavy
annealing process in such a way as to overcome the energy
barrier separating these two minima. Our experiments
have been performed at room temperature therefore the
available thermal energy is only Et ∼ kBT ∼ 26 meV
and as a matter of fact, is not enough to grow micromet-
ric size crystals from the nanocrystalline ensemble. The
available thermal energy and the energy barriers in the
configurational landscape limit the phase space and the
thermodynamic path explored by the system upon de-
compression, possibly assisting the recovery of the amor-
phous structure.
However, this structure is not exactly the same as the

as-deposited one. In fact, although both are amorphous
and show the same short-range atomic structure (accord-
ing to Raman spectroscopy, XAS and XRD), the presence
of inhomogeneities in the texture of the recovered sample
at the nanometric level (bottom part of Fig. 11) reveals
that a different polymorph for the same amorphous ma-
terial is obtained upon decompression. As a whole, the
recovered sample seems to be characterized by a higher
degree of disorder, which is also consistent with the ob-
servation that the Ge K-edge position after the compres-
sion/decompression cycle is found at a lower energy (see
Fig. 6 and Sec. III B).

IV. CONCLUSION

In this work, the pressure-induced phase transitions
undergone by a Si-rich alloy (a-SixGe1−x, x=0.75) were
studied in a wide pressure range (up to 30 GPa) upon
compression and decompression by a combination of dif-
ferent and complementary experimental techniques (in-
cluding Raman spectroscopy, XAS and XRD).
The extensive structural characterization revealed that

FIG. 11: Schematic representation of the path followed by our
SiGe alloy upon decompression. The high pressure nanocrys-
talline β-Sn structure is represented by green dashed grains
(∼6 nm), separated by disordered region associated with grain
boundaries (dotted regions). In the recovered sample the
nanometric texture is retained (red-dashed lines) but grains
are now characterized by an amorphous structure (lower
panel). Typical diffraction patterns at 30 GPa and at am-
bient pressure are shown on the right (see caption of Fig. 4
for a detail description of diffraction patterns).

before the complete crystallization into the tetragonal
β-Sn phase (around 12 GPa), there is coexistence of
amorphous and crystalline states, thus suggesting a pos-
sible existence of amorphous high density domains. The
metallization of the sample was observed at 13.8 GPa.
At 21.8 GPa a continuous phase transition to the sim-
ple hexagonal phase was observed, possibly through the
intermediate orthorhombic Imma structure maybe ob-
served between 18.5 and 20.1 GPa.

Upon depressurization from 29.0 GPa the same se-
quence of phase transitions was obtained, as indicated
by all the experimental techniques we used during this
investigation. Starting from about 4 GPa, the sam-
ple transformed back to the semiconducting amorphous
structure. The reamorphization process is quite contin-
uous and traces of crystallinity were observed down to
2.5 GPa. The presence of nanocrystals in the recovered
sample was excluded by the TEM analysis (imaging and
electron diffraction).

This study has also highlighted a possible relation
between the nanocrystalline nature of the high-pressure
phase and the recover of the amorphous structure
once the sample comes back to ambient pressure. In
particular the disorder associated with grain boundaries
characterizing the high-pressure structure could increase
its Gibbs free energy, thus assisting the recovery of a
LDA-like amorphous structure, rather than the stable
zinc-blend one. The recovered amorphous polymorph
was found to be characterized by a higher degree of
disorder as compared to the as-deposited one.
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The results obtained in this work stimulate further
studies aimed to answer some open questions. For ex-
ample, the occurrence of polyamorphism in this system
deserves further studies. A careful characterization of the
structure of the sample around 12 GPa on both nanocrys-
talline domains and amorphous textures would allow to
confirm or exclude the presence of the HDA phase.
The phenomenon of reversibility of phase transitions

deserves further theoretical and experimental investiga-
tion, aimed to clarify the mechanisms of reversible trans-
formation and in which conditions and for which class of
material it is likely to occur.
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