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Pressure-induced phase transitions in amorphous and metastable crystalline germanium

by Raman scattering, x-ray spectroscopy, and ab initio calculations
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A detailed study of the pressure-induced phase transitions in amorphous Ge (a-Ge) up to 17 GPa is reported
combining Raman scattering, x-ray absorption spectroscopy (XAS) measurements, and density-functional
theory calculations. a-Ge samples were films obtained by evaporation and characterized by different density of
voids. Specific and reproducible phase transitions (interpreted as disorder-disorder, disorder-order, and order-
disorder) are observed on pressurization and depressurization, depending on the initial density of voids. Details
of the structural and vibrational properties of the various phases have been obtained by XAS and Raman-
scattering data analysis. Samples showing a low density of voids transform first into a metallic disordered
phase (8 GPa) and to Gell at higher pressures while those with higher density of voids transform directly to the
Gell phase (10.6 GPa). Upon depressurization, the first nucleates into the Gelll metastable phase in the 7.2-2.3
GPa pressure range, while the others return to the amorphous state below 5 GPa. The behavior upon depres-
surization shows that the initial morphology determines the transitions experienced by the pressurized sample

down to ambient pressure.
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I. INTRODUCTION

Silicon- and germanium-based semiconductors have been
studied in the last decades using a variety of experimental
and theoretical methods being materials of outmost impor-
tance in basic science and applications in everyday life. Nev-
ertheless, detailed and unambiguous understanding of the
complex phenomena taking place in amorphous specimens
upon application of an external pressure is not yet available.
In particular, pure germanium is a IV group semiconductor
which is known to show a complex behavior upon pressur-
ization and depressurization. At ambient pressure, the stable
phase is the diamond structure (Gel), where each Ge atom is
surrounded by four neighbors in a tetrahedral symmetry (fcc
structure with two atoms per unit cell). Upon application of
pressure, the tetrahedral bonding network is broken and the
number of neighbors and the density increase. Around 11
GPa, a transition to the metallic 8-Sn structure (Gell) occurs.
Upon decompression, the crystalline stable structure is not
always recovered, rather metastable crystalline phases are
observed. The most common one is called ST12 (Gelll). It is
based on tetrahedral structure with 12 atom per unit cell ar-
ranged to form fivefold and sevenfold rings [space group
P4;2,2(D)]." In this phase, Ge has higher density (about
10%) than the underlying stable one as reported in Ref. 2.
Despite the existence of this, metastable phase is known
since 1960s? and a great number of experiments has been
performed since there, a clear identification and assignments
of Raman peaks is still lacking, as also shown in recent ex-
perimental studies where the metastable crystalline phase
was obtained through indentation technique.>”’ As high-
lighted in previous works, the major problems come from the
competition between different metastable phases, in which
germanium can crystallize. As reported in Ref. 8 in case of
rapid decompression (about 1 s from the high-pressure
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phase), a cubic structure characterized by eight atoms per
unit cell and called BC8 (or GelIV) (Refs. 8 and 9) is likely to
occur. This structure is not stable at room temperature but it
transforms to the lonsdaleite structure (hexagonal with four
atoms per unit cell) within a few hours.

The local structure of the amorphous form of Ge (a-Ge) at
ambient conditions is quite similar to crystalline one (Gel). It
is tetrahedrally bonded. Bond lengths do not differ more than
1% from the crystalline form and bond angles show a modest
spread of the order of 10 degrees about the ideal value. As its
crystalline counterpart, a-Ge shows a complex behavior
when an external pressure is applied, and scattered results are
reported in literature. In particular, evidence for a sharp drop
in resistivity and crystallization of thin a-Ge films'®!! was
found at about 6 GPa. The x-ray absorption spectroscopy
(XAS) technique was used to study the evolution of the local
structure at high pressures. Freund et al.'? showed that a-Ge
remains amorphous up to 8.9 GPa while more recent XAS
measurements'? showed that at 8 GPa a-Ge undergoes a
phase transition though remaining amorphous. The glass
transitions in Si and Ge under pressure were also studied in
two recent works both experimentally'*!> and through mo-
lecular dynamic simulations.!® The combination of Raman
and XAS spectroscopy measurements permitted us to con-
firm that 8 GPa marks the onset of a polyamorphic transition
in our more homogeneous samples.!” Moreover, Ref. 17
demonstrates that the actual transitions observed in a given
sample depend on the initial morphology of the sample.
However, the experiments reported in Ref. 17 were done in a
limited pressure range (10-12 GPa) and did not account for
the transitions occurring upon depressurization.

Here, we report the results and the interpretation of de-
tailed Raman-scattering and XAS experiments at high pres-
sure of a-Ge. This work is aimed to investigate pressure-
induced phase transition, addressing the question of the
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FIG. 1. (Color online) Upper figures: images of the sample sur-
faces obtained by an optical metallographic microscope. It is evi-
dent that the two surfaces of the deposition are characterized by a
different density of voids. In particular, the one exposed to the
vacuum (V side) is more homogeneous, while the one in contact
with the substrate (S side) shows a higher density of defects. Bot-
tom figures: sketch of the loading of the high-pressure (DAC) for
Raman-scattering and XAS measurements. Different gray levels
(print version) correspond to the two surfaces (red or darker gray is
used for V side and green or lighter gray for S side). The sample
was kept in contact with diamonds by NaCl, used as pressure trans-
mitting medium. DAC was also loaded with a ruby for pressure
measurements.

occurrence of polyamorphism and metastability upon com-
pression and decompression cycles. The Raman-scattering
experiments of the solid metastable phases obtained upon
decompression are interpreted using density-functional
theory calculations. The peculiar behavior under pressure of
samples with different density of voids is examined in details
by studying their local structural and vibrational properties
using state-of-the-art techniques.

II. METHODOLOGICAL APPROACHES

A. Sample preparation and characterization

Amorphous germanium (a-Ge) was obtained by evapora-
tion of high-purity crystalline Ge over a cleaned and de-
gassed glass substrate at ambient temperature and in vacuum
conditions (107° mbar). Deposition rate was about 2 A/s
and a thickness of about 3 wm was reached (both parameters
were monitored by a calibrated quartz-crystal oscillator).

X-ray diffraction measurements confirmed that the depos-
ited film was amorphous. A careful examination using elec-
tron and optical microscopies was performed (see also Ref.
17). Tt showed that sample is characterized by a certain
amount of defects and that their density is different accord-
ing to the surface (upper part of Fig. 1). The surface in con-
tact with the glass substrate (S side) during the deposition is
darker and characterized by a larger amount of voids (around
5.8%), while the one on the vacuum side (V side) is more
reflective and has a lower density of defects (around 1%).

B. Raman measurements

Raman spectra of a-Ge under high-pressure conditions
were collected. Diamond anvil cell (DAC) with 800 um flat
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surface was used as pressure device. A Cu-Be gasket was
filled with small sample flakes showing the two surfaces,
together with NaCl as pressure-transmitting medium. NaCl is
known to present problems of hydrostaticity especially at
very high pressure conditions. Nevertheless, it proved to be
the best choice due to the need of dissipating the heat load
(caused by laser radiation) avoiding crystallization. In order
to exclude effect of nonhydrostaticity on the onset of phase
transitions, Raman measurements on crystalline Ge (not af-
fected by laser heating) were performed using two different
transmitting media, notably NaCl and a more hydrostatic
one, Ne, loaded at about 1.5 kbar. A 400 wm culets cell and
a stainless-steel gasket were used in both cases. No notice-
able differences in the Raman spectra and phase transitions
onsets were observed using those two pressure-transmitting
media up to about 12 GPa. In all Raman and XAS experi-
ments, pressure was measured via ruby fluorescence
technique.'®

A typical sketch of the sample assembly for Raman mea-
surements, allowing measurements of both surface types of
the samples, is shown in the lower-left part of Fig. 1. Raman
spectra were collected with the 514.5 nm line from an argon-
ion laser using up to 750 mW (for a-Ge sample) and 250
mW (for Gel sample) of nominal power at the laser exit. The
light was focused on a spot of about 2 um at the sample
surface. The effective power incident on the sample inside
the DAC was measured to be roughly 20 times smaller then
the one at the laser exit. Spectra of a-Ge were usually re-
corded using a total integration time of 4000 s, repeating the
scans up to 12 times in the frequency range 0—650 cm™.
Spectra of crystalline Gel and Gelll samples were obtained
integrating 600 and 1800 s, respectively (repeated 2—4
times). Raman spectra were collected from ambient pressure
up to about 15 GPa performing several pressure cycles as
discussed below and reported also in Ref. 19.

C. XAS data

High-pressure x-ray absorption measurements on amor-
phous Ge were performed at the new dispersive XAS ODE
beamline at Soleil synchrotron-radiation facility. Spectra
were collected at Ge K edge (11 keV) in the range 0-17 GPa
using diamond-anvil cell of 400 um culets. Inconel gasket
hole was filled with a-Ge sample, NaCl as pressure transmit-
ting medium, and a ruby for pressure measurement. In order
to improve the signal, gasket hole was completely filled with
several layers of a-Ge films (see lower right of Fig. 1) in
order to have a homogeneous thickness (6-9 um for our
experiments). We performed two sessions of high-pressure
XAS measurements using also an image-plate detector
MAR345 and a single-wavelength setup to collect x-ray dif-
fraction patterns in the same experimental conditions. A typi-
cal Ge K-edge XAS spectrum of a-Ge is reported in Fig. 2.

Raw XAS spectra as recorded by the charge coupled de-
vice (CCD) detector must be calibrated using reference spec-
tra collected on a reliable energy scale. In our case, energy
calibration was performed using a a-Ge spectrum collected
using a Si(331) channel-cut monochromator (D42 beamline
at LURE, Orsay, France?). In Fig. 2, we show the compari-
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FIG. 2. (Color online) K-edge XAS spectra of amorphous ger-
manium. The spectrum represented by a green dashed line was col-
lected at D42 beamline (LURE) (Ref. 20) and has been used as
reference spectrum for energy calibration. The continuous red line
represents our first (DAC membrane at ambient pressure) spectrum
collected during the measurements described in this work (ODE
beamline, Soleil Synchrotron). The sharp peaks indicated by the
label “d” are Bragg peaks assigned to the diamonds of the high-
pressure cell.

son between the reference spectrum and the one obtained
after loading the high-pressure cell (DAC membrane at am-
bient pressure). The presence of Bragg peaks due to the dia-
monds (peaks indicated as “d” in Fig. 2) reduces the usable
energy range, although in our experiment, the cell was ori-
ented in order to optimize the positions of the peaks and to
minimize their number.

A first calibration was done using XAS spectra and
was further refined using XAS signal oscillations. The
relation between energy and pixel number was found
to be almost linear: E=a+bn+cn’*+dn®, with
a=11012.4 eV, b=0.318547 eV, ¢=2.577 07X 107 eV,
and d=—1.47506% 107" eV.

XAS data analysis was performed using GNXAS package
(see Refs. 21 and 22 and references therein). The basic as-
sumption within the GNXAS method for data analysis is that it
is possible to account for the structural signal by adding a
finite number of contributions associated with well-defined
peaks of the pair [g,(r)], three-body [g5(r)], and four-body
[g4(r)] distribution functions (see Refs. 21 and 22 and refer-
ences therein). The program computes a model absorption
signal a,,(E) by adding to the structural oscillations y,,(k) a
suitable background model. The signal is compared and re-
fined directly on the experimental absorption spectrum a(E).

In our analysis, the theoretical y(k) signal was recon-
structed using a simple first-shell model. The total signal due
to a specified g,(r) peak, defined as the irreducible two-body
signal Y?, is calculated considering single- and multiple-
scattering contributions (y'? =y, + x,). During the fitting pro-
cedure, the values of the parameters specifying the g,(r)

PHYSICAL REVIEW B 80, 115213 (2009)

peak (modeled with a Gaussian function), notably the aver-
age interatomic distance (R) and their variance (0?), were
refined. Values of the structural parameters at different pres-
sures are reported in Fig. 9.

D. Density functional theory simulations

We computed the zero-momentum phonon frequencies of
ST12 and BCS8 crystalline phases of germanium from first
principles within density-functional theory (DFT).?32* This
calculation was performed in order to understand some fea-
tures of the measured vibrational Raman spectra and identify
the metastable phases obtained experimentally. The phonon
frequencies were computed using the approach described in
Ref. 25. Calculations were done with the PWSCF-PHONON
codes®® within the pseudopotential and plane-waves ap-
proaches. We used norm-conserving pseudopotential,?’ with
a core radius of 2.0 a.u. for the 4s and 4p electrons, and an
energy cutoff of 60 Ry for the plane waves. The exchange-
correlation functional was described by the generalized-
gradient approximation (GGA) of Ref. 28 since GGA is
known to be accurate for germanium.?

As a first check, we computed the -equilibrium
lattice spacing and optical-phonon frequency for Gel
(diamond structure), finding, respectively, ay=5.66 A and
=292 cm™!, in good agreement with the measured values
of ag=5.66 A and w,=300.6+0.5 cm~'.3%3! The calcula-
tions for ST12 and BC8 were done using the lattice structure
deduced by previous experimental works.3> For ST12, we
used an electronic integration mesh of 7X7 X7 k points,
finding an electronic gap of 475 meV at the point
q=(0.36,0.36,0) A~!. Calculations for different pressures
were done considering the experimental lattice spacings
taken from Ref. 30 without changing the positional param-
eters.

For BC8-Ge, we used a 10X 10X 10 electronic mesh.
Since BC8 is semimetallic, we used the smearing approach
of Ref. 33 (with smearing of 0.02 Ry). The phonon frequen-
cies obtained with these parameters are well converged for
both ST12 and BCS8 phases.

The zero-momentum frequencies determine the energies
of the peaks observed in a vibrational Raman experiment.
For ST12, we also computed the DFT Raman tensor follow-
ing the method of Ref. 34. The Raman tensor was then used
to determine the intensities and, thus, to simulate the Raman
spectra, following the standard procedure based on the Plac-
zek approximation.® The ST12 Raman tensor was calculated
with a 12X 12X 12 electronic mesh. The theoretical Raman
spectra were then obtained by considering a uniform smear-
ing of 2 cm™'. We remark that the Placzek approximation is
strictly valid in the nonresonant regime that is when the en-
ergy of the incident laser is much smaller than the electronic
gap.® In the present situation (the laser energy is 2410 meV
and the estimated gap is 475 meV), electronic resonance ef-
fects could affect the actual value of the Raman intensities.
However, we consider that the present calculations can still
give a qualitative indication of the relative intensity of the
Raman peaks. For BC8, it was not possible to compute the
Raman tensor since it is a semimetal.
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FIG. 3. (Color online) (a) Experimental Raman spectra of a-Ge
for increasing pressure. Around 8 GPa, the Raman a-Ge band at
about 300 cm™! is lost in V side sample (dot line), while S side
remains amorphous till about 10 GPa (continuous line). At about
12.5 GPa, no evidence for any Raman signal above the background
is observed. (b) Raman spectra of metastable Ge (ST12) at different
pressures. Spectra are characterized by five peaks between
150-350 cm™!. Metastability is observed in a wide range of pres-
sure, notably 3—11 GPa, considering several downloading and re-
loading pressures.

III. RESULTS AND DISCUSSION

A. Raman-scattering experiments

The trend of Raman-scattering spectra upon increasing
pressure is discussed in Ref. 17. Here we recall that at am-
bient pressure Raman spectrum of a-Ge presents a bump at
279 cm™! and its shift as a function of pressure is shown in
Fig. 3(a). P=7.9 GPa marks the onset of a transition to a
metallic phase which involves only the sample with low den-
sity of voids (V side). This phase is characterized by an al-
most complete loss of Raman-scattering signal and higher
reflectivity. In the S side sample (high density of voids), the
characteristic Raman broad peak of a-Ge is present till 10.6
GPa. No further differences in the spectra of the V and S side
samples were observed by increasing pressure up to about
12.5 GPa, where a complete loss of visible Raman-scattering
peaks is found (see bottom curve in Fig. 3).

As reported in Ref. 36, the Raman spectrum of low-
density a-Ge is characterized by two main bands: the first
near the frequency of the Gel Raman peak (300.6 cm™!) due
to vibrational optical modes®' and the second below
100 cm™'. The broadening of those bands corresponds to the
broadening of the vibrational density of states in the amor-
phous material. In our experimental spectra, only the first
band was studied because low-frequency features were
masked by the presence of sharp plasma peaks of the laser.
The band shift upon increasing pressure was studied by using
a fitting procedure based on a two peaks model, in which the
shape of the band was decomposed considering a main
Gaussian peak due to transverse optical (TO) modes of vi-
bration and a contribution of the other modes responsible for
the shoulder at lower frequencies (Fig. 4, right). This band
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FIG. 4. (Color online) Left panel: shift of the Raman TO band
of low-density a-Ge upon pressurization and depressurization
cycles (blue and green, respectively, different symbols for each
cycle) up to about 9 GPa. At higher pressures, the Raman signal on
both sides V and § is lost due to metallization. The trend upon
several pressure cycles is reproducible on both sides. Right panel:
raw a-Ge Raman data at 5 GPa (inset) compared to a best-fit curve
resulting from a decomposition into two Gaussian peaks (the more
important one corresponds to the TO vibrational band). The residual
curve on a magnified scale is shown at the bottom.

shifts to higher frequencies as a function of increasing pres-
sure, as shown by the variation of the peak position associ-
ated with the TO vibrational modes, reported in Fig. 4 (left).
We notice that the shift of the TO peak is quite reproducible
upon various pressure cycles and for both sides V and §
wherever the low-density amorphous phase is present (see
the three cycles in Fig. 4).

The new data reported here concern mainly the behavior
of the sample upon depressurization. We performed several
cycles of pressurization and depressurization discussed in
more details in Ref. 19. During these experiments, we have
verified that the behavior of the two sides V and S of the
sample upon depressurization from the metallic phases is
different.

In particular, the V side of the sample transforms to a
crystalline metastable phase at 7.2 GPa. Its Raman spectrum
shows five peaks in the frequency range 150-350 cm™!
[Fig. 3(b)] which shift to lower frequencies as a function of
decreasing pressure. The peak at about 310 cm™!, which ap-
pears in the lower-pressure spectrum, is assigned to the TO
vibrational mode characteristic of stable Gel (Fig. 5).% The
lowest-pressure spectrum containing signature of the ST12
structure was collected at about 2.3 GPa. Once the diamond
cell is open (ambient pressure), the amorphous structure is
recovered. On the other hand, the S side sample does not
undergo recrystallization upon downloading pressure, but
transforms directly back to the amorphous phase around 5
GPa and this structure is maintained even at ambient condi-
tions.

In order to verify possible effects on the observed a-Ge
transitions due to the choice of the pressure transmitting me-
dium and cell loading conditions, we performed high-
pressure Raman-scattering experiments under similar condi-
tions on chunks of ultrapure crystalline Gel. These
experiments showed that in the range of 0—15 GPa, pressure
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FIG. 5. (Color online) Raman pattern of the ST12 (Gelll) start-
ing from both a-Ge (upper, blue line) and Gel (middle curve, ma-
genta) collected at about 3 GPa. The characteristic Gel optical vi-
brational mode, shown in the figure (bottom dashed curve, green),
is also present in the Raman patterns assigned to the metastable
ST12 phase (being the main peak in the pattern obtained from the
original crystalline sample).

values of phase transitions are not affected by the choice of
the pressure-transmitting medium (differences being of the
order of 0.5 GPa between Ne and NaCl). Our measurements
showed also, in agreement with previous studies,®3’ that
transitions do not take place abruptly, but there is a pressure
range of about 2-3 GPa (for Gel-Gell and Gell-Gelll tran-
sitions, respectively) of coexistence of phases. Pressure value
for the onset of Gel-Gell transition (around 11 GPa) is in
good agreement with values reported in literature, even if the
complete transition is achieved near about 14 GPa. For what
concerns the occurrence of the Gelll phase upon depressur-
ization of an originally crystalline sample, we show in Fig. 5
a comparison of Raman scattering for various samples mea-
sured at 3 GPa. The Raman patterns obtained depressurizing
both amorphous and crystalline samples show the same vi-
brational modes, typical of the ST12 structure as discussed
below. The Gel TO mode, shown for comparison in Fig. 5, is
also observed in the pattern of the depressurized samples.
This is interpreted as due to a partial crystallization into the
stable phase, much more important for the sample which was
originally an ultrapure Gel crystal.

The spectra of the metastable crystalline phase obtained
upon decompression have been studied on the basis of the
first-principles calculations described in Sec. II D. In Fig. 6,
we compare the Raman spectrum at 3 GPa [see also Fig.
3(b), bottom] with our first-principles calculations for the
crystalline ST12 and BCS8 structures at ambient conditions.
We notice that the calculated spectrum for ST12-Ge shows
eight Raman-active peaks in the frequency range
150-300 cm™', the most intense being in qualitative agree-
ment with the experimental one. In the same range, BC8 has
five phonon frequencies. Following symmetry arguments,®
the frequency at 213 cm™' (blue dashed line) is not Raman
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FIG. 6. (Color online) Comparison between the experimental
Raman spectrum at 3 GPa, obtained on the V side of the a-Ge
sample, and the simulated spectrum for ST12 structure at ambient
conditions. Calculated phonon frequencies for the BCS structure are
also reported. The mode corresponding to the phonon frequency
indicated by a dashed line is not Raman active.

active. On the basis of the comparison shown in Fig. 6, we
conclude that the vibrational spectrum is compatible with
that of the ST12 phase. This assignment is supported also by
the results of the parallel x-ray absorption and diffraction
experiments (see Sec. III B).

ST12 Raman spectra have been also calculated at differ-
ent pressures. In Fig. 7, the theoretical and experimental pho-
non frequencies as a function of pressures are shown. The
experimental vibrational frequencies found in this work are
depicted as filled circles and their slope as a function of
pressure is in very good agreement with the results of our
calculations, reported as continuous lines (green color). It is
important to remark that present results are in good agree-
ment with previous ones obtained using crystalline Ge, no-
tably with those of Ref. 39 (crosses in Fig. 7) and partially
with those of Ref. 40 (dashed lines in Fig. 7).
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FIG. 7. (Color online) Comparison between phonon frequencies
at different pressures as obtained by our measurements (blue
circles) and theoretical calculations (continuous lines). A compari-
son to experimental works of Olijnyk and Jephcoat (Ref. 40)
(dashed line) and Hanfland and Syassen (crosses) (Ref. 39) is also
reported. Our experimental frequencies are in good agreement with
those of Ref. 39.
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FIG. 8. (Color online) Fourier transforms and XAS signals (in-
set) of sample before and after the metallization onset (around 8
GPa). Raw XAS spectra and FT patterns are shown as red (7.5 GPa)
and green (9.8 GPa) lines (FT) and dots (XAS). Best-fit curves
obtained by GNXAS data analysis are shown as dashed black lines.

B. XAS measurements

XAS experiments at high pressure allowed us to investi-
gate changes in the local structure occurring on our a-Ge
sample and the metallization onset. As reported in Ref. 17, a
proof of the metallic character of the new phase has been
obtained by looking at the shift of the Ge K-edge position at
high pressure. The transition observed at about 8 GPa was
associated with the occurrence of a low-density (LDA) to
high-density amorphous (HDA) phase transition. In this
work, we include the results of our new XAS measurements
where higher-pressure values were reached (17 GPa), giving
more details on the behavior upon downloading pressure.
XAS measurements were found to confirm the pressure on-
sets for the transitions obtained by Raman-scattering experi-
ments. In our previous work,!” we showed that the Fourier
transform (FT) of the XAS spectra shows a dramatic drop in
the intensity of the first peak at 8 GPa followed by an in-
crease around 10 GPa. In Fig. 8, we report the comparison of
the FTs and of the XAS spectra before and after the metalli-
zation onset. The dramatic change in the XAS oscillation
frequency due to the phase transition can be appreciated in
the inset, while the intensity change is monitored by the
height of the FT peak. The accuracy of the single-shell fitting
(dashed lines in Fig. 8) obtained using GNXAS (see Sec. II C)
is evident by looking both at the XAS and FT patterns.

The first-neighbor distribution associated with the FT first
peak has been analyzed using GNXAS package®® using a
single-shell model in a wide pressure range 0—17 GPa. The
results of this data analysis are reported in Fig. 9. The trend
of the mean first-neighbor distance R and variance ¢” for our
whole set of measurements along both pressurization and
depressurization cycles are shown. Two separate XAS ex-
periments (diamonds and crosses) gave the same structural
results and transition onsets within the experimental uncer-
tainty as shown in Fig. 9. XAS data upon the depressuriza-
tion have been collected and analyzed once the phase transi-
tion from the high-pressure metallic phase was completed.
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FIG. 9. (Color online) Structural parameters as a function of
pressure, as obtained by XAS data analysis. Both previous measure-
ments (Ref. 17) (diamonds, red) for increasing pressure and present
ones obtained upon pressurization and depressurization are shown
(crosses). In the upper panel values of mean interatomic distances
(R) are reported. By increasing pressure, the initial value of
2.466 A obtained at ambient pressure decreases up to the onset of
the polyamorphic transition, where a sudden increase occurs. After
the transition, its value tends to decrease as a consequence of the
compression. The behavior of bond variances (¢2) is similar: at 8
GPa, its sharp increase is associated with higher structural disorder.
Around 10 GPa, its value decreases, indicating a more ordered
structure. Upon pressure download (crosses, green), both o2 and R
values gradually returns to the starting ones. Typical errors in the
first-neighbor distances R and bond variances o2 are 0.005 A and
%~ 10%. Coordination numbers (CNs) were kept fixed during
refinement (4 for the LDA phase and upon depressurization, 5 for
HDA, and 6 for Gell) except for the pressure values 8.3 and 9.8
GPa, where we found 5= 1 and 6 £ 0.5, respectively.

Looking at the trend of the mean interatomic distances
(upper panel) and their variances (lower panel) as a function
of pressure, one can infer that an elongation of first-neighbor
distances and an increase in structural disorder is associated
with the onset of the LDA-HDA transition (8 GPa). By fur-
ther increasing pressure, R tends to decrease as a conse-
quence of the compression, as well as the values of o2, in-
dicating that the system is more ordered. In particular, the
sudden decrease of the variance around 10 GPa as well as the
increase in coordination number CN are consistent with the
transition to the crystalline B-Sn phase. Coordination in-
creases gradually from the amorphous LDA (CN=4) to the
crystalline phase Gell (CN=6), passing through an interme-
diate value in the metallic disordered phase (HDA). As dis-
cussed in the next section, this interpretation is better sup-
ported by present Raman and XAS data than the presence of
a mixture of phases. Upon depressurization, we followed the
sample behavior by looking at the change in the surface op-
tical reflectivity indicating the occurrence of the phase tran-
sition. The sample has been observed to come back to its
initial low reflectivity around 6 GPa. Below this pressure, we
performed both XAS and x-ray diffraction (XRD) experi-
ments. The values of R and ¢ structural parameters and the
observed diffraction lines are consistent with those of the
ST12 crystalline structure (see Ref. 13). XRD peaks assigned
to the ST12 phase are observed till 0.9 GPa, disappearing
once the cell is open, in agreement with Raman and XAS
results which indicate that the sample comes back to the
LDA phase. XRD upon pressurization showed the presence
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FIG. 10. (Color online) The different behaviors of the V and S
side samples upon increasing and decreasing pressures are shown
through the images taken during Raman measurements. The two
surfaces of the sample present different transition pressures and
different phases at the same pressure (indicated in the bar at the
bottom of the picture), identified both from the different reflectivity
of the sample and by Raman scattering. The V side sample becomes
metallic (HDA) at lower pressures than the S side one and it crys-
tallizes in the ST12 metastable structure upon depressurization
around 7 GPa. The S side sample becomes amorphous (LDA)
around 5 GPa upon depressurization, while the V side come back to
the LDA phase only once the cell is open (depressurization from
about 2 GPa to ambient pressure). The image of the sample recov-
ered at ambient pressure is indicated by a star.

of the Gell phase above 9 GPa in different experiments,
while below this pressure, only peaks assigned to the gasket
and to the pressure medium could be identified.

C. Comparison of Raman and XAS results

The complex behavior of a-Ge films obtained upon the
application of an external pressure is summarized in Fig. 10.
As already discussed in Ref. 17, the morphology of the films
(see Fig. 1, upper images) and the density of voids in par-
ticular plays a key role in these pressure-induced phase tran-
sitions. The close connection between morphology and met-
allization can be appreciated by looking at the micrographs
obtained during Raman measurements and reported in Fig.
10, which show how samples characterized by different den-
sities of voids (sides V and S of low-density a-Ge films,
LDA) undergo different phase transitions. The LDA phase
survives up to 8 GPa in the V side sample and up to 10.6 GPa
in the S side sample. The V side LDA sample transforms to
high-density amorphous Ge (HDA a-Gell) around 8 GPa
while the S side sample transforms directly to the ordered
Gell structure at higher pressure. As shown in the lower part
of Fig. 10, the different morphology determines also a dif-
ferent behavior of the samples upon depressurization. The
metastable ST12 crystalline phase is obtained around 7.6
GPa only in the sample characterized by low density of
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voids, downloading both from the disordered metallic phase
(a-Gell) and from the ordered one (Gell). The S side sample
becomes amorphous (LDA) around 5 GPa upon depressur-
ization, while the V side comes back to the LDA phase only
by opening the cell (depressurization from about 2 GPa to
ambient pressure).

The succession of phase transitions observed by Raman
scattering has been studied also using the x-ray absorption
spectroscopy with the aim of understanding fine details of
the metallization and local structural changes. The experi-
ments described in Sec. III B show clearly the closure of the
electronic gap around 8 GPa and the amount of disorder in
the local structure for each observed phase. The trends in the
mean distance R and bond variance o” (see Fig. 9) show us
that the transitions observed by Raman scattering and re-
ported in Fig. 10 are fully consistent with the expected local
structure of the various phases.

Moreover, XAS data were shown to be compatible with a
highly disordered structure, thus confirming that the sample
characterized by low density of defects undergoes a LDA-
HDA phase transition. The XAS spectrum related to the
HDA phase (8.3 GPa) can be possibly interpreted also as the
result of a linear combination of two signals associated with
two different phases, Gell and LDA. This would reflect a
partial transition of sample to a more ordered structure. It is
actually possible to obtain a reasonable fit of the 8.3 GPa
using a two-shell model of this kind, but the obtained im-
provement in the residual do not justify the introduction of
three more parameters. Moreover, an indication of the pecu-
liar nature of the HDA phase comes also from the Raman-
scattering patterns shown in Fig. 3. In fact, by looking at the
signals of the metallic phases (bottom left of Fig. 3), we
notice that those collected at pressures below 10 GPa contain
traces of a vibrational spectrum in the 200—300 cm™' range,
while that at 12.5 GPa is flat. These features cannot be as-
signed to a residual LDA signal but rather to a disordered
structure where first-neighbor distances are longer on aver-
age. This is a further evidence supporting our interpretation
of this phase transition as a polyamorphic one.

The XAS and Raman-scattering results upon depressur-
ization are also in quite nice agreement. In fact, XAS spectra
and the corresponding structural parameters (see Fig. 9) are
observed to change below about 6 GPa where Raman scat-
tering indicates that the sample (side V) nucleates to the
ST12 structure. Both mean distances R and variances o> are
slightly higher than in the amorphous LDA phase, as ex-
pected by the presence of ST12. Below about 2.5 GPa, those
parameters coincide with those measured for the initial LDA
a-Ge phase, again in agreement with the observations by
Raman scattering discussed in Sec. III A. When available, as
mentioned also in Sec. III B, XRD experiments at high pres-
sure confirmed the present findings for the sample under con-
sideration.

IV. CONCLUSION

In this work, we reported a detailed study on the pressure-
induced transitions in amorphous Ge combining experimen-
tal techniques (Raman scattering and x-ray absorption spec-

115213-7



COPPARI et al.

troscopy) and theoretical ab initio calculations. Our samples
were films of a-Ge obtained by evaporation and character-
ized by different density of voids. Experiments have been
performed considering several pressure cycles in a wide
pressure range up to about 17 GPa. The combined examina-
tion of Raman and XAS data elucidated the nature of the
transitions undergone by our samples, both upon pressuriza-
tion and depressurization.

Raman data of the Gelll (ST12) metastable phase were
supported by ab initio (density-functional theory) calcula-
tions of the vibrational spectra. The five Raman-active peaks
of the simulation performed using the Gelll experimental
lattice structure are compatible with the measured spectra.
The local first-neighbor distribution was obtained by Ge
K-edge XAS analysis. Looking at the pressure trend of the
mean bond distances R and variances o2, we have found that
a characteristic elongation of R and an increase of o? is
obtained above 8 GPa, as a consequence of metallization.
Correspondingly, the coordination number increases from 4
to 6. Upon depressurization, distances and variances below 6
GPa gradually return to the original values typical of a tet-
rahedral semiconductor.

The present results indicate that the amorphous specimens
undergo specific and reproducible phase transitions, depend-
ing on the initial surface density of voids. Low density of
void samples (side V) showing an LDA-HDA transition at 8
GPa and the well-known transformation to Gell at higher
pressures recrystallize into the Gelll metastable phase once
pressure is decreased. This structure is present in a wide
pressure range (7.2-2.3 GPa). Samples characterized by
higher density of voids (side S) transform directly to the Gell
phase around 10 GPa and return to the amorphous state at 5
GPa on depressurization, as indicated by Raman spectra,
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which do not contain any evidence of crystalline peaks. In
present experiments, amorphous films, which have crystal-
lized upon pressure application, are always returning amor-
phous upon pressure release. On the contrary, originally crys-
talline samples recrystallize upon pressure release.

The different behavior upon pressurization and depressur-
ization of samples characterized by different density of voids
shows how morphology plays a key role in the occurrence of
phase transitions. We can speculate about the relationship
between the morphology and the occurrence of pressure-
induced phase transition, but a precise mechanicistic model
cannot be proposed on the basis of the present evidence. One
possible explanation for this phenomenon could be related to
the pressure-induced inhomogeneous density change and to
the presence of surface stresses affecting the pressure field
inside the sample. In the present experiment, the lower den-
sity of voids makes the sample locally denser, so that upon
decompression, it is driven to rearrange in a denser structure,
while for higher density of defects, it is likely to transform in
a more open one. The present results are expected to stimu-
late further investigations on the role of morphology, density
of voids, and inhomogeneous texture in amorphous samples
undergoing pressure-induced transitions. This should be rel-
evant not only for germanium but, also, for other semicon-
ducting materials (e.g., silicon and GeSi alloys).
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