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ABSTRACT
Through a series of high-pressure x-ray diffraction experiments combined with in situ laser heating, we explore the pressure–temperature
phase diagram of germanium (Ge) at pressures up to 110 GPa and temperatures exceeding 3000 K. In the pressure range of 64–90 GPa, we
observe orthorhombic Ge-IV transforming above 1500 K to a previously unobserved high-temperature phase, which we denote as Ge-VIII.
This high-temperature phase is characterized by a tetragonal crystal structure, space group I4/mmm. Density functional theory simulations
confirm that Ge-IV becomes unstable at high temperatures and that Ge-VIII is highly competitive and dynamically stable at these conditions.
The existence of Ge-VIII has profound implications for the pressure–temperature phase diagram, with melting conditions increasing to much
higher temperatures than previous extrapolations would imply.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0047359., s

I. INTRODUCTION

The understanding of the group-XIV elements holds impor-
tance to both fundamental science and technological applications
due to their relative abundance in the Earth and diverse electronic
properties that they exhibit.1–10 The use of germanium (Ge), in par-
ticular, was crucial in the early developments of transistors, paving
the way for the technology we use today.5 Although Ge has been
supplanted by its lighter group-XIV member, silicon (Si), in many
applications, it still holds some advantages due to its higher intrinsic
electron mobility and enhanced quantum-confinement effects.11,12

Owing to their chemical similarity, Ge and Si are observed to
undergo the same sequence of structural transitions during com-
pression at room temperature.13–16 At ambient pressure and temper-
ature, both Ge-I14 and Si-I17 exist in a semi-metallic diamond-type
structure (Fd3̄m). Upon compression above 7 GPa, Ge-I undergoes

a sluggish transition to Ge-II (Fig. 1), manifested by a tetragonal
distortion to the metallic β-Sn type structure (I41/amd),18,19 with
transition being complete at 12 GPa. This phase exhibits a remark-
able stability of 55 GPa range20 (Fig. 1), compared to the inter-
val of only 2 GPa of Si-II.17 Above 75 GPa, Ge-II undergoes a
displacive transition into the orthorhombic Ge-IV (Imma). Ge-IV
is stable at 85 GPa,20 when it transforms to the hexagonal phase
Ge-V (P6/mmm)21 (Fig. 1). The analogous Imma phase of silicon
is Si-XI, which appears between 11.7 and 13.2 GPa22,23 before transi-
tioning to the hexagonal Si-V above 13.2 GPa.14,24 Ge-V (P6/mmm)
is stable only over a narrow pressure interval, transforming to Ge-
VI (Cmca) at 100 GPa20 (Fig. 1), which is structurally equivalent to
Si-VI, observed at 38 GPa.25 Ge-VI (Cmca) transitions into Ge-VII
(P63/mmc) at 170 GPa,26 which is analogous to the Si-VII struc-
ture observed between 42 and 76 GPa.14,27 Table S1 summarizes the
structural information on Ge and Si.
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FIG. 1. Proposed phase diagram of Ge up to 180 GPa and 3500 K. Open symbols represent this work and solid symbols represent data from Ref. 28.

Interestingly, Ge does not follow the same structural sequence
as Si on decompression; instead, it transforms to new, metastable
allotropes.18,29–32 These phases are highly dependent on the rate of
pressure release: fast decompression from β-Sn Ge-II results in the
formation of a BC8 structure (Ia3̄), which gradually changes to a
hexagonal diamond structure (P63/mmc) at ambient pressure.33,34

Alternatively, slow decompression from Ge-II leads to the formation
of Ge-III, a metastable tetragonal structure (P43212).18,29–32

Previous high-temperature studies have mapped out the
P–T Ge I–II boundary and determined melting temperatures up
to 37 GPa19,28 (see Fig. 1). The melting curve of Ge-I has a neg-
ative slope, which ends in the I–II–liquid triple point at ∼8.7 GPa
and ∼833 K.19 Above this point, the melting temperature increases,
reaching ∼1500 K by 35 GPa (Fig. 1). Similar behavior is observed
in Si, with melting temperatures decreasing for the C-diamond
Si-I phase and then increasing in β-Sn Si-II.35 Despite the rich
polymorphism, neither system has experimentally shown to exhibit
high-temperature phases.

In this article, we combine high-pressure and high-temperature
x-ray diffraction measurements and density functional theory (DFT)
calculations to study the phase diagram of germanium in a wide
pressure–temperature range. Using double-sided continuous-wave
(CW) laser heating in diamond anvil cells, we explore the behavior of
Ge up to 115 GPa and 3000 K. Above 65 GPa and 1700 K, we observe
that Ge-IV transforms to a previously unknown phase, which we
denote here as Ge-VIII. This novel phase is determined to adopt
a tetragonal structure (space group I4/mmm) and is stable only at
high temperatures, reversing to Ge-IV on quenching. This struc-
ture has been confirmed in several experimental runs using MgO
and H2 as pressure-transmitting media (PTM). Density functional
theory simulations demonstrate that the room temperature Ge-IV
is unstable above 1500 K and Ge-VIII is energetically highly com-
petitive and dynamically stable at these conditions. We also explore
the P–T space that Ge-VIII covers within the phase diagram and the
high-temperature stability of Ge-V and Ge-VI.

II. METHODS
A. Experimental

For these experiments, Boehler-Almax cut diamonds were cho-
sen with 100 μm culets. These diamonds were then used to indent a
rhenium gasket to a thickness of 25 μm, in which a 60 μm hole was
drilled to act as the sample chamber.

High-purity Ge powder (99.999%, sim 100 mesh, Aldrich) was
used. Ge chunks were initially precompressed into foils of ∼8 μm
thick and loaded into diamond anvil cells (DACs) with the pressure-
transmitting medium.

As pressure-transmitting media, we use either MgO (Alfa
Aesar, nanopowder, 99+%) or research grade hydrogen (99.9995%,
BOC) loaded at 0.2 GPa, as indicated in each discussed run. MgO
was used as a pressure medium, as an insulating layer to protect the
diamonds during laser heating, and as a pressure marker.36 The pres-
sure was determined by MgO diffraction patterns36 and/or diamond
edge.37

Powder XRD data were collected at the APS, on the GeoSoilEn-
viroCARS 13IDD beamline, and at the 16-IDB High Pressure Col-
laborative Access Team (HPCAT). The diffraction patterns from
monochromatic 0.3344 and 0.4066 Å wavelength x rays were col-
lected on a Pilatus 1M image-plate detector/PI-MAX, Princeton
Instruments, which were integrated using DIOPTAS38 into a 1D
dataset. Collection times ranged between 2 and 5 s. These data were
then indexed using CONOGRAPH39 and refined with JANA2006.40

To allow the investigation of high-temperature transitions in
Ge, several experiments were conducted making use of flattop
continuous-wave laser heating techniques within diamond anvil
cells using an Yb fiber laser setup for stable dual sided heating.28

We conducted simultaneous in situ double-sided continuous-wave
(CW) laser heating and x-ray diffraction experiments in diamond
anvil cells. Laser heating results in highly localized heating of the
sample both radially from the “hot spot” and in depth. As such,
these large thermal gradients result in probing both crystalline and
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molten samples simultaneously at high temperatures. The tempera-
tures in all experimental runs are determined by taking the average
of the black-body thermal emission from both sides of the sample;
see Fig. S1 for an example of emission spectra. Thermal emission
spectra were collected with a central wavelength of 700 nm with a
collection time between 0.1 ms and 1 s depending on the intensity
of the emitted light. The emission spectra were sampled between
two and eight times per temperature step from both the up-stream
and down-stream sides of the sample simultaneously. The collected
emission spectra were fitted using a two parameter gray body Plank
distribution,41 corrected for the transmission function of the opti-
cal system.42 For each set of temperatures, the mean average is used
as the average temperature of the sample. The uncertainties of these
temperatures were determined from the standard error on the mean
of the fitted temperatures.42 In the event of poor quality thermal
emission from one side of the sample or an unreasonable thermal
emission spectra due to “flashing” or a non-convergence of the fit
on one side of the sample, the uncertainty of the temperature mea-
surement was estimated to be 7% of the fitted temperature as this
was determined to be a conservative estimate of the uncertainties
associated with this fitting technique.43

B. Computational details
The computational–theoretical analysis of Ge under pressure

has been performed within the Density Functional Theory (DFT)
framework. Calculations have been performed using CASTEP.44

We have performed structural searches using AIRSS at 10, 80,
and 100 GPa. Searches at 10 GPa were performed with a 4e− pseu-
dopotential. All searches used the Perdew–Burke–Ernzerhof (PBE)
functional. At higher pressures, the pseudopotentials of choice
included the 3d10 electrons as semicore. Searches at 10, 80, and
100 GPa with AIRSS45 (with unit cells with up to 24 atoms) identi-
fied Ge-II (I41/amd), Ge-IV (Imma), Ge-V (P6/mmm), and Ge-VI
(Cmca), in addition to the new Ge-VIII (I4/mmm). Our searches
identified all structures in Table S1, as well as the proposed I4/mmm
structure and other competitive structures. Further computational
details and the structures found can be accessed in the Edinburgh
DataShare repository.46 Overall, we relaxed almost 5000 structures.

III. RESULTS AND DISCUSSION
A. Experimental evidence of Ge phase VIII

Upon compression at ambient temperatures, there is good
agreement with the previously reported phase transition pressures.
Figure 2(a) shows the XRD patterns of Ge-II (I41/amd) observed in
compression at room temperature18,19 and its transition to phase IV
(Imma) between 70 and 80 GPa,20 and the following transition to
phase V (P6/mmm).21 When heating Ge-II between pressures of 56–
61 GPa, as shown in Fig. 2(b), we observe changes in the diffraction
pattern corresponding to a transition to the orthorhombic Ge-IV.
At 56–61 GPa, the II/IV transition is observed between 1560(110)
and 1850(130) K, accompanied by a pressure shift of ∼2–4 GPa. The
combined data constrain the II–IV phase boundary with a dP/dT
of −0.014(3) GPa/K. Experimental studies on Si show the equiva-
lent transition (Si-II and Si-XI) also having a phase boundary with a
negative slope between 1050 K at 12 GPa and 300 K at 13.2 GPa.35

FIG. 2. (a) X-ray diffraction patterns of Ge in H2 at 298 K upon compression to
90 GPa. (b) X-ray diffraction patterns of Ge in MgO at 56 GPa during laser heating.
The phase transition is characterized by the broadening of the Ge-II peak at around
8.3○, caused by the appearance of the Ge-IV 200 peak and the growth of a triplet
at around 8.8○. The pressure was determined from the Raman shift of the diamond
edge37 and the MgO equation of state (EOS).36

Upon laser heating Ge-IV at pressures above 64 GPa and
1600 K, we observe changes in the diffraction patterns. With the
emergence of new diffraction peaks, there is a simultaneous reduc-
tion in the intensity of the Ge-IV peaks that indicate a transition
to a novel phase, which we designate Ge-VIII (see Figs. 2 and 3).
The transition is completely reversible and Ge-VIII reverts to Ge-IV
upon cooling, see Fig. 3(b).

This new set of peaks [2D image plates in Fig. 4(a)] can
be indexed to a tetragonal unit cell with lattice parameters of
a = 2.978(5) Å and c = 2.732(3) Å [Figs. 4(b)–4(d)]. Analysis of sys-
tematic absences within the diffraction patterns indicated an absence
of glide and screw symmetry elements. The highest symmetry space
group consistent with this analysis is I4/mmm. We observe the same
transition when the experiment is conducted using MgO and H2
as pressure-transmitting media, indicating that this transition is not
due to the formation of Ge compounds. Figures 4(c) and 4(e) show
the Le Bail refinements in different experimental runs, using MgO
and H2 as PTM, respectively. We observe the same transition in both
the cases, validating the evaluation of Ge-VIII. Due to the overlap
of Ge-VIII and MgO (202) Bragg peaks, combined with poor crys-
tallinity around the transition temperature, our analysis was limited
to Le Bail refinements in combination with first-principles calcu-
lations. As shown in Fig. 4(c), fitting an I4/mmm structure with
lattice parameters a = 2.978(5) Å and c = 2.732(3) Å along with the
expected contributions from Ge-IV and MgO provides a high qual-
ity fit. These lattice parameters give a volume of 12.11(1) Å3/atom.
Comparing this with Ge-IV lattice parameters of a = 4.577(4) Å,
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FIG. 3. (a) High-pressure, high-temperature x-ray diffraction patterns of Ge in MgO
at 76 GPa, showing the IV/VIII transition. (b) X-ray diffraction patterns of Ge in MgO
at 76 GPa before, during, and after laser heating, demonstrating the reversibility of
the Ge-IV/VIII transition with temperature. The pressure was calculated from the
positions of the MgO using its EOS.36

b = 4.376(3) Å , and c = 2.4731(15) Å gives an atomic volume of
12.38(1) Å3/atom, which is approximately constant across the tran-
sition indicating a potential displacive transition and a Z value of 2.
Using this value of Z = 2, two potential atomic positions (2a and
2b) are possible for space group I4/mmm. By comparing the col-
lected diffraction profile to a simulated ideal powder pattern, shown
in Figs. 4(c) and 4(d), there is a distinct similarity between the inten-
sity profiles of the collected data and the ideal powder with atoms
occupying the 2a Wyckoff site (0,0,0).

To our knowledge, Ge-VIII represents the first high-
temperature phase to be discovered in the group-XIV elements at
high-pressure, other than the diamond form of carbon. Interestingly,
tin (Sn), directly below Ge in group-XIV, also exhibits a structural
transition from I41/amd (Sn-I) to I4/mmm (Sn-III) at 9.2 GPa and
300 K.47,48 As group-XIV elements seem to follow a parallel phase
template, it would be expected that the remaining elements of the
group also adopt the I4/mmm at different and yet to be explored
conditions. Isotropy subgroup distortion analysis49 indicates that a
direct displacive transition is possible between the high-temperature
parent Ge-VIII (I4/mmm) and low-temperature daughter Ge-IV
phases (Imma). Consistent with a displacive transition, transforma-
tion occurs via a mode with N−2 symmetry involving anti-parallel
displacements of Ge atoms, suggesting a possible mechanism for this
transition.

B. Density functional theory and Ge phase VIII
To further understand the stability regime of Ge-VIII, we have

analyzed the Ge structural energy landscape using DFT with the

FIG. 4. (a) 2D image plates at room temperature (left) and at 2000 (200) K (right) at 76 GPa. The contributions to the diffraction image plate from Ge-VIII are indicated by
the blue lines, along with their corresponding Bragg peak indices. Spotty features are from Ge-IV and Debeye–Scherrer rings are from MgO. (b) Ball and stick model of the
determined atomic structure associated with the Ge-VIII phase at 76 GPa and 1750 K. (c) Le Bail refinement of Ge-VIII in MgO at 76 GPa and 2000 K. (d) Simulated pattern
of the structure, with Ge atoms occupying the 2a Wyckoff position. (e) Le Bail refinement of Ge-VIII in H2 at 68 GPa and 1600(300) K.

J. Chem. Phys. 154, 174702 (2021); doi: 10.1063/5.0047359 154, 174702-4

Published under license by AIP Publishing

https://scitation.org/journal/jcp


The Journal
of Chemical Physics ARTICLE scitation.org/journal/jcp

FIG. 5. (a) DFT-PBE enthalpy difference of the most competitive structures at 80 GPa, relative to Ge-V P6/mmm-1. Inset: 70–80 GPa region using the PBEsol. (b) Phonon
dispersions and densities of states for various structures of Ge at 80 GPa. In I4/mmm, the lower maximum and higher relative weight below 100 cm−1 indicates a high-
temperature competitive free energy.

FIG. 6. Calculated mean square displacement (MSD) (black) and temperature (cyan) of (left) the 80 GPa MD run of Imma-2 Ge-IV at 80 GPa. MSD fluctuations appear 2 ps
after increasing the temperature to 1500 K. The structure melts 10 ps after switching to an NPT ensemble. (Middle) MSD of I4/mmm Ge at 65 GPa. (Right) MSD of I4/mmm
Ge at 80 GPa.

Perdew–Burke–Ernzerhof (PBE) functional50 and ultrasoft pseu-
dopotentials51 as implemented in CASTEP

44 18.1.
Calculations are detailed in the supplementary material and the

raw data, including the search setup, DFT enthalpies and phonons,
and ab initio molecular dynamics (MD) runs, are accessible from the
Edinburgh DataShare repository.46

The enthalpies of the most competitive structures have been
computed to a higher degree of accuracy, with the C18 pseudopoten-
tial, and k-point spacing denser than 0.025 Å−1. Figure 5(a) shows
the evolution of the enthalpy difference of these structures with pres-
sure indicating that all of these structures are extremely competitive
between 60 and 90 GPa. This has been done with the PBE functional
(475 eV cutoff) and the PBEsol functional (600 eV). The transition
pressures are almost identical:

PBE:

Imma 75.9 GPaÐÐÐÐ→ P6/mmm 76.2 GPaÐÐÐÐ→ Cmca 100.5 GPaÐÐÐÐÐ→ I4/mmm,

PBEsol:

Imma 68.7 GPaÐÐÐÐ→ P6/mmm 76.5 GPaÐÐÐÐ→ Cmca.

We considered obtaining a P–T phase diagram using the quasi-
harmonic approximation. This is complicated due to the second-
order nature of the phase transitions and their vicinity to the region
of interest. The presence of soft phonons is likely to render the high-
temperature region in which our interest is very unreliable. Instead,
we performed a series of phonon calculations with QUANTUM-ESPRESSO
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using Density Functional Perturbation Theory (DFPT) to assess the
dynamics of the system. Figures 5(b)–5(d) show the phonons of
P6/mmm, Cmca – 8, and I4/mmm at 80 GPa.

The high-temperature stability of the Imma phase, which is the
experimental one at 300 K between 75 and 85 GPa, and the new
I4/mmm candidate was probed using ab initio molecular dynamics
(AIMD). We chose a time step of 2 fs, which would sample the high-
est frequency phonon mode in Fig. 5(b) over 40 times per oscillation.
The initial Imma configuration was a 2

√
2×2
√

2×2 supercell of the
conventional cell, with 128 atoms. The initial I4/mmm configuration
was a 2 × 2 × 2 supercell of the conventional cell, also containing
128 atoms. Both supercells have similar volumes and lattice param-
eters at 80 GPa. MD simulations were ran in CASTEP 18.1, with the
QC5 pseudopotential, a 300 eV cutoff, and a 2 × 2 × 2 k-point grid
with a 0.3 eV smearing width. In total, four distinct MD runs were
performed.

In Run 1, Ge-Imma at 80 GPa was stabilized for 1 ps at 300 K
using the NVT ensemble. The ensemble was then changed to NPT,
and the cell was further stabilized for another 1.5 ps. The cell was
then heated up to 1500 K. However, the system melted within 0.1 ps,
being comparatively too fast to be represented.

In Run 2 (Fig. 6 left), Ge-Imma, at the average 300 K and 80 GPa
lattice parameters, was stabilized on NVT at 750 K for 3.5 ps. The cell
was then heated up to 1500 K, using a thermostat chain five times
longer than in run 1. The system was kept on these conditions, using
the NVT ensemble, for a further 6.5 ps. After 3 ps at 1500 K, there is
a large jump in the mean square displacement (MSD). This is related
to anti-parallel displacements in the atomic positions and a potential
phase transition. This is shown in Fig. 6. To test if the new structure
is stable, the cell was relaxed under the NPT ensemble. The system
melts, however, within 1 ps.

In Run 3 (Fig. 6 middle), Ge-I4/mmm at 80 GPa was stabilized
at 750 K on the NVT ensemble for 2.75 ps. The temperature was then
increased to 1500 K as in Run 2. The ensemble was changed to NPT
at 10 ps. No phase transition was seen for 3.5 ps at 1500 K.

In Run 4 (Fig. 6 right), Ge-I4/mmm at 65 GPa was stabilized
at 300 K on the NPT ensemble for 1 ps. The temperature was then
increased to 1000 K and run for 4 ps. The temperature was again
increased to 1500 K for a further 3 ps. No substantial changes to the
structure were seen during the simulation.

In summary, within DFT, Imma Ge-IV is not stable at 80 GPa
and 1500 K; at these conditions, there must be a transition to
I4/mmm Ge-VIII before melting at higher temperatures.

C. Further extensions of the Ge phase diagram
At pressures above 86 GPa at ambient temperature, Ge-IV

transforms to hexagonal Ge-V and Ge-VI at around 100 GPa, shown
in Fig. 7. While heating phase V, we still see the transition to phase
VIII above 1700 K [Fig. 7(a)], but heating phase VI at 110 GPa shows
no indication of the transition to phase VIII [Fig. 7(b)]. These results
suggest that both Ge-IV–V and Ge-VIII–V phase boundaries are
near vertical. The combined data consequently imply the existence
of a IV–V–VIII triple point at 1600 K and 86 GPa.

We also observe evidence of melting in some of our heating
cycles: in addition to a decrease in intensity of the corresponding
Bragg peaks of the solid phase, there is an emergence of diffuse scat-
tering from liquid Ge,52 which is shown in Fig. S2. By subtracting

FIG. 7. (a) X-ray diffraction patterns of Ge in H2 at 91 GPa during laser heating.
The pressure was measured with diamond edge before and after heating.37 (b)
X-ray diffraction patterns of Ge in MgO at 110 GPa during laser heating. The
pressure determined by MgO EOS.36

the background function of the room temperature pattern from the
high-temperature pattern, the diffuse liquid scattering can be read-
ily extracted.28,53 As shown in Figs. S2 and S3, at 44 GPa, we detect
Ge-II melting above 1500 K (Fig. 1). At pressures of 60 GPa, we iden-
tify Ge-IV melt around 1900 K, slightly higher than what would be
expected from extrapolations of the Ge-II melt line and implying an
increase in the gradient above the II–IV–liquid triple point.28 Heat-
ing Ge-VIII at pressures of 68 GPa (Figs. S2 and S3), we see evidence
of melting at 2700 K, suggesting another change in gradient after the
IV–VIII–liquid triple point. In all further heating runs above 68 GPa,
no evidence of melting was observed (Fig. 7), with Ge-VI remaining
solid at 110 GPa and 2080 K. The melting line of Ge has been previ-
ously determined up to pressures of 37 GPa,28 and we extend it up
to 68 GPa.

IV. CONCLUSIONS
The extended phase diagram of germanium based on our

results is presented in Fig. 1. Our experiments show that the
I4/mmm structure that we assign as Ge-VIII is reached through
heating Imma Ge-IV. The former is only stable at high temperatures,
reversing back to Ge-IV after temperature quenching. Contrary to
Ge-IV, Ge-V and Ge-VI remain stable at high temperatures, con-
fining Ge-VIII to a narrow range of P–T space. To our knowledge,
Ge-VIII represents the first high-temperature phase to be discovered
in the group-XIV elements at high pressure, other than the diamond
form of carbon. Similarities between the pressure and temperature
phase transitions among the group XIV elements pose an interest-
ing question as to whether an I4/mmm phase could also be observed
in Si. Experimental studies on Si show the equivalent transition to
Ge-II–IV, which would be Si-II. Si-XI also has a phase boundary with

J. Chem. Phys. 154, 174702 (2021); doi: 10.1063/5.0047359 154, 174702-6

Published under license by AIP Publishing

https://scitation.org/journal/jcp


The Journal
of Chemical Physics ARTICLE scitation.org/journal/jcp

a negative slope between 1050 K at 12 GPa and 300 K at 13.2 GPa.35

In Si, the pathway toward an equivalent Ge-VIII phase would require
heating Si-XI, which exists in a very narrow pressure range between
13.2 and 15.4 GPa.22,23 It is possible that due to a very narrow win-
dow at which the phase could exist, the Si-I4/mmm configuration
might have been overlooked.35 Nevertheless, the discovery of Ge-
VIII suggests that further high-temperature dense phases could exist
in the group-XIV elements.55

SUPPLEMENTARY MATERIAL

The supplementary material contains a table with the phase
boundaries of Si and Ge, some examples of our temperature mea-
surements from black-body emission, and Ge XRD image plates and
diffuse scattering during melting.
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