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High-pressure studies on elements play an essential role in superconductivity research, with implications for both
fundamental science and applications. Here we report the experimental discovery of surprisingly low pressure
driving a novel germanium allotrope into a superconducting state in comparison to that for a-Ge. Raman
measurements revealed structural phase transitions and possible electronic topological transitions under pressure
up to 58 GPa. Based on pressure-dependent resistivity measurements, superconductivity was induced above 2

GPa and the maximum T, of 6.8 K was observed under 4.6 GPa. Interestingly, a superconductivity enhancement
was discovered during decompression, indicating the possibility of maintaining pressure-induced superconduc-
tivity at ambient pressure with better superconducting performance. Density functional theory analysis further
suggested that the electronic structure of Ge (0P32) is sensitive to its detailed geometry and revealed that dis-
order in the p-tin structure leads to a higher T. in comparison to the perfect p-tin Ge.

1. Introduction

The high-pressure behavior of Group 14 elements has attracted great
attention due to its unresolved fundamental scientific questions, as well
as its significant technological applications. Upon compression, the
semiconducting diamond structure of Ge undergoes several structural
transformations, entering the metallic p-tin phase with the space group
I41/amd at ~10 GPa [1], the Imma phase at ~ 75 GPa [2], the simple
hexagonal structure with the space group P6/mmm at ~ 85 GPa [3], the
orthorhombic Cmca phase near 100 GPa [4], and the hexagonal close
packed (hcp) structure near 160-180 GPa [4]. Superconductivity
emerges above 10 GPa as the crystal transforms into the p-tin phase with
a superconducting transition temperature (T.) ~ 5.4 K, followed by a
negative dT./dP with further increasing pressure [5]. It was suggested
that the standard electron-phonon coupling mechanism is responsible

for the superconductivity in Ge [6]. One of the aims of the current study
is to investigate the possibility of lowering the required pressure for
inducing superconductivity in Ge. Allotropes of an element can display
drastically different properties depending on the fundamental chemical
nature of the element. A metastable germanium allotrope,
oP32-structured Ge, was successfully synthesized and was found to be a
diamagnetic semiconductor at ambient pressure [7]. Interestingly, we
discovered that the Ge (oP32) single crystal becomes superconducting
with a T, ~5.5 K above 2 GPa, which is much lower than the pressure
required for a-Ge to turn into a superconductor and warrants further
low-temperature structural studies. It was suggested that the p-tin phase
could exhibit a high T, if it were formed under a lower pressure [8]. In
addition, a rare decompression-induced enhancement of T, similar to
phenomena reported in other systems [9], was also observed.
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2. Methods
2.1. Sample preparation

Ge (0P32) single crystals were synthesized based on the procedures
described in our previous study [7]. The precursor Li;Ge; was prepared
by placing stoichiometric amounts of pure elements (Li ribbons and Ge
pieces) in Ta tubes and sealing the tubes by welding under an argon
atmosphere, followed by further enclosing them in sealed vacuum
quartz tubes. The reaction charges were heated to 940 °C for 1 h, after
which each product was reground and subsequently annealed at 490 °C
for 7 days. The pure Li;Ge; powder samples were then each placed into
a glass-bottom container with a reacted ionic liquid [dodecyl-
trimethylammonium aluminum tetrachloride (DTAC) or hexyl-
trimethylammonium aluminum tetrabromide (HTMAB)], and the
glass-bottom container was further enclosed in a closed glass jacket
and heated to 135-140 °C for 3-7 days. The dark grayish solid products
were separated from the reaction mixture by centrifugation. By using
acetone, shiny, relatively large crystals were separated out from the
products. These crystals were subsequently determined to be Ge (0P32)
by single-crystal powder X-ray diffraction (XRD) and no traces of a-Ge
were detected (Fig. S1). Powder samples from both DTAC and HTMAB
reactions resulted in a single phase (>95 % by XRD) of the allotrope. The
allotrope is relatively stable to air and moisture.

2.2. Raman measurements under pressure

In situ high-pressure Raman scattering measurements were per-
formed on single crystals of Ge (0P32) by using a symmetric diamond
anvil cell (DAC) with 300 pm culet size diamond anvils and collecting
the scattered light in the backscattering geometry from 300 K to 7 K and
under magnetic fields up to 5 T. Ne was loaded inside as the pressure
transmitting medium (PTM) and ruby balls were used for pressure
measurement. Pre-pressed rhenium with a hole 100 pm in diameter was
used as the gasket to hold the sample under high pressure. The 633 nm
line from a He-Ne laser was used for excitation with power of less than 1
mW.1 The 1200 lines/mm grating enables spectral resolution of 0.45
cm

2.3. Electrical transport measurements under pressure

For resistivity measurements conducted in this investigation, the
pressure was applied to the samples using a symmetric DAC. We used
anvils with a 400 pm culet. The rhenium gasket was insulated with
Stycast 2850FT. The sample’s chamber diameter was ~170 pm, where
cubic boron nitride (cBN) was used as the PTM. Samples were cleaved
and cut into thin squares with a diagonal of ~150 pm and thickness of
~20 pm. The pressure was determined using the ruby fluorescence scale
[10] or the diamond Raman scale at room temperature [11]. The sam-
ples’ contacts were arranged in a van der Pauw configuration and data
were collected using a Quantum Design Physical Property Measurement
System (PPMS) with temperatures down to 1.9 K and magnetic fields up
to7 T.

2.4. Theoretical calculations

We employed a total-energy pseudopotential method constructed
within density functional theory [12-15] to study the electronic struc-
ture of Ge (oP32) under pressure. Troullier-Martins norm-conserving
pseudopotentials combined with a plane-wave basis were used for
electronic structure simulations [16,17]. Exchange and correlation
functionals are approximated within the local density approximation. A
4 x 4 x 4 k-grid and a cutoff energy of 50 Ry are sufficient to obtain
converged electronic properties. Variable-cell relaxation was conducted
to obtain structures under hydrostatic pressure. We also performed
variable-cell molecular dynamics simulations under constant pressure

Materials Today Physics 41 (2024) 101338

based on the method proposed by Parrinello and Rahman [18]. We used
density functional perturbation theory to simulate vibrational and
superconducting properties of Ge-based materials [19,20]. A Gaussian
broadening of 0.01-0.02 Ry is used to approximate delta functions,
which appear in Brillouin zone summations of electron-phonon calcu-
lations. We computed the Eliashberg spectral function and
electron-phonon coupling strength A to estimate the superconducting
transition temperature T, by using the Allen-Dynes equation [21]. Here
we used an effective Coulomb repulsion parameter p* of 0.12.

3. Results and discussion
3.1. Raman spectra and phase transitions under high pressure

The orthorhombic crystal structure of Ge (0P32) is shown in Fig. 1a.
The coordination around each Ge atom is distorted from tetrahedral
symmetry with bond angles ranging from 93° to 127°. The layered
structure is demonstrated in Fig. 1b. Ge (0P32) was reported to be a
semiconductor with an energy gap E; = 0.33 eV [7]. At ambient pres-
sure, preliminary magnetic measurements show diamagnetic behavior
and an irreversible transformation of Ge (0P32) to a-Ge was observed at
636 K [7].

Systematic room-temperature Raman measurements were carried
out under different pressures. Based on site-symmetry group theoretical
analysis, 48 Raman-active modes are expected as I'Raman = 13A1g +
14B1g + 11Bgg+ 10B3g [22], and 27 have been observed experimentally
[7,23]. As shown in Fig. 2, the 19 modes we observed are close to those
previously reported [7,23]. The absence of the others is likely due to
their low scattering intensity or the overlap of closely lying bands. For
each mode at a given symmetry, one could easily find a counterpart
among the modes calculated using density functional theory (DFT) [23].
It is important to note that we observed the unique mode with frequency
316.1 cm™! of Ge (oP32), which corresponds to the stretching vibration
of the shortest interlayer (Gel—Ge3) bonds [2.4052 (15) 10\] reported
previously [7,23]. In contrast, no characteristic frequency above 300
cm ! has been found in a-Ge [24,25], hexagonal 4H-Ge [24,26], or
microcrystalline Ge allotrope (m-allo-Ge) [24] either experimentally or
from DFT calculations. We also observed one Raman vibration mode at
87.6 cm™}, theoretically derived from Bsg + Byg, that has not been re-
ported previously. In addition, the sharpness of the observed phonon
lines even at room temperature is evident from the experimental Raman
spectra of Ge (0P32) single crystals, as shown in Fig. 2a. This indicates
unambiguously the high crystallinity of the Ge (oP32) allotrope.

Two phase transitions are shown in Fig. 2a and b, as indicated by
different colors and by dashed vertical lines, respectively. Phase I (below
9.8 GPa) is orthorhombic, in which the softening of modes <100 cm !
and the hardening of modes >160 cm™! was observed. Three specific
observations are worth mentioning: 1) the peak at 166.2 cm™', which
has not been reported previously, appears at 0.2 GPa and disappears at
7.5 GPa; 2) the two peaks at 222.8 cm ™! and 267.3 cm ™, corresponding
to the B3¢ + B1g and Ajg modes, respectively, merge with their respective
adjacent peaks around 1.4 GPa; and 3) the peak at 185.4 em ! corre-
sponds to the A;y mode and changes little with increasing pressure as
shown by the evolution of the vibration modes as a function of pressure
displayed in Fig. 2b. These phenomena indicate the existence of elec-
tronic topological transitions in Phase I. Phase I (9.8 GPa-15.4 GPa) is a
mixed phase, in which the structure gradually changes from ortho-
rhombic to B-tin. Some of the vibration modes from Phase I remain. The
peak at 316 em ™}, characteristic of Ge (0P32), disappears in Phase II,
and five new modes (89.1, 205.7, 252.7, 268.7, and 275.8 cm™ 1), appear
at 9.8 GPa. A comparison with the Raman-active modes in the BC8
structure [87 cm ™! (Tg), 214 em™! (Tg), 227 em™! (Ag), 246 em™! (Tg),
and 259 cm™! (Eg) at 0 GPa] indicates that Phase I may contain part of
the BC8 structure. Another two new Raman vibration modes that appear
at 81.1 cm ™! under 13.3 GPa and at 218.9 cm™! under 9.8 GPa are
considered to be characteristic of p-tin [27]. In Phase III (above 15.4
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Fig. 1. (a) Crystal structure of Ge (0P32). (b) Scanning electron microscopy (SEM
is along the [010] direction.
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) image of a Ge (0P32) single crystal showing its layered structure. The crystal plane
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Fig. 2. (a) Room-temperature Raman spectra of Ge (0P32) over the frequency range of 40-400 cm ™! for several selected pressures up to 57.3 GPa. Three phases are
distinguished using different colors as follows: blue, orthorhombic; orange, intermediate structure; and green, p-tin phase. Dashed lines are guides for the eye and
indicate the following three specific frequency changes: the peak at 166.2 cm ™! appears at 0.2 GPa and is sustained up to 7.5 GPa, and the peaks corresponding to the
Bsg + Big mode at 222.8 em~! and the A;; mode at 267.3 cm~! both merge with their respective adjacent peaks above 1.4 GPa. (b) Pressure-dependent Raman
frequency shifts of several selected vibrational modes for a Ge (0P32) single crystal. Depending on the frequency as a function of pressure, three phases (I, II, and III)
can be clearly distinguished, as indicated by the vertical dashed lines. (For interpretation of the references to color in this figure legend, the reader is referred to the

Web version of this article.)

GPa), the high-pressure p-tin phase survives up to 57.3 GPa, the highest
pressure we applied during the Raman measurements. As shown in
Fig. 2b, the higher frequency Phase III peak is more sensitive to pressure
change than that associated with the lower frequency, which is consis-
tent with the results of our DFT lattice dynamics calculations and earlier
reported Raman spectra evolution of p-tin under high pressure [27].

Additionally, as shown by the Raman spectra displayed in Fig. S2, Ge
(oP32) remained stable when the temperature was decreased to 7 K and
the magnetic field was increased to 5 T. Moreover, the observed phonon
lines become sharper at low temperatures, indicating unambiguously
the high crystallinity of the Ge (0P32) allotrope. We also carried out
high-pressure Raman measurements at 100 K and observed two phase
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transitions (Fig. S3), which further confirmed our experimental results
at room temperature and high pressure.

Many studies have shown that, upon decompression, Ge does not
follow the reverse of the structural sequence observed during
compression. Depending on the pressure release process, metastable
back-transformations lead to new allotropes, i.e., the BC8 structure
gradually changes to the hexagonal diamond structure [28], the meta-
stable ST12 structure [29], and the R8 structure [30] at different
decompression rates, and hydrostaticity may cause the varying phase
selection [31]. Therefore, we collected Raman spectra of Ge (0P32)
during decompression to get a better understanding of the phases
retained following different pressure cycles.

We obtained Raman spectra for Ge (0P32) during decompression and
found even more intriguing results. Fig. 3a displays the Raman spectra
following the release of pressure after the sample was pressurized to 57
GPa, with all compression and decompression processes performed at
room temperature. Phase III was retained at 10.6 GPa. When the pres-
sure was further decreased to 6.1 GPa, Phase II was restored. The critical
pressure for each phase transition during decompression is different
from that during pressurization. Similar hysteresis behavior was also
observed in amorphous Ge [32] and amorphous Si [33,34] at slightly
higher pressure. Interestingly, the intensity of the Raman spectra be-
comes weaker when the pressure is further reduced to 0.4 GPa. How-
ever, it is clear that it does not return to the initial state, as shown in
Fig. 3c, although we were not able to determine the resulting structure.

(a) Decrease from 57 GPa, 300 K P (GPa)

AN B-tin 10.6

MJ\J

I
Decrease from 11 GPa, 300 K

> | (
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Fig. 3. Raman spectra obtained during decompression vs. the initial Raman
spectrum. Room-temperature spectra were obtained during decompression
from (a) 57 GPa and (b) 11 GPa. (c) Initial room-temperature Raman spectrum
at 0.2 GPa.

oP32 0.2
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To confirm that the difference between the release pressure of 0.4 GPa
and the initial state is not due to sample damage or degradation or to
high-pressure-induced weak links, we performed Raman measurements
during decompression in a lower pressure range, and the obtained
Raman spectra are shown in Fig. 3b. We first released the pressure from
11 GPa to 6.0 GPa and the resulting spectrum is fundamentally consis-
tent with that obtained at 6.1 GPa after decompression from higher
pressure, as shown in Fig. 3a. We continued to release the pressure to 1.0
and 0.6 GPa and found that the sample does not return to Phase I. We
then uninstalled the diamond anvil cell (DAC) and obtained the Raman
signal at ambient pressure. It is clearly stronger without diamond
attenuation, but, as compared to the spectrum shown in Fig. 3c, it also
does not return to the initial state. By comparing our results with those
in a previous report [35], we confirmed that the observed phase is the
ST12 phase. It is possible that the hexagonal diamond (lonsdaleite) and
R8 phases [36] were formed when the sample was decompressed to 1.0
or 0.6 GPa, as shown in Fig. S4. Based on both Fig. 3a and b, it can be
realized that Ge (0P32) is a metastable metal below 6.0 GPa during the
decompression process, and its metastable structure has a strong
dependence on the specific process employed. Similar behavior has been
observed in other types of Ge allotropes [32]. It is possible that the BC8
phase was formed when the sample here was decompressed from the
B-tin phase [28], which could be the cause of the abnormal T, increase
discussed below [37]. Given the close relationship between its structure
and physical properties, the physical properties of Ge (0P32) are ex-
pected to vary during pressurization and decompression.

3.2. Pressure-induced superconductivity and enhancement during
decompression

With increasing pressure, the signature of superconductivity appears
in Ge (0P32) at 2.9 GPa with an onset T, ~ 5.7 K (Fig. 4). The T, reaches
a maximum at ~6.8 K under 4.6 GPa, followed by a dT./dP ~ - 0.1 K/
GPa with further increasing pressure. Zero resistance is observed at 12.4
GPa, as shown in Fig. S5. Although the resistance does not reach zero
when the transition kicks in at lower pressure, the evolution of this
transition under pressure and the magnetic field effect on the transition
temperature (Fig. S7) are consistent with superconducting behavior. A

8
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Fig. 4. T. as a function of pressure for single-crystal Ge (0P32). Solid symbols
represent the results obtained during compression and the open symbols
represent those obtained during decompression. No superconductivity signal
was detected down to 1.9 K for the data along the pink dashed line. S1 and S2
represent two single crystals synthesized under the same conditions. (For
interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)
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clear decompression-induced superconductivity enhancement is
observed between 10 GPa and 30 GPa, as demonstrated in Fig. S6.
Interestingly, no superconductivity signature was detected down to 1.9
K below 9 GPa during decompression, as indicated by the gray rectangle
in Fig. 4. The magnetic field vs. temperature phase diagram for Ge
(oP32) at 5.7 GPa and 11.9 GPa is shown in Fig. S7. Based on the
Ginzburg-Landau (GL) fitting [38], Hcz is ~2.4 T under 5.7 GPa and
~4.9 T under 11.9 GPa.

3.3. Band structure and phonon dispersion relation under high pressure

Density functional theory (DFT) studies were carried out to further
understand the mechanism underlying the low pressure needed to
induce superconductivity in Ge initially in the oP32 phase. Fig. 5a shows
the band structure of Ge (0P32) under pressure. At ambient pressure, Ge
(oP32) shows a direct gap of 0.27 eV at the I" point. Under 5 GPa, it
becomes an indirect band gap between the I" and X points and the gap is
increased to 0.54 eV. The indirect gap decreases to 0.28 eV at 10 GPa
due to the lowering of the conduction band around the X point. The
structural changes are not strong under these pressures (see Fig. 5b).
Under pressure of 5 or 10 GPa, some germanium atoms are shifted
slightly from their original positions at 0 GPa, but the overall structure is
not substantially different. This indicates that the electronic structure of
oP32 is sensitive to its detailed geometry. Raman measurements found
no significant structural phase transition below 10 GPa. Therefore, the
change of the energy band structure indicates that the Fermi surface
topology changes, and a possible pressure-induced Lifshitz transition
occurs. At even higher pressure, the oP32 structure undergoes an
insulator-to-metal transition. Fig. 5c shows the band structure of oP32

E—E (eV)
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under 12.5 GPa. In this case, hybridization of both the valence and
conduction bands is strong and several bands cross the Fermi energy,
indicating a complicated Fermi surface. The structure is also strongly
modified despite the small jump in pressure from 10 GPa to 12.5 GPa.
Due to this strong modification, some atoms are close to being 6-fold
coordinated, as shown in Fig. 5d, similar to that in the p-tin structure.
Such 6-fold coordination should be the origin of the observed insulator-
to-metal transition.

The phonon dispersion relation of Ge (0P32) under various pressures
is presented in Fig. 6. No signs of instability are found in the phonon
dispersion under pressures <10 GPa. Following the insulator-to-metal
transition at 12.5 GPa, the phonon dispersion relation of Ge (oP32)
shows an imaginary frequency mode around the X point, indicating the
instability of this structure. If we neglect the imaginary phonon fre-
quencies, the T, is about 1.6 K at 12.5 GPa. This is lower than that of
pB-tin Ge around the same pressure range. From a screenshot structure of
variable cell molecular dynamics (MD) around 4 ps at 12.5 GPa, we
obtained the p-tin structure after full structural relaxation. A similar
procedure at 15 GPa yields a disordered p-tin with imaginary frequency
phonon branches. Interestingly this distorted p-tin exhibits a higher T,
(9.2 K) than p-tin (4.1 K at 15 GPa), probably because of the disorder, as
reported previously [39]. These results indicate that the high-pressure
structure is p-tin-like, but some parts could be disordered since the
transition from Ge (0P32) to f-tin is not simple compared to that from
diamond to B-tin. The Ge (0P32) structure is relatively sensitive to
pressure and the volume reduction is faster compared to that of the
diamond-structure germanium. When comparing results at 0 and 10
GPa, the Ge (0P32) volume is reduced by 14 %, while the volume
reduction in the diamond structure is 11 %. Further details regarding the

(b)

0 GPa 5 GPa 10 GPa

E—Ef (eV)

)

r X S

Fig. 5. (a) Band structure of Ge (0P32) under ambient pressure (red solid line) and under 5 GPa (blue dashed line) and 10 GPa (green dotted line). The horizontal
dashed line indicates the valence band maximum. (b) Calculated crystal structure of Ge (0P32) at ambient and under 5 and 10 GPa. The arrows indicate displacement
of atoms due to the applied pressure. (c) Band structure of Ge (0P32) under pressure of 12.5 GPa. The horizontal dashed line indicates the Fermi energy. (d)
Calculated crystal structure of Ge (0P32) under 12.5 GPa. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version

of this article.)
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Fig. 6. Phonon dispersion relation of Ge (0P32) under various pressures up to
12.5 GPa.

superconducting parameters and crystal structures are summarized in
Table S1 and Table S2.

The difference between the critical transition pressure (from the non-
superconducting state to the superconducting state) observed experi-
mentally and that determined theoretically could be due to the following
factors. 1) We mainly used a variable-cell relaxation method to obtain
the structures, which may be too gentle to determine the optimized
structure. 2) More flexibility in Ge (oP32) causes an experimental
structural phase transition or an electronic topological transition [40]
even under a relatively low pressure of 2-3 GPa. Further structural
investigation under high pressure and low temperature is critical to
understand the mechanism for the superconductivity induced in Ge
(oP32) at low pressure. In addition, it would be worth investigating
approaches to further lower the pressure required to retain the
pressure-induced superconductivity in this system, as demonstrated in
our recent studies [41,42].

Based on our calculation results and experimental data, it is safe to
conclude that the Ge (0P32) crystal begins to turn into f-tin Ge above 10
GPa. It is worth mentioning that the Ge crystal will transform into the
tetragonal structure (-tin Ge) under ~10 GPa whether it starts as a
cubic structure (a-Ge) or as an orthorhombic structure [Ge (oP32)]. The
former case is a phase transition to lower symmetry, while the latter is a
pressure-driven phase transition to higher symmetry. However,
regarding the superconductivity in this crystal at the lower pressure
range, i.e., 3-10 GPa, there may be a few possibilities: 1) it is still in the
Ge (0P32) phase but becomes superconducting; 2) the f-tin phase is
formed at low pressure [8] with a T. higher than ever previously
observed; and 3) a new phase, neither Ge (0P32) nor p-tin Ge, forms.

4. Conclusion

The present study unveils superconductivity induced under a much
lower pressure in Ge (0P32) compared to a-Ge, which is possibly related
to a pressure-driven electronic topological transition. We suggest that
the simulation results provided here cannot reproduce the T. experi-
mentally observed below 10 GPa due to the difficulty in determining the
sample structure in the high-pressure, low-temperature superconducting
state. We cannot entirely exclude the possibility that the standard
simulation based on density functional perturbation theory [31,32] and
the Allen-Dynes equation [33] does not correctly describe the super-
conductivity in Ge (oP32). A decompression-driven superconductivity
enhancement, which might be due to the formation of a mixed phase
including the BC8 structure, was also observed. Our findings open new
avenues for expanding the scope of superconductors with notably lower
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pressure barriers that are more adaptive and suitable for applications in
diverse and demanding implementation environments.
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