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Pressure-induced superconductivity in GeAs
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We performed high-pressure Raman and resistance measurements on a two-dimensional monoclinic semi-
conductor GeAs. We discovered a superconductivity that emerges after the insulator-metal transition above
10 GPa, which is related to the structural transition. Our results indicate that the semiconducting monoclinic
phase and rocksalt structure phase coexist above 10 GPa and structural transformation to the rocksalt phase is
completed above 17∼18 GPa. The maximum superconducting transition temperature Tc is about 8 K close to the
structural transition boundary, and the Tc is gradually decreasing at higher pressures. Upon pressure release,
the nonpolar rocksalt structure transforms to a polar tetragonal superconducting phase. Our first-principles
calculations indicate that the relatively high Tc in the rocksalt phase is mainly due to the enhancement of the
electron-phonon coupling. These results show that superconductivity in this material strongly depends on its
structure, achieving maximum Tc in a higher-symmetry phase.
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I. INTRODUCTION

Since the first successful exfoliation of graphite into mono-
layer or few-layers sheets made possible due to weak cou-
pling between the layers, the two-dimensional materials have
attracted tremendous interest due to their novel electronic
and optical properties [1]. Plenty of novel layered materi-
als were studied as potential two-dimensional materials. It
is known that silicon and germanium phosphides and ar-
senides can crystallize in orthorhombic or monoclinic layered
structures [2,3], which could also have a potential to be
two-dimensional materials. However, very few studies were
performed on this type of materials, possibly due to their
complex low-symmetry structures. Although some theoreti-
cal calculations indicate that this type of material may be
used in optical devices and thermoelectric application [4,5],
their physical properties were not fully explored and more
experiments are needed to explore their emergent physical
properties.

The monoclinic semiconductor GeAs with a band gap
around 1 eV [6] shows highly anisotropic optical and
electronic properties [7,8], and is characterized as highly
anisotropic van der Waals thermoelectric material at ambient
pressure [9], which may have future applications in functional
electronics, optoelectronics, and in thermoelectric devices.
Optimization and tuning of its structure may enhance the
electronic, optoelectronic, and thermoelectric properties, as
well as lead to novel physical properties. High pressure
is one of the effective methods to provide such tuning of
the physical properties of the materials. By applying high
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pressure, many new superconductors were found, especially
some high-Tc superconductors such as H3S [10], which ini-
tiated great progress in the field of superconductivity. Early
high-pressure work indicates that GeAs transforms to the
simple rocksalt structure above 13 GPa accompanied by an
insulator-metal transition [11]. Here, we combined the high-
pressure Raman and resistance measurements on this layered
material, and we found that the monoclinic and rocksalt
structures coexist in a wide pressure range. More interestingly,
the superconductivity emerges in the metallic rocksalt phase.
The maximum measured Tc is around 8 K, the highest Tc

observed in such binary materials. On pressure release, the
cubic phase transforms to a superconducting tetragonal phase.
Our first-principles calculations indicate that the relatively
high Tc in the rocksalt phase is mainly due to the enhancement
of the electron-phonon coupling.

II. METHODS

We conducted the electrical transport measurements on a
GeAs single crystal under pressure by using the miniature
diamond anvil cell [12]. High-quality single crystals of GeAs
were grown as previously reported [11]. Diamond anvils with
300 μm culet and c-BN gasket with sample chambers of
diameter 110 μm were used. An GeAs single crystal was
cut with the dimensions of 60×60×10 μm3. NaCl was used
as a pressure-transmitting medium. Resistivity was measured
using a Quantum Design Physical Properties Measurement
System. Diamond anvil with 300 μm culet was used for
the high-pressure Raman measurements with incident laser
wavelength of 660 nm. Neon was loaded as the pressure
transmitting medium. Pressure was calibrated by using ruby
fluorescence shift at room temperature for both the transport
and Raman measurements.
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FIG. 1. (a) The layered monoclinic crystal structure of GeAs.
(b) The rocksalt structure of GeAs at high pressure. (c) The polar
tetragonal structure of GeAs decompressed from high pressure.

Our electronic structure calculations were performed
within density functional theory (DFT) using the Vienna
ab initio simulation package (VASP) [13] with projector-
augmented-wave potentials [14,15] and the Perdew-Burke-
Ernzerhof version of generalized gradient approximation for
exchange-correlation functional [16]. The default plane-wave
cutoff energy of 250 eV was used in two phases. The
Monkhorst-Pack scheme was used for Brillouin zone sam-
pling [17]. The structures were fully relaxed without any
symmetry constraints until the force on each atom was
smaller than 0.01 eV/Å and the electronic self-consistent
calculation was stopped at the energy convergence less than
1.0×10−6 eV. The phonon modes were calculated by QUAN-
TUM ESPRESSO program [18] using the PAW potentials. For
this calculation, we employed a 4×4×4 q mesh and a
12×12×12 k mesh. To interpolate the e-ph coupling, the
Brillouin zone of both phases was initially sampled by a
dense 24×24×24 k mesh. The superconducting Tc was then
estimated using the Migdal-Eliashberg method with several
values of Gaussian broadening for the evaluation of the related
integrals.

III. RESULTS AND DISCUSSION

The two-dimensional GeAs under ambient pressure forms
monoclinic structure as shown in Fig. 1(a). GeAs is isostruc-
tural to GaTe and SiAs [3,19] with the space group C2/m
(No. 12). The GeAs crystallizes in a layered structure; within
each layer Ge-Ge dumbbells are octahedrally coordinated by
arsenic atoms as shown in Fig. 1(a). Previous x-ray diffrac-
tion studies indicate a structural transition around 13 GPa:
the monoclinic structure transforms to the rocksalt structure.

FIG. 2. (a) Raman spectra of GeAs at several pressures. The
monoclinic structure has many Raman modes; all the Raman modes
disappear above 18 GPa, which indicates that the monoclinic phase
transforms completely to the rocksalt structure. (b) The Raman
spectra of GeAs during decompression cycle. The Raman spectra
indicate that the phase sequence during compression-decompression
process is irreversible. The spectra show several broad peaks at
decompression, which may related to the tetragonal phase.

After decompression from high pressure, the structural change
occurs to a tetragonal phase with the space group I4mm [11].
This tetragonal phase lacks inversion symmetry with all the As
ions equally shifted towards their adjacent Ge ions along the
c axis, thus inducing a net dipolar electric moment along the c
axis. This polar tetragonal structure can also be synthesized at
high temperature around 6.5 GPa [20]. Figures 1(b) and 1(c)
show the high-pressure rocksalt structure and decompressed
tetragonal structure, respectively.

In order to check the phase transitions under pressure, we
performed high-pressure Raman measurements. The Raman
spectra at low-pressure exhibit many peaks due to the low
symmetry of the monoclinic structure as shown in Fig. 2(a),
which is consistent with previous measurements [7,8]. On
pressure increase, all the peaks shift to higher frequency.
When the pressure is above 17∼18 GPa, all the peaks dis-
appear, which indicates that the sample transformation to
the rocksalt structure is complete. During the decompression
process, new broad peaks appear when the pressure is de-
creased to 5 GPa as shown in Fig. 2(b). This indicates that the
nonpolar rocksalt structure transforms to the polar tetragonal
structure at low pressure. Our Raman results are consistent
with the phase transitions proposed from the previous XRD
measurements.

In order to search for the new physical properties under
pressure, we performed high-pressure resistance measurement
on a monoclinic GeAs single crystal. GeAs exhibits the
insulating behavior at low pressure similar with its ambient
pressure behavior [21]. By increasing the pressure, the in-
sulating behavior is suppressed gradually and an insulator-
metal transition occurs above 10 GPa. More interestingly,
the resistance shows a sudden drop at low temperature
when the system evolves to the metallic state. Such sharp
decrease of the resistance is due to the superconducting
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FIG. 3. (a) The temperature dependence of the resistance of
GeAs at various pressures. Insulator-metal transition appears around
10 GPa, followed by the superconductivity. (b) The resistance around
the superconducting transition temperature (expanded). The Tc in-
creases with increasing pressure and the maximum Tc ∼ 8 K is
reached around 15.3 GPa. The resistance data at 13 and 14.3 GPa
were divided by the factor 5 and 2, respectively.

transition, and zero resistance is reached above 13 GPa as
shown in Fig. 3(b). The maximum Tc∼ 8 K occurs around
15.3 GPa, close to the structural transition boundary. Above
15.3 GPa, the Tc is suppressed gradually, and the super-
conducting transition becomes much broader with increasing
pressure.

We also applied magnetic field to suppress the super-
conducting transition. The temperature dependences of the
resistivity of GeAs at pressure of 15.3 GPa with various
applied magnetic fields are shown in the inset of Fig. 4.
From this data we can obtain the upper critical field (Hc2).
The Hc2 shows a linear dependence with respect to the
Tc as shown in Fig. 4. Within the weak-coupling BCS
theory, the upper critical field at T = 0 K can be deter-
mined by the Werthamer-Helfand-Hohenberg (WHH) equa-
tion [22] Hc2(0) = 0.693[−(dHc2/dT )]Tc Tc. We can deduce
that Hc2(0) ∼ 0.65 T.

By combining the high-pressure resistance and Raman
results, we can map out the phase diagram of GeAs as shown

FIG. 4. The upper critical field Hc2 at 15.3 GPa. The inset shows
the temperature dependence of the resistivity of GeAs at 15.3 GPa
at several applied magnetic fields. The Tc was determined from the
90% resistivity transition.

in Fig. 5. The resistivity at 300 K shows a rapid decrease above
10 GPa, which is related to the insulator-metal transition.
Such a rapid decrease of the resistivity is leveled of above
17 ∼ 18 GPa, at which pressures the structure is transformed
completely to the rocksalt structure, as follows from the
Raman measurements. Since previous XRD measurements
indicate that the structural transition occurs at around
13 GPa, we attributed the insulator-metal transition to this
structural transition. We can see that the structural transition
starts around 10 GPa and the low-pressure phase persists up to
17∼18 GPa. Thus, the monoclinic and rocksalt phases coexist
in a large pressure range. Although we used the nearly hydro-
static Ne pressure medium for the Raman measurements, and

FIG. 5. The phase diagram of GeAs at high pressure. The dome-
like Tc appears after the insulator-metal transition. The pressure
dependence of the resistivity at 300 K indicates that the monoclinic
and rocksalt structures coexists between 10–17.5 GPa (dashed area),
which is consistent with the Raman measurements.
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FIG. 6. (a) The band structure of the polar tetragonal phase at ambient pressure and (b) of the nonpolar rocksalt phase at 10 and 20 GPa.
The calculated density of electronic states for (c) tetragonal and (d) rocksalt phases. The solid and dashed lines represent calculated results at
10 and 20 GPa, respectively, for the rocksalt phase.

solid NaCl pressure medium for the resistivity measurements,
the results are consistent with each other. Both of the pressure
media provide good hydrostatic environment in our experi-
ments evidenced by the ruby fluorescence spectra shown in the
Supplemental Material [23]. The small nonhydrostatic effects
by using different pressure media do not significantly affect
the phase transition in this sample, and the large coexistence
region is most likely not related to the nonhydrostatic effects.

During the pressure release, the nonpolar rocksalt phase
does not turn back to the original monoclinic phase, but
changes instead to a polar tetragonal phase as evidenced by
our Raman measurements and previous XRD measurements.
However, the Tc of the polar tetragonal phase is only 3∼3.5 K
[20], which is much lower than the Tc in the rocksalt phase.
In order to figure out the origin of the superconductivity in
both phases, we compared the electronic band structure and
projected electronic density of states (DOS) for the polar
tetragonal phase at ambient pressure and for nonpolar cubic
phase at 10 and 20 GPa as shown in Fig. 6. Several bands
cross the Fermi level confirming the metallic nature of both
phases. The densities of electronic states for both phases show
remarkable similarity. At higher pressure, the total DOS of
the rocksalt phase decreases mainly due to the reduction of
the DOS for As p orbitals, thus the Tc would also decrease in
agreement with our experimental observations.

The phonon band structure and phonon density of states
were calculated to determine the dynamic stability of the

observed phases as shown in Figs. 7(a) and 7(b) for the polar
tetragonal phase at ambient pressure and for the nonpolar
cubic phase at 10 and 20 GPa, respectively. The absence of
imaginary frequency modes in the entire Brillouin zone indi-
cates the dynamic stability of these structures. The electron-
phonon coupling parameter λ, and the Eliashberg phonon
spectral function α2F (ω) were calculated to obtain theoret-
ical predictions for the superconductivity of both polar and
nonpolar phases. The right panel of Figs. 7(a) and 7(b) shows
the frequency dependence of λ and α2F (ω) for the polar
tetragonal phase at ambient pressure and for the nonpolar
cubic phase at 10 and 20 GPa, respectively. The calculated
λ for the polar tetragonal phase is 0.52, which is smaller than
the λ = 0.65 for the rocksalt structure at 10 GPa. The super-
conducting transition temperature (Tc) can be estimated by the
modified (by Allen and Dynes) McMillan’s equation [24,25]
Tc = ωlog/1.2 exp[−1.04(1 + λ)/{Pλ − μ∗(1 + 0.62λ)]} us-
ing μ∗ = 0.1, the calculated ωlog is 180.7 and 195.4 K, and
the resultant Tc is 2.6 and 5.6 K for the polar phase at ambient
pressure and for the nonpolar phase at 10 GPa, respectively.
The calculated Tc values are in reasonable agreement with the
experimental values. With the pressure increase to 20 GPa in
the nonpolar rocksalt phase, the λ decreases to 0.51 and ωlog

increases to 267.3 K, thus the calculated Tc decreases to 3.5 K
in agreement with the experiment.

Our results indicate that the nonpolar cubic GeAs
shows the maximum Tc above 8 K, which is the highest
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FIG. 7. (a) The phonon energy dispersion curves, the phonon density of states, frequency dependence of λ and α2F (ω) for the polar
tetragonal phase at ambient pressure; (b) the same for the nonpolar cubic phase at 10 and 20 GPa. The solid and dashed lines represent the
calculated results at 10 and 20 GPa, respectively, for the rocksalt phase.

transition temperature in this type of material. Since the
Raman scattering is a much more sensitive method to de-
tect the phase transitions at hand, our experimental results
indicate that the monoclinic and rocksalt structures coexist
in a wide pressure range. Insulator-metal transition is con-
comitant with the structural transition as evidenced by the
transport measurements. After decompression, the system
changes to a polar tetragonal structure and superconductivity
is suppressed to 3 ∼ 3.5 K [20]. These results indicate that
the superconductivity correlates strongly with the structure
of the material. Ga-doped cubic Ge shows superconductivity
at 0.5 K [26] at ambient pressure. The Tc can be enhanced
to 5 K under high pressure [27], however, in this case the
structure changes to a β-Sn structure, which is completely
different in comparison to the rocksalt structure of GeAs.
The maximum superconducting Tc in compressed As is below
2.5 K [28] within the simple cubic structure, which is quite
similar to the rocksalt phase of GeAs. The rocksalt structure

of GeAs can be treated so as the half of the As atoms were
substituted by the Ge atoms in the simple cubic As phase.
Compared to the cubic phases of elements (Ge and As), the
Tc is greatly enhanced in the rocksalt structure of GeAs,
which may be possibly due to the enhancement of the average
phonon frequency and/or the electron-phonon coupling. The
pressure-mediated polar-nonpolar structural transition was
also observed in SnP [29], but the maximum Tc in SnP system
is only 3.4 K, which is much lower than the maximum Tc in the
GeAs. Our DFT calculation results indicate that the electron-
phonon coupling parameter λ may be the main source of
the Tc enhancement in the GeAs material having the rocksalt
structure.

IV. CONCLUSIONS

In conclusion, we observed the superconductivity in the
rocksalt GeAs phase with the maximum Tc up to 8 K,
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which is the highest Tc reported in this type of material.
The monoclinic phase coexists with the rocksalt phase in
a wide pressure range. The sample transforms to the polar
superconducting tetragonal phase after decompression to low
pressures. Our results constrain the high-pressure phase di-
agram and superconducting properties in this binary GeAs
material.
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