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Structural and electric transport properties of gray arsenic under high pressure
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Gray arsenic is a two-dimensional semimetal material that has attracted much attention due to its rich and

fascinating properties such as ultrahigh carrier mobility and giant magnetoresistance properties. In this work, the
structural and electrical properties of gray arsenic under high pressure have been systematically explored. Two
structural phase transitions, A7 phase of gray arsenic to simple cubic phase and simple cubic phase to host-guest
phase, were revealed at ~28 and ~35 GPa, respectively. And the transition to host-guest phase completed at
~46 GPa. Superconductivity appeared after ~35 GPa and the maximum of 7., ~5 K, was revealed in pure
host-guest phase at ~54 GPa, which is currently the highest recorded 7. of arsenic. The anisotropic upper critical
field of superconductivities revealed the presence of mixed phase and the relative crystal orientations of the

high-pressure phases.

DOI: 10.1103/PhysRevB.109.064507

I. INTRODUCTION

Since the successful production of graphene by exfolia-
tion in 2004, there has been a research boom in the field
of two-dimensional (2D) materials [1-6]. As a fundamental
member of the 2D material family, 2D crystals of VA-group
single elements, such as phosphorus, arsenic, antimony, and
bismuth, have been widely studied due to their excellent phys-
ical properties [7—11]. Black phosphorus is widely used in
nano-optoelectronic technology due to its adjustable bandgap,
high carrier mobility, and large on/off ratio [12—-15]. In addi-
tion, arsenic has a phosphorus-like electronic system and may
exhibit similar structures and properties, while its chemical
properties are much more stable [16,17].

Gray arsenic (g-As), as the most abundant and stable al-
lotropy of arsenic, is a layered A7 phase [10,18]. Recent
theoretical calculations have shown that a few layers of
gray arsenic have flexible bandgap, which can be adjusted
by the number of layers or stress [19,20]. In contrast, bulk
gray arsenic, as a semimetal, which exhibits rich and fasci-
nating properties, such as its ultrahigh carrier mobility and
giant magnetoresistance (GMR) properties from compensa-
tion mechanisms, attracts great attention [21,22].

Hydrostatic pressure has been widely used to tune the
crystal and electronic structure [23—-31]. Under pressure, all
VA-group elements, P, As, Sb, and Bi, exhibit a similar phase
transition process, passing through multiple phases from the
rhombohedral phase (A7) at ambient pressure to the body-
centered-cubic phase [32,33]. During this interval, different
from P, the heavier elements (As, Sb, and Bi) undergo an
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incommensurate host-guest (HG) phase, such as As-III, Sb-
IV, Sb-II, and Bi-III phases [34]. The unusual HG structure
of an element under high pressure has attracted much atten-
tion since it was discovered [35-38]; especially the recent
discovery of strong-coupling superconductivity in the Bi-III
phase [36]. However, the research on the HG phase in As is
limited, especially in terms of electrical transport properties.
It is possibly due to the higher pressure required to access the
HG phase in As [34]. In addition, as a semimetal, there is still
a lack of research on the magnetic resistance, carrier mobility,
and carrier density of gray arsenic under high pressure.

In this work, a systematic study was conducted on the
structural and electromagnetic transport properties of gray
arsenic single crystals under high pressure. Two structural
phase transitions, the A7 phase of gray arsenic to simple cubic
(SC) phase and the SC to HG phase, were revealed at ~28
and ~35 GPa, respectively. And the transition to HG phase
completed at ~46 GPa. Interestingly, two new characteristic
Raman peaks in the HG phase were revealed. Specifically,
the superconductivity was revealed after ~35 GPa, attributed
to the structural phase transition from SC to HG. The upper
critical field related to angle under different pressures is con-
sidered as evidence of the SC+HG mixed phase. In addition,
the magnetoresistance, carrier mobility, and carrier density at
low temperatures under high pressure were obtained.

A. Raman

Raman spectroscopy studies structural information in crys-
tals through the interaction between photons and lattice
vibrations and is widely used for high-pressure research.
The g-As has three Raman-active modes, namely, an A, mode
that vibrates out of plane at ~250cm—1 and an E; mode
that vibrates in plane at ~ 190 cm~! (double degeneracy). The
Raman spectra of g-As under different pressures are shown

©2024 American Physical Society
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FIG. 1. Raman spectra of g-As single crystals in (a) compression and (b) decompression. (c) Raman shift as a function of pressure. Below
28 GPa, it exhibits two Raman modes of A7-As (blue dots represent the A;, mode; green dots represent the E, mode). The red stars represent
the difference of Raman frequency D, = w(A,) — w(E,). In SC-As ranging from 28 to 35 GPa, only one weak and wide new mode (purple
dots) was observed, while in HG-As, there were two distinct Raman peaks, named N1 (orange dots) and N2 (pink dots), respectively. The
shaded area is a guide for the eyes. Solid dots represent compression data, while hollow circles represent decompression data. The inset shows

the schematic diagram of the Raman vibration mode.

in Fig. 1(a), with the pressure increasing to 54.4 GPa. At a
pressure range of up to ~28 GPa, the Raman spectrum of
gray arsenic only undergoes a redshift, indicating that the
A7 structure remains stable within this pressure range. At
~28 GPa, the characteristic peak of A7-As is replaced by a
weak and wide peak, indicating a transition from A7 to SC.
In the SC mode, the peak further redshifts until it cannot
be detected at ~35 GPa. Until ~46 GPa, two new clear and
visible Raman peaks appeared. It suggested that another phase
transition occurred and the new structure was considered to be
the HG structure. The research on Raman spectroscopy of the
HG phase in As is limited, and there are no vibration modes
that have been assigned to these two peaks. The HG structure
of As is described as a body-centered monoclinic host cell of
the space group 12/c and body-centered monoclinic guest cell
of the space group I2/m [34]. This structural phase transition
has been theoretically and experimentally confirmed to occur
at ~41-50 GPa using x-ray diffraction (XRD) and has a
range of mixing phase processes [32,34,37,39]. By combining
behavior during compression and decompression, we believe
that a structural phase transition from SC to HG occurred at
~35 GPa, and the mixed phase of the two remained until
~46 GPa, followed by only the HG phase. As the pressure
increases until 54.4 GPa, the two Raman peaks of the HG
phase show a blueshift, and no new phase appears.

The pressure dependence of the Raman mode frequency
in the A7 phase and the SC phase is shown in Fig. 1(c).
Before 10 GPa, compared to the A;g mode with a decrease rate
of 1.44cm™! /GPa, the frequency of the E, mode decreases
faster by 2.52 cm~! /GPa. At 10 GPa, the redshift rates of
Ajg and E; modes changed. Compared with that below 10
GPa, the redshift rate of the A, mode increased to 2.71 cm™!
/GPa, while the rate of the E, mode decreased to 0.59 cm™!
/GPa. The red stars show the difference of Raman frequency
D, = w(Ay) — w(E,) of the A7 phase as a function of pres-
sure. The frequency difference D,, increases from 60 cm™!

under ambient pressure to ~70 cm ™! at 10 GPa, then remains
almost constant to 12.5 GPa, and then decreases to ~40 cm ™!
at 26 GPa as the increase of pressure. Although there is
no obvious abnormal behavior in the Raman spectrum near
10 GPa, the changes in redshift rate revealed the changes
in response by out-of-plane compression and in-plane com-
pression to pressure, which may be due to slight structural
distortions, such as the influence of subtle changes in the
nearest neighbor and sub-nearest neighbor bond lengths on
the Raman spectrum [40]. In addition, the Raman shift in de-
compression shows that all phase transitions and the structural
distortion are reversible.

B. Electromagnetic transport

The Montgomery four-probe method was used for electro-
magnetic transport measurement [41,42]. Figure 2(a) shows
the resistance as a function of temperature under different
pressures. Before reaching 35 GPa, the increase in residual
resistance ratio (RRR = R3p0k /R12k) [as shown in Fig. 2(c)]
indicates that the metallic properties become increasingly ap-
parent. It is noted that there are jumps in RRR both in the
points of A7-SC and SC-HG phase transitions. Interestingly,
after the SC-HG transition, ~35 GPa, the zero-resistance
state appears at low temperatures, indicating the possibility of
superconductivity. To validate the superconductivity, a tem-
perature dependence of resistance under different magnetic
fields at 35.3 GPa was studied, as shown in Fig. 2(b). With
the increase of magnetic fields, the superconducting properties
are gradually suppressed until they disappear. The evolution
of superconducting critical temperature (7;.) with pressure is
shown in Fig. 2(d). The “90% standard” is adopted, where T
is defined as the temperature with a resistance of 90% of the
normal-state resistance, and the errors come from the fluctu-
ation of data and noise of testing. Our results show a unique
variation of 7, with pressure. As the pressure increases, T, first
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FIG. 2. (a) Temperature dependence of in-plane resistance at dif-
ferent pressures and normalized resistance R/R;,k vs T ranging from
1.6 to 12 K embedded under selected pressures. (b) Magnetic field
dependence of superconducting transition temperatures measured at
35.3 GPa with field direction perpendicular (B, ) and parallel (B)) to
the sample plane. (c) RRR (residual resistivity ratio) and (d) 7 as a
function of pressure.

rapidly increases, reaching 4.9 K at ~43 GPa, then decreases
to 4.6 K at ~48 GPa, and then rises to 5 K at ~54 GPa. The
emergence of superconductivity is attributed to the beginning
of the structural phase transition from SC to HG, and the drop
of T, at ~48 GPa marks the completion of the structural phase
transition. In addition, the maximum 7., ~5 K in the HG
phase at ~54 GPa, is higher than the prediction of temperature
superconductivity of the body-centered tetragonal structure of
As, with a T, of 4.2 K at 150 GPa [37]. In addition, the upper
critical field H, was measured perpendicular to the sample
plane varying the field under pressure as shown in Fig. S1
and discussed in the Supplemental Material [43].

In addition, a slight broadening of the superconducting
transition under field was noticed as shown in Fig. 2(b).
This broadening is common in superconductors, and the
mechanisms are various [44]. In a 2D superconductor, like
YBa,Cu3z07.5 (YBCO), the major reason is vortex effect
[45,46]. For MgB,, superconducting fluctuation may have a
significant impact [47]. In addition, there are influences from
inhomogeneity of crystals or chemical components [48,49]
and surface superconductivity [50]. As shown in Fig. S2
[43], the broadening was not increasing with pressure, which

B sample plane

3600

@ 353GPa
- 38.1 GPa

3 423 GPa
47.9 GPa

24009 5 = o 542GPa

FIG. 3. (a) Angular dependence of the upper critical field under
different pressures at 1.6 K (the error of 6 is caused by the accuracy
of the rotator, while the error of H, is the same as discussed in
T.). The inset diagram shows the configuration of the sample and
magnetic field and 6 represents the angle between the magnetic field
and the sample plane, meaning current. (b) Schematic diagram of
structural phase transition of the A7-SC process.

suggested that the reason for broadening is not due to inho-
mogeneity of the sample from the potential inhomogeneity of
pressure. In order to clarify the origin of broadening in As,
further experiments or theories are needed, such as calculation
of the effect of thermal fluctuation or the measurement of
magnetic susceptibility to reveal vortices.

In order to understand the generation of higher T, the
density of state and electron-phonon coupling parameter are
crucial. According to the calculation, the electronic structure
of the HG phase is similar to that of the SC phase [32]. The
Fermi velocities through fitting by 7, and coherence length are
shown in Table S1 [43]. The low Fermi velocity suggests the
high density of state at the Fermi level. In addition, similar
to the HG phase in Bi [36], the low-energy phonons in the
HG structure may result in strong electron-phonon coupling.
The high density of state of strong electron-phonon coupling
are beneficial for the improvement of 7,. In addition, further
calculations of the electronic structure, phonon frequency, and
electron-phonon coupling of the HG phase in As are necessary
for understanding the superconductivity in the HG phase.

Meanwhile, in Fig. 2(b), we note the anisotropy of the
upper critical field. Therefore, we investigated the correlation
between the upper critical field (H,) and the angle between the
magnetic field and the sample plane (6) at 1.6 K as shown in
Fig. 3(a) (the inset figure is a schematic diagram of the sam-
ple and magnetic field configuration). The “95% standard” is
adopted, where H, is defined as a magnetic field with a resis-
tance of 95% of the normal-state resistance. Before 48 GPa,
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the upper critical field as a function of angle decreased first
and then increased. This strange behavior is reminiscent of the
anisotropy of a SC structure. The upper critical field takes the
maximum value in the [111] direction (90°) and the minimum
value in the [100] direction (~35°) in the SC phase [23,51—
53]. The ¢ axis of the A7 phase transitions to the [111]
direction of SC under pressure as shown in Fig. 3(b) [40].
Therefore, the anisotropy of the upper critical field is affected
by the residual SC phase in the mixed phase before 48 GPa.
After 48 GPa, the upper critical field approximately monoton-
ically increases with angle, which suggests the transition to a
pure HG phase from a mixed phase. And the approximately
monotonic behavior indicates that the crystal orientation of
the HG phase is parallel or perpendicular to the A7 phase.

One of the most attractive properties of g-As is the GMR
effect. As shown in Fig. S3 [43], the MR up to 420 000%
at 9 T was observed at 1.8 K under ambient pressure. Sur-
prisingly and unfortunately, the GMR disappeared at very low
pressure, 0.3 GPa, as shown in Fig. S4 [43]. Under pressure,
the MR of g-As settled in ~1.5% at 9 T. In addition, the Hall
resistance within the selected pressure range is shown in Fig.
S5 [43]. Unlike the two-band characteristic under ambient
[21], the Hall resistance of the gray arsenic single crystal
under pressure exhibits a linear field dependence under high
pressure, indicating that g-As has a single-band characteristic
of hole under high pressure, and hole carriers play a role in
the main conductive transport properties. The carrier density
and carrier mobility of hole were obtained through Hall re-
sistance [54], as shown in Fig. S6 [43]. With the increase of
pressure, the hole carrier density decreases and remains stable
until ~10 GPa, then rapidly increases, and the trend of hole
carrier mobility is opposite. The turning point of hole carrier
density at ~10 GPa is caused by the slight structural distortion
mentioned above.

II. CONCLUSION

In summary, a detailed study was conducted on the struc-
ture and electromagnetic transport properties of gray arsenic
single crystal. At ~10 GPa, a slight structural distortion hap-
pened, which is evidenced through turning points of redshift
of Raman peaks and hole carrier density. With the increase
of pressure, the hole carrier density decreases and remains
stable until 10 GPa, then rapidly increases, while the trend
of hole carrier mobility is opposite. The Raman characteristic
peaks of g-As are presented above 46 GPa, located at 215
and 262 cm™!, respectively. Two structural phase transitions
of gray arsenic, A7-SC and SC-HG, were revealed at ~28 and
~35 GPa, respectively. And the SC-HG transition finished
at ~46 GPa. At the appearance of HG phase, the supercon-
ductivity was revealed, and the 7, achieved a maximum of
~5 K at ~54 GPa. The angle-dependent upper critical field
revealed the presence of mixed phase and the relative crystal
orientations of the high-pressure phases.

I11. METHOD

The high-quality single crystals of gray As in this experi-
ment were grown using a modified Bridgman technique. The
As lumps (99.9999%) were purified and then loaded into a
tapered quartz tube and was sealed under high vacuum. The
sealed tube was placed vertically inside a muffle furnace, and
was heated to 820°C at a rate of 40°C/h and held for a dura-
tion of 10 h before cooling slowly to 500°C at 1°C/h. Then the
furnace is cooled down to room temperature at 10°C/h. En-
ergy dispersive x-ray (EDX) spectrum and single-crystal XRD
were used to determine the quality of single-crystal g-As, as
shown in Fig. S7 and Table S2 [43] (see also Refs. [55,56]
therein). The results of EDX indicate that the weight content
of the As element in our sample is higher than 99%, and a
small amount of oxygen in the surface originates from the
environmental impact during sample preparation and char-
acterization. The refined results and lattice constants can be
found in Table S2 [43] (see also Refs. [55,56] therein).

Hydrostatic pressure is generated by a diamond-anvil cell
(DAC) with a diameter of 300 wm. Stainless steel T301,
prepressed to a thickness of 30 um and drilled with a hole
of 150 um in diameter, was selected as the sealing gasket.
A Raman spectrum is obtained by backscatter configuration
through a 5-um focus microscope and 1200 g/mm grating.
Electromagnetic transport testing requires cubic boron nitride
insulation on the gasket. NaCl as pressure transfer media have
been applied both to Raman spectroscopy testing and electro-
magnetic transport testing. The van der Pauw four-electrode
method is applied to the electromagnetic transport of gray
arsenic in single crystal, and a triangular Pt sheet is selected as
the electrode. The details are as follows: the sample is placed
in the pressure transfer medium, and the four Pt electrodes
are located between the sample and the diamond. The ab
plane of the sample is placed parallel to the culet of the anvil.
The angle between the magnetic field and the sample plane
is adjusted by rotating the DAC through a horizontal rotator.
In this experiment, the pressure was calibrated by the peak
position of the ruby fluorescence peak [57].
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