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Magnetotransport properties in a compensated semimetal gray arsenic
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We report the observation of an extremely large magnetoresistance (up to 15 000 000% at 1.8 K in a magnetic
field of 9 T) in a simple chemical element, gray arsenic, in which the magnitude of the magnetoresistance increases
as approximately the square of the magnetic field strength without any signs of saturation. The Hall-effect study
confirms that gray arsenic is a nearly perfect “compensated semimetal,” with a small concentration of very
mobile carriers, which lead to an extremely large magnetoresistance. The analysis of Shubnikov–de Haas
oscillations reveals a nontrivial π Berry phase, a strong signature of Dirac fermions with three-dimensional
dispersion. Furthermore, in the presence of parallel magnetic and electric fields, a weak antilocalization effect
and a pronounced negative longitudinal magnetoresistance, which may be linked to novel topological states,
are also observed. These findings which uncover the material’s basis in gray arsenic not only open avenues in
spintronics and magnetic sensor applications but also provide more platforms to study topological materials.
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The “giant” or “colossal” magnetoresistance has emerged
over the past three decades as an area of increasing interest to
both fundamental and applied science, which has recently been
enriched by very recent developments on the topologically
ordered materials [1–7]. These exotic phases induced by
strong spin-orbit coupling are known to exist mainly in
pnictide and selenide compounds, especially in arsenic-based
materials [4–7].

Gray arsenic (α-As), the most common type of arsenic,
adopts a layered structure, consisting of many ruffled, six-
member buckled rings [as shown in Fig. 1(a)] [8]. Similar to
graphite, the bonds between layers are comparatively weak
and so it can easily be intercalated and exfoliated. Recent
theoretical calculation [9] suggests that thin films of α-As
display a significant band gap depending sensitively on the
number of layers or in-layer strain, in contrast to the bulk
material which is more usually described as a semimetal,
implying that this material has a huge potential in electronic
applications. However, unlike the well-studied semimetal of
bismuth, which is also belong to the group VA, there are few
experimental work performed on either bulk or thin film of
arsenic to date, except for the comprehensive study of Fermi
surface (FS) topology by the de Haas–van Alphen (dHvA)
effect and Shubnikov–de Haas (SdH) effect [10–14].

The magnetic field has been considered to be one of the
most powerful tools in studying the electronic properties of
semimetals [4–7]. Based on the magnetotransport measure-
ments, many exotic transport behaviors, such as extremely
large magnetoresistance, ultrahigh carrier mobility, anomalous
Berry phase, and/or negative longitudinal magnetoresistance
have been observed. In this work, we performed system-
atic magnetotransport studies on the α-As single crystal
in the temperature range from 1.8 K to room temperature
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at magnetic fields up to 9 T. We observed an ultrahigh
carrier mobility (μh ≈ 9.35 × 105 cm2 V−1 s−1, μe ≈ 2.4 ×
105 cm2 V−1 s−1 at 1.8 K) and an extremely large quadratic
field-dependent magnetoresistance (MR = 15 000 000%, T =
1.8 K and B = 9 T). Both the observed MR and Hall resistance
behavior could be qualitatively explained by the semiclassical
two-band model, in which the high mobility is responsible
for the rapid increase of resistivity with applied magnetic
fields as described by ρxx ∼ (μB)2, while the nearly perfect
balance of electron and hole populations would likely prevent
the saturation of MR in sufficiently high magnetic fields [4].
Further analysis of the SdH oscillations reveals the existence
of a nontrivial π Berry phase. Notably, in the presence of
parallel magnetic and electric fields, a weak antilocalization
(WAL) effect and a pronounced negative longitudinal MR
are observed. Our observations yield a strong signature of
three-dimensional (3D) Dirac or Weyl fermions’ characters
as detected in other topological semimetals [5–7], but this
scenario seems unlikely in α-As since the first-principles
calculations and angle-resolved photoemission spectroscopy
(ARPES) experiment have shown that it is a topological
insulator [TI] [15]. Further research would be helpful to better
understand the exotic magnetotransport properties in α-As in
the near future.

High-quality single crystals of α-As were grown using
a modified Bridgman technique. Initially, the purchased As
lumps (99.9999%) were purified by the sublimation method
as reported in Ref. [16]. The purified As was 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
duration 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.
The obtained crystals were characterized by x-ray diffraction
(XRD) using a PANalytical diffractometer (Cu Kα1 radiation,
λ = 1.540 51 Å). The XRD pattern of a single crystal reveals
three peaks that could be indexed as 00l reflections in a crystal
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FIG. 1. (a) The crystal structure of α-As with R3̄m space group. (b) XRD pattern of α-As single crystal showing only (00l) reflections.
(c) Temperature dependence of ρxx under selected magnetic fields on log-log scale for sample 1. At low temperatures, ρxx (B) curves show
the same character: After an initial rapid rise, ρxx tends to saturate with a more distinct plateau. Inset: Plots of MR versus B on logarithmic
scales. (d) Magnetic field-dependent MR at various temperatures. Inset: The solid line shows the quadratic fit to the MR data at 1.8 K. (e) The
derivative ∂ρ/∂T curves taken at several magnetic fields. Inset: Tm and Ti are determined as the temperatures at which the ∂ρ/∂T versus T
curves change sign and take a minimum. (f) Field dependence of Tm and Ti .

system characterized by a trigonal c direction, as shown in
Fig. 1(b). The inset shows a photograph of a piece of cleaved
crystal.

The magnetotransport measurements were performed with
the four-probe method in a Quantum Design PPMS, and the
electric current flows in the binary-bisectrix plane. For MR (or
Hall resistivity) measurements, any Hall (or resistive) voltages
due to misalignment of the voltage leads could be corrected by
reversing the direction of the magnetic field. In order to achieve
a uniform current distribution and to avoid the current jetting
effect, the samples were cut in the rectangular specimens with
a length of 3 mm, a width of 0.2 mm, and a thickness of 0.1 mm.

The current leads were prepared by painting silver paste over
the whole front and end surfaces of the specimens. The band
structure is calculated by a first-principles calculation program
package, the Vienna ab initio simulation package (VASP),
and the exchange-correlation potential is the generalized
gradient approximation (GGA) of Perdew-Burke-Ernzerhof
(PBE) type.

The electrical resistivity was first measured along the
bisectrix axis with the magnetic field applied normal to the
binary-bisectrix plane. As shown in Fig. 1(c), at zero field, ρxx

exhibits good metallic behavior with a large residual resistivity
ratio [RRR = ρ(300 K)/ρ(2 K)] up to 6500 (in Ref. [17], the
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RRR was reported up to ∼9000), implying the high quality
of the sample. With the application of magnetic fields, ρxx

is enhanced drastically at low temperatures and shows a
minimum, indicating that this system undergoes a field induced
metal-to-insulator–like transition. Remarkably, ρxx saturates
at very low temperatures, and leads to a resistivity plateau.
To get a more clear view of the exotic transport behavior,
we plotted the derivative ∂ρ/∂T curves at several magnetic
fields in Fig. 1(e), where Tm and Ti are determined as the
temperatures at which ∂ρ/∂T versus T curves change sign and
take a minimum, which correspond to the temperatures of the
emergence of metal-to-insulator–like transition and resistivity
plateau in ρxx curves. As shown in Fig. 1(f), with the magnetic
field increasing, Tm shifts to high temperature, while the
applied field is seen to have little influence on Ti . The magnetic
field induced metal-to-insulator–like transition and resistivity
plateaus have also been observed in WTe2 [4], Cd3As2 [5],
TaAs [7], and other semimetals [18], in which the extremely
large MR detected at low temperatures was ascribed to their
own unique characteristics; the lack of inversion symmetry,
linear band dispersion, perfect electron-hole compensation,
and quasi-two-dimensional (2D) Fermi surfaces, respectively.
The resistivity plateaus also seem to have their topological
origin, similar to those observed in TIs such as Bi2Te2Se
and SmB6, where the protected metallic surface conductance
dominates at low temperature [19,20].

In this material, the anomalous increase of ρxx (T) with
decreasing temperature under high magnetic fields also results
in an unexpectedly huge MR, as large as 15 000 000% at
T = 1.8 K and B = 9 T. Figure 1(d) shows the magnetic
field dependence of MR at various temperatures for field
perpendicular to current. The MR increases quadratically with
increasing the field over all the measured temperature range,
which can be seen more clearly when the MR versus B is
plotted on a logarithmic scale, as shown in the inset of Fig. 1(c).
The log-log plot brings out the nice straight lines, which
indicate that the MR of α-As follows the Kohler’s rule in
the temperature and field range measured, and the MR can
be described in terms of semiclassical transport theory [21].
Interestingly, it should be noted that this behavior is in sharp
contrast to that observed in the semimetal bismuth, in which
the MR deviates from the quadratic field dependence, and
eventually saturates at sufficiently high fields [22,23].

In the semiclassical two-band model [24], the magnetore-
sistivity ρxx and Hall resistivity ρxy can be expressed as the
following equations:

ρxx = (nhμh + neμe) + μeμh(nhμe + neμh)B2

(nhμh + neμe)2 + μ2
e μ2

h (nh − ne)2B2

1

e
, (1)

ρxy =
(
nhμ

2
h − neμ

2
e

) + μ2
e μ2

h (nh − ne)B2

(nhμh + neμe)2 + μ2
e μ2

h (nh − ne)2B2

B

e
, (2)

where ne (or nh) is the carrier density of the electron
(or hole), μe(μh) is the mobility of the electron (hole),
respectively. In the case of perfect (ne = nh) or nearly perfect
(neμe + nhμh)2 � (ne − nh)2(μeμh)2B2 charge compensa-

tion, the MR = ρxx (B)−ρxx (0)
ρxx (0) ≈ μeμhB

2 increases quadratically
with the strength of magnetic field B without saturation,
while the behavior of ρxy is more complex, which depends

FIG. 2. (a) Hall resistivity ρxy measured at several temperatures
from 1.8 to 50 K. Inset: Magnetic field dependence of σxy at
1.8 K. The solid line shows the best fitting with two-carrier model.
(b) Temperature dependence of carrier density ne and nh.
(c) Temperature dependence of carrier mobility μe and μh deduced
by two-carrier model.

sensitively on the relative values of ne, nh, μe, and μh.
Generally, a nonlinear field dependence of ρxy indicates the
existence of carriers with different mobilities [25] or different
polarities [7]. In this case, as shown in Fig. 2(a), ρxy (B)
is positive with an upward curvature at low temperatures,
and a downward curvature at high temperatures, which
indicates clearly α-As has the multiple band character and
the holelike carriers dominate its electrical transport behavior.
For T = 1.8 K, the best fitted results using the two-band
model are shown by the red curve in the inset of Fig. 2(a),
which yield mobilities of μe ≈ 2.4 × 105 cm2 V−1 s−1 and
μh ≈ 9.35 × 105 cm2 V−1 s−1 with corresponding carrier den-
sities of ne = 1.13 × 1020 cm−3 (electron) and nh = 1.14 ×
1020 cm−3 (hole), respectively. The carrier densities are close
to those estimated from the previous dHvA measurements [12].
The very small difference between ne and nh demonstrates
clearly that electron-hole compensation is close to perfect,
and the variation of resistivity in transverse magnetic field
significantly depends on extremely high hole mobilities. A
similar behavior of ρxx and ρxy was also found in other
samples with different residual resistivity ratio RRR. However,
the magnitude of MR and carrier mobilities appears to be
extremely sensitive to the sample quality. In particular, the
MR shows a quadratic dependence on RRR (not shown here),
as reported in newly discovered Weyl semimetals WTe2 [26].
Here the excellent agreement between the measurements and
simulation both for magnetoresistivity ρxx and Hall resistivity
ρxy achieved by the semiclassical two-band model analysis
indicates strongly that the huge magnetoresistance detected in
gray arsenic stems from the nearly perfect electron-hole charge
compensation and very high carrier mobilities.

Quantum oscillations in magnetic fields can provide a
unique opportunity to gain insight into the nature of the Fermi
surface topology. Experimentally, the oscillatory part of the
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magnetoresistance �Rxx , i.e., the SdH oscillations, can be
expressed in the following form [27–29]:

�Rxx = R(T ,B) cos[2π (F/B − λ + δ)], (3)

where λ = 1
2 − ϕB

2π
is the Onsager phase factor taking the value

λ = 0, 1 (or λ = 1/2) for the nontrivial (trivial) Berry phase
ϕB . δ is a phase offset, with the value of δ = 0 (or ± 1

8 )
for the 2D (or 3D) system. F is the oscillation frequency,
which is proportional to the extremal cross section, AFS, of the

Fermi surface; F = (h̄/2πe)AFS [30]. In this measurement, the
SdH oscillations are smeared out by the extremely large MR
background, as seen in Fig. 1(d). However, we can still extract
the quantum oscillations by subtracting a polynomial fit to the
background, as shown in Fig. 3(a). The oscillatory spectrum
becomes more complex when the magnetic field is tilted from
the trigonal axis, indicating the existence of multiple Fermi
surfaces in this system. This can be seen more clearly by the
fast Fourier transform (FFT) analysis as shown in Fig. 3(b). For

FIG. 3. (a) SdH oscillations in MR with the field applying along the trigonal axis at T = 1.8 K. Upper inset: SdH oscillations in MR
obtained by rotating the field away from the trigonal axis with angle of 15°. Lower inset: the corresponding measurement configurations.
(b) The FFT spectra of the SdH oscillations. (c) Landau level index plots 1/B versus n for the oscillation frequency of 187 T (θ = 0◦). The
purple circles are the maxima of the resistance and the red line is the linear fit. The initial Landau level only reaches to n = 21 in a magnetic
field up to 9 T, far away from the quantum limit. Higher-magnetic-field experiments will be useful to approach the quantum limit to further
confirm the existence of the nontrivial Berry phase. (d) Angular dependence of the SdH frequencies. The dashed lines are guides for the eyes.
(e) The calculated FS topology. (f) The relationship between kz and the area of FS cut which is parallel to kxky surface. The origin is the central
point of the Brillouin zone (BZ), and the dotted line demonstrates the edge of BZ.
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the field directed along the trigonal axis, only one fundamental
frequency and associated harmonics are observed. As the field
is rotated away from the trigonal axis with an angle of 15°,
three fundamental frequencies and associated harmonics are
detected. The angular dependence of the SdH frequencies
are plotted in Fig. 3(d) for rotation around [001], which is
consistent with that observed in a previous dHvA study [12].

In our previous work, density functional theory (DFT)
calculations were performed on α-As to illustrate the topo-
logical properties of the electronic structure [15]. It shows
that, in the absence of spin-orbital coupling (SOC), there is
a band crossing near the Fermi level, and the band crossings

in the whole Brillouin zone (BZ) form a closed nodal line.
When the SOC is further considered, an energy gap is opened
along the node-line circle. Figure 3(e) shows the FS topology
calculated with SOC. The FS of α-As mainly consists of three
approximately ellipsoidal electron pockets and one multiply
connected hole pocket. We find that the observed FS topology
is in good agreement with the calculated ones in terms of
the character of each sheet, indicating that the observed SdH
oscillations in α-As originate mostly from the bulk state.

As mentioned above, the SdH effect can also probe
the Berry phase. It is well known that the Berry phase
associated with the Dirac cone is π in topological Dirac

FIG. 4. (a) Magnetoresistivity with rotating field from perpendicular (θ = 0◦) to parallel (θ = 90◦) to the electric current at 1.8 K (sample
2; the electric current flows along the bisectrix axis). The insets depict the corresponding measurement configurations. (b) The negative MR
at θ = 90◦ (open circles) and fitting curve (red solid line) at 1.8 K for sample 2. (c) Magnetoresistance measured in different rotating angles
around θ = 90◦ for sample 2. The negative MR appeared at a narrow region around θ = 90◦, most obviously when B//I. (d) The MR data at
θ = 90◦ (open circles) and fitting curves (dashed lines) at various temperatures for sample 2. (e) Magnetoresistivity with rotating field from
perpendicular (θ = 0◦) to parallel (θ = 90◦) to the electric current at 1.8 K (sample 3; the electric current flows along the binary direction).
The insets depict the corresponding measurement configurations. (f) The longitudinal MR measured at various temperatures for sample 3.
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materials [7,31,32]. In order to examine the Berry phase of
α-As, we plotted the Landau level index n as a function of
the peak and valley position (1/B) of the SdH oscillations
(θ = 0◦), as shown in Fig. 3(c), in which the oscillations are
dominated by the fundamental frequency Fα = 187 T. The
linear extrapolation of the plot yields the value of λ − δ to
be ∼0.06, indicating the presence of nontrivial π Berry phase
in α-As. Data collected from several different samples are
also analyzed to further confirm the existence of the nontrivial
Berry phases in α-As, which gives a strong signature of π

Berry phase arising from 3D Dirac electrons.
The change of resistance of α-As by tilting the magnetic

field from perpendicular (θ = 0◦) to parallel (θ = 90◦) to the
direction of the current has also been investigated, as shown
in Fig. 4(a). The inset illustrates the configuration of the
measurements, where B is rotated always within the binary-
bisectrix plane, and the sample 2 with RRR∼200 was cut along
the bisectrix axis. We find that the giant MR strongly depends
on θ and decreases considerably with θ increasing. When the
magnetic field is rotated to be parallel to the electric current
(θ = 90◦, B//I ), we get a negative MR with a value of -50%
at 1.8 K and B = 9 T. The sharp dip around zero fields may
be attributed to the weak antilocalization effect (WAL), which
is observed commonly in graphene and TIs [33–35], in which
Dirac fermions dominate the magnetoelectric transport. We
also found the negative longitudinal MR and WAL disappeared
rapidly when the sample was warmed up to 40 K; see Fig. 4(d).

To further identify the character of the observed negative
longitudinal MR, we fit the data using a semiclassical for-
mula [7] in the magnetic field −9 T � B � 9 T:

σ (B) = (1 + CWB2)σWAL + σN, (4)

where

σWAL = σ0 + a
√

B, (5)

and

σ−1
N = ρ0 + AB2. (6)

σ0 is the zero field conductivity, and CW is a positive parameter
which originates from the topological E.B. Such a topological
term will generate chiral current in the nonorthogonal magnetic
and electric fields. σWAL and σN are those from WAL effect and
conventional nonlinear band contributions around the Fermi
level, respectively. The fittings show excellent agreement
between the experimental data and theoretical curves with
the parameters of σ0 = 2.87 × 106 �−1 cm−1, a = −5.76 ×
107 �−1 m−1 T−0.5, CW = 0.095 T−2, A = 2.48 × 10−9 � cm
T−2, and ρ0 = 3.58 × 10−7 � cm at T = 1.8 K. It seems
to suggest that α-As has a signature of Dirac fermions’
characters as detected in other topological semimetals [6,7].

Remarkably, we find that the negative MR is sensitive to
deviations of B from E, rather than being pinned to a special
crystal axis, similar to that of Dirac semimetal Na3Bi [6]. As
shown in Figs. 4(e) and 4(f), the measurement was performed
on sample 3 cut from the same large piece as sample 2, but
the electric current flows along the binary direction. When
the magnetic field B is tilted from perpendicular to parallel E
within a binary-bisectrix plane, the MR decreases gradually
and leads also to the emergence of negative MR for θ = 90◦.

Recently the negative MR under parallel electric and
magnetic fields has been found not only in Dirac or Weyl
semimetals, [6,7] where the gap vanishes at some k points,
but also in some material systems, where a small energy gap
does exist throughout the whole BZ [36]. This implies that
the contribution from chiral anomaly may persist when the
coupling between two Weyl points with opposite chirality is
not big enough. Since the dc resistivity is mainly contributed
by the states near the Fermi level, opening a small gap away
from the Fermi level should not kill the effect immediately.
In α-As single crystal, as found by both DFT calculation and
ARPES measurement, the minimum direct band gap between
the valence and conduction bands is about 0.1 eV, which is
comparable to the Fermi energy 5.49 eV. Why the negative
MR can survive in this situation is still an interesting and
important question, which may relate to the long mean free
path in α-As crystal.

In summary, the magnetotransport properties of α-As single
crystal have been studied in detail. We find that α-As exhibits
an extremely large quadratic field-dependent magnetoresis-
tance. Based on the semiclassical two-band model, these exotic
magnetotransport behaviors can be well understood with
the electron-hole compensation mechanism. Further analysis
of the SdH oscillations gives a nontrivial π Berry phase.
Remarkably, in the presence of parallel magnetic and electric
fields, a weak antilocalization (WAL) effect and a pronounced
negative longitudinal MR are observed. Our magnetotransport
data seem to indicate that α-As has a strong signature of
Dirac fermions’ characters as detected in other topological
semimetals, in contrast to the results of first-principles cal-
culations and ARPES measurement. Systematical studies on
such a simple element of VA not only shed new light on the
understanding of the extremely large magnetoresistance and
anomalous magnetotransport properties, but also promote its
potential applications in electronic devices.
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