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Bi, . Sb, alloys are of special significance in topological insulator research. Here we focus on the Bij4Sby,, alloy in which
the conduction band edge just touches the valence band edge. Transport measurements show quantum oscillations in the
longitudinal (Shubnikov-de Haas effect) and transverse magnetoresistance originating from a spheroidal Fermi surface pocket.
Further investigation of the longitudinal magnetoresistance for the magnetic field parallel to the electrical current shows a small
nonmonotonic magnetoresistance that is attributed to a competition of weak-antilocalization effects and a topological term related

to the chiral anomaly.

1. Introduction

Being the first experimentally confirmed 3D topological
insulator [1, 2], Bi,_,Sb, alloys have attracted much attention
in the past decade. The band structure of Bi;_,Sb, alloys
shows that when the Sb concentration is within the range
x = 0.07-0.22, there is a gap between the inverted L, band
and L, band. The inverted band structure results in an
insulating bulk and conducting surface states, with a Dirac
cone energy dispersion preserved by a nontrivial topological
quantum number [3-5]. The alloy’s physical properties are
very sensitive to the percentage of Sb, and the evolution of the
band structure and topological properties are studied over a
wide Sb concentration range [6]. A special point of interest is
x = 0.04, where the valence band and conduction band just
touch each other forming a Dirac cone. Hence, Bij 6¢Sby o4
may show properties originating from Dirac fermions.
Research on 3D Dirac semimetals was spurred by the
investigation of 2D Dirac fermions in graphene and has been
reported frequently in the past decade [7-9]. Furthermore,
the 3D Weyl semimetal has come into sight in the last couple
of years [10-12], though Weyl fermions had been predicted a
long time ago. Weyl semimetals that comprise Weyl fermions,
which are widely studied in the context of elementary parti-
cles in high energy physics, are a new laboratory tool to study

electronic nontrivial states in condensed matter systems.
Weyl semimetals (WSM) are novel topological phases of 3D
materials that are characterized by a set of linear-dispersive
band-touching points, called Weyl nodes, which are enclosed
by the Fermi surface. The Weyl nodes are stable to arbitrary
perturbations, as long as charge conservation and transla-
tional invariance are preserved. Basic theoretical deduction
shows that the Weyl nodes must appear in pairs with different
chirality. A Weyl node acts like a magnetic monopole in
momentum space [13]. In 3D systems, any perturbation with
translational symmetry cannot open a gap; therefore the Weyl
fermion system is topologically stable. Weyl fermions may
be experimentally detected through the chiral anomaly, as
proposed by Adler [14] and Bell and Jackiw [15] in 1969.
The chiral anomaly is the anomalous nonconservation of a
chiral current. In 1983 it was pointed out that this may result
in a high conductivity when the magnetic field is applied
along the electric current [16]. A theoretical explanation is
offered by Weyl nodes with opposite chirality and separated
in momentum space and in energy, giving rise to an induced
topological 0-term in the action of the electromagnetic field
(17, 18]
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Here h = ¢ = 1 and O(r,t)=2(b - r -byt), where b denotes
the shift in energy. Recently, it was proposed that the chiral
anomaly resulting from the E - B term may be verified in
a magnetoresistance experiment, by applying the magnetic
field parallel to the electric current, which should lead to a
large negative magnetoresistance. This could be regarded as a
fingerprint of a Weyl semimetal [11, 19].

Here we report a magnetotransport study taken on a
single crystalline Bi,_, Sb, alloy at the Weyl point composition
Bij 96Sby 0. We have investigated the electronic structure
at the Fermi surface via magnetoresistance and quantum
oscillations and report the effect of the chiral anomaly.

2. Experimental Details

A single crystal (SC) Bij o¢Sby o4 is synthesized using a mod-
ified Bridgman method in a cone-shaped quartz tube with
starting materials high purity Bi (5N) and Sb (6N). The trans-
port properties were measured using a standard six-point
contact configuration in a Physical Property Measurement
System (PPMS) of Quantum Design, in applied magnetic
fields up to 9 T. The size of the magnetotransport crystal is
lengthxwidthxthickness = 6.1x2.8x1.5 mm®, and the voltage
and current contacts were made on the cleaved (111) plane.
The crystal was mounted on a horizontal rotation stage,
which allowed to vary the angle between the magnetic field
and sample surface. Different crystals taken from the same
Bij 96Sby o4 batch showed overall a very good consistency in
the measured transport properties.

3. Basic Transport Properties

The basic transport properties of SC Bij 9¢Sby o4 are shown
in Figure 1. The resistance measured in the temperature
range 2-300 K is semiconducting-like down to 120 K and
then becomes metallic-like at lower temperatures, as shown
in panel (a). The longitudinal resistance R, (MR) and
transverse or Hall resistance R,, (HR) were measured in
magnetic fields up to 9 T at several temperatures. The
data were (anti)symmetrized by measuring R,, and R, for
both polarities of the magnetic field, thus compensating
for the possible misalignment of the voltage contacts. The
magnetoresistance is reported in Figure 1(b). The curves
show that the MR bears many characteristic features, such
as the weak-antilocalization effect (WAL) at low magnetic
field, large and nonsaturated linear magnetoresistance in the
high field range, and quantum oscillations below 20 K. These
are all hot topics in the research on topological materials
nowadays [20-22]. The carrier density and the mobility of
the crystal derived after symmetrizing the data are shown
in Figure 1(c). The charge carriers change from hole type to
electron type as the temperature is increased to above 200
K. The carrier mobility is as high as 1.7 m?*/Vs at 2 K and
exhibits a gradual decrease with increasing the temperature.
This behavior is similar to that observed in conventional
semimetals and semiconductors.

Next we discuss the Shubnikov-de Haas (SdH) effect. By
subtracting a smooth polynomial function as background of
the MR(B)-curves in Figure 1(b), we obtain the oscillatory
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part of the magnetoresistance (SMR). SMR is plotted in
Figure 2(a) against the inverse of the magnetic field and
its periodic nature shows it is a SAdH oscillation. The Fast
Fourier Transform (FFT) gives a frequency f = 20 + 2 T.
Besides the SdH effect in R, we also observed quantum
oscillations in R, (raw data not shown); see Figure 2(b).
A FFT of §HR shows the same frequency as in R, within
the experimental error. Since we have properly symmetrized
the data, the oscillation in 6HR is a genuine effect, which is
furthermore demonstrated by the fact that the oscillations
in MR and 0HR are in antiphase [23]. The observation of
quantum oscillations in the Hall resistance in Bi compounds
is not uncommon [24].

We analyzed the amplitude of the quantum oscillations,
OR/R, by fitting the data with the Lifshitz-Kosevich theory
[25].
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Here T7, is the Dingle temperature, m” is the effective mass,
and a = 27°ky/he. The fitting results are shown in Figure 3.

The derived effective carrier mass m” is 0.10-0.11m,, while
the Dingle temperature falls in the range 0.96-1.97 K, with an
averaged value 1.38 K. From the Dingle temperature another
important parameter can be obtained, namely, the quantum
lifetime 7, since Tp=h/2rky 7. We estimate 7, = 8.81x10™"
s, which results in a mobility u = 15186 cm?/Vs. This value
is consistent with the one we calculated from the Hall effect
shown in Figure 1(c).

Since the Bi, ,Sb, alloy, for a certain range of x-values,
could be a topological insulator, the electronic transport of
the sample may be due to surface Dirac electrons [26]. To
investigate this the angular variation of the magnetoresistance
has been measured. Figure 4(a) shows the field dependence
of the MR at various angles, where 0 is the angle between the
magnetic field and the sample surface. The experiment was
realized by tilting the sample holder gradually in the magnetic
field as shown in the schematic drawing in Figure 4(a). It is
important to notice that the direction of the magnetic field B
is always kept perpendicular to the electrical current I, while
tuning the angle 0.

After subtracting the background we obtained the SdH
signal, which is plotted in Figure 4(b) as a function of
1/(B cos 0). The period evolves with 1/(B cos 8), which shows
that the SdH signal does not originate from surface states with
a 2D Fermi surface. In Figure 4(c) the frequencies are plotted
as a function of . Here we also compare the data with the
theoretical curves for a cylindrical Fermi surface (blue line)
and a bulk spheroidal Fermi surface (red line). A reasonable
agreement can be obtained by assuming a spheroidal hole
pocket with a major half axis of 5.6x10* m™" and minor half
axis of 2.5x10° m™".

4. Chiral Anomaly

Next we rotate the magnetic field from ‘parallel to’ the current
I to ‘perpendicular to’ the current and sample surface, which
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FIGURE 1: Transport properties of Bij osSby 4. (2) Resistivity in zero magnetic field. (b) Magnetoresistance at various temperatures. Quantum
oscillations are visible at temperatures of 2, 5, 10, and 15 K. (c) Mobility (red symbols) and carrier density (blue symbols) at different
temperatures. In the temperature range 180-220 K we could not extract a reliable value of the carrier density.

reveals another interesting behavior. Selected magnetoresis-
tance curves obtained at a temperature of 2 K for 75° < 6 <
105° are shown in Figure 5. Here 6 is the rotation angle of
the magnetic field with 6 = 0 for B L I and 6 = 90° for B ||
I; see the schematic drawing in Figure 5. When the magnetic
field is close to ‘parallel to’ the current we observe a number
of features. At very low fields the positive magnetoresistance
is due to WAL, but then an oscillatory behavior sets in with
a local maximum around 1 T and a deep minimum around
1.5 T. The oscillatory behavior is systematic for a field tilt
up to +5° with respect to the current and extends up to 9
T. Obviously it is not a SAH oscillation which is periodic
in 1/B. The small magnetoresistance for B || I is most likely
associated with the chiral anomaly. The modest MR values
seem to result from the competition between the negative
magnetoresistance and the strong WAL. This effect is only
observed for field angles close to the current. For larger tilt

angles, e.g., 8 = 75°, 100°, and 105°, the MR is large and
positive. Similar features in the MR of Bi 4,Sb o3 have been
reported by Kim et al. [19, 27]. These authors analyzed the
conductivity data with a simple model with Drude, WAL, and
topological (E - B term) contributions and also concluded
that the (negative) MR could be the result of the competition
between WAL and the chiral anomaly term. We remark
that the magnetoresistance of pure Bi does not show the
anomalous behavior related to the chiral anomaly as shown
in the inset of Figure 5. Recently, Gorba et al. [28] have
evaluated the magnetoconductivity tensor of Dirac and Weyl
semimetals with the Kubo’s linear response theory and also
found an oscillatory behavior in magnetic field, but here it is
related to the SAH effect. It is still a challenging task to solve
the negative MR theoretically as a consequence of the chiral
anomaly.
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FIGURE 3: Results of fitting the SAH oscillations in the MR with the Lifshitz-Kosevich theory. (a) Temperature dependence of the SdH

oscillation amplitude SR/R at B=8.26 T, 6.17 T, and 4.9 T. (b) Dingle plot at T = 2 K, 5K, and 10 K.
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FIGURE 4: (a) Magnetoresistance at different angles, where 0 is the angle between the magnetic field and the sample surface. The data are
taken at T'=2 K. Inset: variation of the MR in a magnetic field of 8.8 T. (b) SdH oscillations at various angles plotted against 1/(B cos 0). (c)
Angular variation of the SdH frequencies obtained by FFT. Symbols: data points; blue line: expected behavior for a cylindrical Fermi surface;

red line: comparison with a spheroidal Fermi surface.

5. Summary

In summary, we have studied the magnetotransport prop-
erties of a Bi, Sb, single crystal with x = 0.04, i.e., the
concentration for which a Dirac point is expected in the
bulk band structure. SdH oscillations are found in the
longitudinal and transverse magnetoresistance with f = 20+2
T. These are attributed to a 3D spheroidal Fermi surface.
Magnetoresistance experiments for the field along the current
direction show a small magnetoresistance with unusual oscil-
latory behavior. This is attributed to a competition between
WAL and the effect of the chiral anomaly due to Weyl
points.

Data Availability
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