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We report the magnetotransport properties of «-Bisl4 single crystals, which have a crystal structure similar to
that of the quasi-one-dimensional topological insulator §-Bisls. Prominent Shubnikov—de Hass oscillations and
weak antilocalization effect are observed in all measured samples. The angular-dependent magnetoresistance
indicates that the behavior of Shubnikov—de Hass oscillations is two-dimensional (2D) in n-type samples, while
it is three-dimensional (3D) in p-type samples. First-principles calculations show that the n-type samples have a
2D Fermi surface, while the p-type samples have a 3D Fermi surface. Considering the similar carrier density and
mobility, we infer that the transport behaviors in both types of samples come from bulk electron contributions. In
addition, a large negative magnetoresistance with a transverse configuration is observed in the n-type sample A1l.
All the results indicate that «-Bisl4 is an important material platform for investigation of novel and interesting
phenomena. Our work may also provide important references for studying the topological surface transport

properties in §-Bigl, in the future.
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I. INTRODUCTION

Topological insulators (TIs) are a new class of quantum
materials characterized by an insulating energy gap in the
bulk and gapless surface state [1-3]. The metallic surface state
is protected by time-reversal symmetry and shows promising
applications in spintronics and quantum computation. Poten-
tial applications of TIs are closely linked to the successful
detection of transport properties on topological surface states
(TSSs) [4], and Shubnikov—de Haas (SdH) oscillations have
played important roles in studies of three-dimensional (3D)
TIs [5-10]. At present, studies on the transport of TSSs rely
largely on observations of two-dimensional (2D) transport
characteristics, such as 2D SdH oscillations and the 2D
weak antilocalization (WAL) effect [4-8]. However, topo-
logical trivial 2D electronic systems with these phenomena
may confuse the identification of TSSs [10-13]. In addition,
most of the existing 3D TIs are not perfect insulators in the
bulk, and consequently bulk conduction may interfere with
surface transport, which may affect the judgment of TSSs
[9,10,14,15]. Exploring materials with transport properties
similar to those of TIs will be helpful for identifying TSS
transport in TIs.

“pkuhjf@bit.edu.cn
fdchen@qdu.edu.cn
{wdxiao @bit.edu.cn

2475-9953/2018/2(11)/114408(6)

114408-1

Recently, Bis X4 (X = Br, I) has been theoretically pre-
dicted to be a new family of TIs. Therein, §-BiyX4’s are
regarded as 3D TIs and single-layer BisBrs is a quantum
spin Hall insulator [16—19]. On the other hand, while bulk
a-BiyBry is predicted as a high-order insulator with the emer-
gence of the hinge state [20], bulk «-Bisly is a trivial insulator
[19]. Both «- and B-Bis X4 have been experimentally con-
firmed or theoretically predicted to crystallize in quasi-one-
dimensional crystal structures, which are piled up by iden-
tical 1D infinite chains of molecules in different interchain
stacking patterns [19,21,22]. Angle-resolved photoemission
spectroscopy studies have revealed a highly anisotropic band-
crossing feature at the M point of the surface Brillouin zone
in B-Bisly, verifying the strong TI phase [18]. On the other
hand, «-Bi4ly, with a crystal structure similar to that of
B-Bisly [Fig. 1(a)], has scarcely been studied except in earlier
synthetic and thermal stability experiments [21].

In this paper, we report the synthesis and magnetotransport
properties of a-Bisly single crystals. Most of the obtained
crystals exhibit hole-carrier-dominated electrical transport (p
type), and a small number of crystals are dominated by
electron-type carriers (n type), which may embody the differ-
ent Fermi level positions. In all measured samples, we observe
the WAL effect in lower magnetic fields and SdH oscillations
in higher fields. An obvious negative magnetoresistance (MR)
component is observed in sample Al, with a magnetic field
perpendicular to the current. For n-type samples, the SdH
oscillations and WAL effect are 2D, while the SdH oscillations
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FIG. 1. (a) Crystal structure of quasi-one-dimensional «-Bisly
(left panel) and B-Bigls (right panel). Bismuth and iodine atoms are
shown in blue and brown, respectively. (b) XRD pattern of «-Bigly
single crystals with (00/) reflections, taken on a plane armed with
gold electrodes for electrical transport measurements with the plane
parallel to the substrate. The orange diamond indicates a Bragg peak
from Au electrodes, and the green asterisk represents a minor and
unspecified peak. (¢) Magnetic-field dependence of the Hall resistiv-
ity py. at 2 K for samples A1, B2, H1, and F1, with the magnetic
field perpendicular to the ab plane of the samples. (d) Temperature
dependence of the electrical resistivity p,, for the four samples.
Inset: Image of a contacted sample for transport measurements.

in p-type samples are 3D. First-principles calculations reveal
the 2D and 3D Fermi surfaces (FSs) in n-type and p-type
samples, respectively, and give carrier densities consistent
with the results of transport experiments. These results con-
vince us that the transport behaviors of two types of samples
originate from the bulk electrons. Additionally, a similar bulk
electronic structure is found in 8-Bi4l4, which makes a-Bigly
an important reference for future research on TSS transport in
B-Bigly.

II. METHODS

Single crystals of o-Bisl4 were grown using a chemical
vapor transport method [18,22]. Bismuth metal powders and
Hgl, powders with a molar ratio of 2:1 were used as starting
materials. A total mass of 2.5 g of the mixture was sealed
in an evacuated quartz ampoule, which was then placed in a
slightly tilted horizontal two-temperature-zone furnace. The
starting materials were on the hot side, and the colder end of
the ampoule was tilted upwards. The ampoule was heated and
kept at a temperature gradient of 200°C/250°C for 2 weeks.
After that, the furnace was slowly cooled down to room
temperature. Needlelike crystals up to 10 x 0.5 x 0.2 mm? in
size were obtained near the cold zone of the ampoule.

The composition of the obtained single crystals was ana-
lyzed using energy-dispersive x-ray spectroscopy. The crystal
structure was characterized by single-crystal x-ray diffraction
(XRD) at room temperature using a Bruker single-crystal
x-ray diffractometer with Mo-K, radiation. A PAN-analytical
x-ray diffractometer was also used to identify the crystal plane

orientation with Cu- K, radiation. Magnetotransport measure-
ments were conducted using a physical property measurement
system (Quantum Design) with a magnetic field up to 14 T
and temperature down to 2 K. Strip-shaped crystals were
attached with gold wires using gold paste for magnetotrans-
port measurements. The five contacts were made such that
current flows along the long axis (b axis) of the samples, and
longitudinal and Hall voltages can be measured simultane-
ously [see inset in Fig. 1(d)]. The sample holder was mounted
on a mechanical rotator with the spin axis aligned with the
current. All the raw magnetotransport data were symmetrized
or antisymmetrized in order to eliminate the misalignment
effect of the contacts. The first-principles calculations were
performed using the Vienna ab initio simulation package
(VASP) [19]. The Perdew-Burke-Ernzerof generalized gradi-
ent approximation and the Heyd-Scuseria-Ernzerhof hybrid
functional method (HSE06) were adopted as the exchange-
correlation potential. Van der Waals—type corrections were
used to optimize the ionic positions. To confirm the conver-
gence of calculations, the kinetic cutoff energy was set at
300 eV, and a I'-centered 6 x 6 x 3 k-mesh was used to
sample the Brillouin zone.

III. EXPERIMENTAL RESULTS

The atomic Bi:I ratio determined by energy-dispersive
x-ray spectroscopy analysis is close to 1:1 (see Fig. S1 in
the Supplemental Material [23]). Single-crystal x-ray diffrac-
tion confirms that all the single crystals used for electrical
transport measurements are o-Biyl4 with space group C2/m.
The typical refined lattice parameters are a = 14.213(7) A,
b=4.4234) A, c = 19.939(7) A, and 8 = 92.91° (see Sup-
plemental Table S1 for more information [23]), which are
in accordance with previously reported values. In order to
identify the top surface of samples, the XRD peaks were
collected from 5° to 70°, as shown in Fig. 1(b). The main
diffraction peaks can be indexed as the (00/) reflections of
a-Biyly, suggesting that the measured plane is the ab plane.
According to the standard data, the odd (00]) (!l =2n+ 1)
reflections are very weak and difficult to observe, which is
consistent with our experimental observations. Considering
that the ab-plane spacing of the « phase is close to twice that
of the f phase, the observation of odd reflections (005) and
(007) is further crucial evidence for identifying the phase as
«-Biyly rather than 8-Biyly.

Magnetotransport measurements were performed on strip-
shaped samples with the ab plane parallel to the top surface.
The samples can be classified into two kinds according to
the dominant carrier type: n type and p type. As shown in
Fig. 1(c), the p,,(B) of Al and HI has a negative slope,
corresponding to electron-dominant behavior (n type), and the
positive slope for B2 and F1 corresponds to hole-dominant
behavior (p type). This significant difference in the Hall
measurements indicates that the two kinds of samples have
different Fermi level positions in the band structure. The
Hall resistivity p,.(B) of all four samples is nearly linear,
superposed with magnetic oscillations. Figure 1(d) shows the
temperature dependence of the longitudinal resistivity p,, for
the four pieces of single crystals. With decreasing tempera-
ture, the p,,(7T") curves for all the samples roughly undergo
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FIG. 2. (a) MR of samples Al and B2 at 2 K measured at a
magnetic field of from —14 to 14 T with & = 0° and 30°, respectively
[see the inset in Fig. 3(a)]. (b) Magnetic-field dependence of p,, for
sample A1 above 2 T at 2 K. Smooth envelope curves (short-dashed
blue lines) are drawn by passing through the extremum points,
and the average of the envelope curves is used to determine the
background (dashed black lines). (c) Oscillatory component of the
resistivity Ap,, in sample Al plotted vs 1/B at 2 K and 6 = 0°,
extracted by subtracting the smoothed background from p,,. Inset:
Oscillating resistivity Ap,, of Al at different temperatures; the
arrow represents the direction along which the temperature rises. (d)
Overall background MR with a field of from —14 to 14 T at 2 K for
Al and B2 at & = 0° and 30°, respectively.

an increase at high temperatures followed by a decrease and
another increase at lower temperatures. The increase at low
temperatures of n-type samples is more obvious than that of
p-type samples. The maximum of p,,(T) can be explained
by the thermal activation model, while the minimum of re-
sistivity at lower temperatures is possibly related to a charge-
density-wave transition as reported for 8-Bisly [22,24]. Here
we choose Al and B2 as the representatives of n-type and
p-type samples, respectively, for further analysis. Using a
single-band model, we estimate that the carrier density nial
and Hall mobility uH" of Al are about 2.59 x 10'® cm™
and 954 cm?/V s and those of B2 are 1.66 x 10'® cm~ and
3507 cm?/V s.

Figure 2(a) shows the magnetoresistance (MR =
[Ryx(H) — R+ (0)]/R.+(0)) at 2 K for Al and B2 with
0 = 0° and 30°, respectively, values which correspond to
the maximal oscillation period as displayed below. Here
0 is defined as the angle between the normal direction of
the sample’s top surface and the magnetic field, as shown
schematically in the inset in Fig. 3(a). At low magnetic fields,
the MR of both samples shows a cusplike feature, which fades
away with increasing temperature (see Supplemental Fig. S2
[23]) and is attributed to the WAL effect [25-27]. Generally,
the WAL effect occurs in a system with a 7w berry phase
or strong spin-orbital coupling [25,28]. Considering that
o-Biyly is a trivial insulator, the WAL behavior comes from
the strong spin-orbit coupling. Above 2 T, SAH oscillations
are obviously observed. To extract the SdH oscillations, we
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FIG. 3. (a) The resistance derivative dR,,/dB versus 1/B, =
1/(B cos @) in sample Al at varied tilt angles 6 (T = 2 K). Dashed
lines represent the positions of maxima. Inset: The measurement
configuration, where 0 is defined as the angle between the direction
of the magnetic field and the normal direction of the sample substrate
(/lab plane). (b) The resistance derivative dR,,/dB versus B in
sample B2 at selected tilt angles 6 from 0° to 120° (T' = 2 K). (c,
d) Field positions of the oscillating extrema for samples Al and B2,
respectively. Dashed lines show the By/ cos 6 fit for sample Al and
tentative By/ cos(6 — 30°) curves for sample B2. (e) The p,, curves
as a function of B, at 2 K and at a lower field for sample Al.

determine the background curves as the average of the MR
envelope curves as shown in Fig. 2(b) [8]. The robustness of
the results to the background extraction has been discussed
by trying different background curves, as reported in the
Supplemental Material [23]. The extracted Ap,, is periodic
in the inverse magnetic field 1/B [Fig. 2(c)], which is a
typical characteristic of single-frequency SdH oscillations.
The inset in Fig. 2(c) shows that oscillations decay with the
temperature, another feature of SdH oscillations. Figure 2(d)
displays the MR background curves for Al and B2 at 6 = 0°
and 30°, respectively. Interestingly, a large negative MR is
found in sample Al at high fields, up to —33% at 14 T.
For a nonmagnetic system, the large negative MR in the
transverse configuration (current j 1 B) is unusual. The
weak localization effect is a possible explanation for the
transverse negative MR [29,30]. However, it should not be
applicable here at such high magnetic fields, where the system
is out of the quantum diffusive regime [29,31]. Recently, it
has been proposed that charge puddles caused by strong
fluctuations of the Coulomb potential could be responsible for
the gigantic negative MR with both the longitudinal and the
transverse configurations in disordered narrow-gap systems
[32]. The theory provides a possible way to explain the large
negative MR, which needs to be verified by further study.

To analyze the origin of the SdH oscillations, the resis-
tance derivative dR,,/dB as a function of 1/B at different
angles was investigated. For sample Al, the oscillating pe-
riod decreases with increasing tilt angles, and the strong
quantum oscillations at 6§ = 0° fade out gradually and are
absolutely absent at 75° < 8 < 105° (Supplemental Fig. S3)
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[23]. When plotted in 1/B, = 1/(Bcosf), the dR,,/dB of Al
has the same oscillating periods at tilt angles 8 < 60°, with
all maxima and minima lining up at the same positions [see
Fig. 3(a)]. The oscillations depending solely on B, reveal a
2D nature [6], which is also confirmed in Fig. 3(c), where
the angle dependence of extrema for sample Al scales as
1/cosf. On the other hand, the oscillations in B2 survive at all
measured tilt angles [Fig. 3(b)], and the peak positions deviate
from 1/cos(6 — 6p) for any 8y with (6 — 6y) > 50° [Fig. 3(d)].
These indicate that the oscillations in sample B2 are from
the contributions of a 3D FS. As shown in Fig. 3(d), despite
the deviation from a 2D nature, oscillations in sample B2
show strong anisotropy, and the angular dependence indicates
a likely ellipsoid FS in B2 [10]. In addition, when plotted
as a function of the normal field component (B,), the WAL
curves measured at different tilt angles merge, as shown in
Fig. 3(e). The angular-dependent WAL effect in sample Al
further confirms the 2D electronic behavior [27]. In addition,
for sample Al, the trend of negative MR survives at all
measured tilt angles, indicating a bulk effect.

According to the standard Lifshitz-Kosevich (LK) theory,
the resistivity oscillates as Ap,, ~ Sinkhxe”\’) cos[2n(F/B +
1/2 —y + 8)] [33,34], where F is the oscillating frequency,
A= 27r2kBT/ha)C, )\D = ZﬂszTD/ha)c, with TD the Dmgle
temperature and the cyclotron frequency w. = eB/m, (m, is
the cyclotron effective mass). y is related to the Berry phase
B by B =2my, and § is a phase shift determined by the
dimensionality with the value of § = :I:% or 0 for a 3D or
2D system. It is well known that, in metals, SdH oscillations
correspond to successive emptying of Landau levels (LLs)
with increasing magnetic field. The LL index r is related to the

cross section Sg of the FS: n = %% — y + & by the Onsager
Sy

relation F = 35, where the integer n denotes the nth LL.
Figures 4(a) and 4(b) display the LL fan diagrams indexed by
the above relation for samples Al and B2. Considering the
bulk transport with a considerable carrier density, the peak
positions in Ap,, are assigned to the integer Landau index,
and the dip positions in Ap,, are assigned to the half-integer
Landau index [8,35]. It is shown that the inverse fields 1/B
fall on a straight line versus the index n, and extrapolation
at the extreme field limit (1/B — 0) gives (—y +§) ~ 0.17
and 0.06 for samples Al and B2 with § = 0 and =+§,
respectively. The intercepts obtained come significantly closer
to O instead of j:%, which indicates that the oscillations
originate from the topological trivial state. It is noteworthy
that an LL index of 1 appears below 14 T, suggesting that
the system approaches the quantum limit. Furthermore, the
slope of the fan diagram yields S5 = 1.02 x 1073 A2 with
Fermi wave vector k%dH =1.81 x 1072 A~! for sample Al,
and the smallest S3%H of sample B2 is 0.97 x 1073 A2 with
klsde =176 x 10°2A L. In addition, the largest cross section
of B2 is estimated at about 0.0036 A2, and the longest kp is
roughly estimated at about 0.065 A~ with an ellipsoid FS
approximation [10].

To extract more information from the quantum oscillations,
we further analyze the SdH amplitude’s variation with the
temperature. According to the LK theory, the temperature-
dependent SdH amplitudes Ap,, ~ ﬂ’% can be
used to determine the cyclotron effective mass m.. As shown
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FIG. 4. LL fan diagram for the oscillations in R,, for (a) sample
Al at € = 0° and (b) sample B2 at & = 30°. The peaks of Ap,,
correspond to the integer n, and the dips correspond to the half-
integer n + % (c) Temperature dependence of the SdH amplitude
for Al at 6 =0° and B2 at 6 = 30°; dashed lines represent the
fitting curves by the Lifshitz-Kosevich theory. (d) Dingle plot for
the oscillations in p,, measured at 2 K for Al at § = 0° and B2 at
6 = 30° and the linear fitting.

in Fig. 4(c), the m, is estimated at about 0.15 m, for sample
Al and 0.11 m, for sample B2, where m, is the free electron
mass. The Fermi velocity vy can be calculated with sim-
ple calculations: v} = 1.41 x 10> m/s for sample Al and
1.92 x 10° m/s for sample B2, as listed in Table 1.

At a fixed temperature 7, Ap,, decays by the factor
e ', where Ap = 27’22‘;—’;‘“ = I which is related to
the Dingle temperature T and the carrier scattering time t.
Figure 4(d) is the Dingle plot at 2 K for samples Al and

TABLE I. Parameters in samples Al and B2 determined by the
SdH oscillations, Hall effect, and DFT calculations.

Sample Al Sample B2
From SdH oscillations
S5 (1072 A-?) 1.02 0.97
KSH1072 A1) 1.81 1.76
m3¥(m,) 0.15 0.11
v (10° m/s) 1.41 1.92
TSH (K) 9.8 13.9
S (10" ) 1.24 0.88
¢85 (nm) 17.4 16.8
w3 (cm?/V s) 1464 1451
nSH (108 cm—3) 2.62 1.36
From the Hall effect
nHal (10" cm3) 2.59 1.66
whl (cm?/V s) 954 3507
Hal(10-1 g) 4.44 15.06
From DFT calculations
nSET (10" cm—3) 2.64 1.42
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FIG. 5. (a) Bulk Brillouin zone of «-Bisl4. (b) Band structure of
«-Biyly. The Fermi levels Ex = 0.05 and —0.01 eV for conduction
and valence bands are represented by red lines. (c) Fermi surfaces
(FSs) drawn with Er = —0.01 and 0.05 eV relative to the intrinsic
Fermi level. The reciprocal lattice vectors correspond to the primitive
cell used in first-principles calculations. The relationship between
primitive and conventional cells is reported in the Supplemental
Material [23]. (d) Side views of the FS with Er = —0.01 eV looking
in the direction of k; + k, and k; — k,, respectively. The direction of
ki — k; is parallel to the b axis in the conventional unit cell.

B2, and dashed lines represent the linear fit. The slopes yield
TS of 9.8 and 13.9 K, which give r5 = 1.24 x 10~!% and
0.88 x 10713 s, respectively. Consequently, the lower bound
of the electron mean-free path ¢35 = v, is about 17.4 nm
for Al and 16.8 nm for B2, and the low-limit mobility g5
is estimated to be 1464 cm?/V s for Al and 1451 cm?/V s
for B2.

IV. DENSITY FUNCTIONAL THEORY (DFT)
CALCULATIONS AND DISCUSSION

To further investigate the origin of the different magne-
totransport behaviors between n-type and p-type samples,
we performed first-principles calculations based on the DFT.
The bulk band structure of «-Biyly is shown in Fig. 5(b).
According to the FS cross sections obtained by the SdH
oscillations, the Fermi levels are determined at about 0.05
and —0.01 eV for the n-type sample Al and p-type sample
B2, respectively, as illustrated in the inset in Fig. 5(b). The
FS of Al is tubular, with a long axis parallel to the k3 axis
(perpendicular to the ab plane of the crystal), as shown in the
right panel in Fig. 5(c). Meanwhile, the left panel in Fig. 5(c)
indicates that the FS of B2 is 3D, consisting of two ellipsoid
FSs connected by time-reversal symmetry. Figure 5(d) shows
side views of the two ellipsoid FSs along the direction of
ki + ky and k; — kp. The 2D FS for Al and 3D FS for B2
explain the corresponding SdH oscillation behaviors.

The carrier densities calculated from the size of the FS
are about n5iT =2.64 x 10'® cm™ and nJfT = 1.42 x
10'8 cm—3 for samples A1 and B2, respectively. With the cross
sections of FSs obtained from SdH oscillations, the bulk car-
rier densities n5a! can also be estimated as 2.62 x 10'® cm ™3
for Al and 1.36 x 10'® cm™3 for B2, with two Fermi pockets
considered for B2 [10]. The calculated n55" and n53 for
Al and B2 agree with the values obtained from the Hall

resistivity. The values of the mean scattering time 4! have
been roughly estimated with the Hall mobility and effective
mass m* calculated from the band structure around band
edges, which are about 4.44 x 107'% and 15.06 x 107'3 s for
samples Al and B2, respectively. The scattering time " is
larger than 759 for both samples, as t obtained from SdH
oscillations is shortened by more scattering processes [7,36].
All these parameters are listed in Table I. For the 3D SdH
oscillations in B2, the minimum frequency takes place at
about 6 = 30° between the magnetic field and the k; axis.
However, the normal direction of the minimum cross section
in Fig. 5(d) is nearly 8° away from the normal direction
of the ab surface. The disagreement between the electronic-
structure calculations and the experimental results requires
further research.

Due to the similar crystal structure, it is instructive to
compare the bulk electronic structure of «-Bigly with the TI
B-Biyly. We calculated the bulk band structure of 8-Biyl4 and
obtained the FSs with Ef located at different positions. It is
surprising that in a relatively wide range of Ey values, the FSs
of the conduction band and valance band are nearly 2D and
3D, respectively. Two typical bulk FSs of 8-Bisly are shown
in the Supplemental Material [23]. The 2D transport of bulk
electrons observed in n-type «-Bigly samples suggests that
it should be cautious to identify the possible TSS in future
transport experiments on the TI S-Bisly, which has a bulk
electronic structure similar to that of the o phase.

V. CONCLUSION

In summary, the transport properties of «-Biyly with a
quasi-one-dimensional structure have been studied with high-
quality single crystals. Two kinds of samples with different
carrier types are investigated. Two-dimensional SdH oscilla-
tions and the WAL effect of the magnetoresistance are ob-
served in n-type samples, while oscillations in p-type samples
are 3D with strong anisotropy. The analysis of the LL fan
diagrams yields a Berry phase close to O for both kinds
of samples, suggesting topological trivial states. The large
SdH oscillations, achieving an LL index of 1 below 14 T,
provide the opportunity to investigate the novel properties in
the quantum limit under relatively modest magnetic fields.
First-principles calculations show that the FSs of n-type sam-
ples are 2D, while the FSs of p-type samples are 3D. In
addition, a large negative MR in the transverse configuration
is observed in sample Al, which is peculiar and deserves
further investigation. These results make «-BisI4 an important
platform for investigation of these novel properties and a
valuable reference for understanding the topological surface
properties of 8-Biql4 in the future.
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