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ABSTRACT: Two-dimensional (2D) electronic systems are of wide interest
due to their richness in chemical and physical phenomena and potential for
technological applications. Here we report that [Pb,BiS;][AuTe,], known as
the naturally occurring mineral buckhornite, hosts 2D carriers in single-atom- - S
thick layers. The structure is composed of stacking layers of weakly coupled z.:.";.{? { %..
[Pb,BiS;] and [AuTe,] sheets. The insulating [Pb,BiS;] sheet inhibits o“.i":!:: ¢ .‘t&;‘

interlayer charge hopping and confines the carriers in the basal plane of the

i TR NS ?

T ole
clectron

single-atom-thick [AuTe,] layer. Magneto-transport measurements on

synthesized samples and theoretical calculations show that [Pb,BiS;][AuTe,] is a multiband semimetal with a compensated
density of electrons and holes, which exhibits a high hole carrier mobility of ~1360 cm?®/(V s). This material possesses an
extremely large anisotropy, I' = p./p,, ~ 10* comparable to those of the benchmark 2D materials graphite and Bi,Sr,CaCu,O,s.
The electronic structure features linear band dispersion at the Fermi level and ultrahigh Fermi velocities of 10° m/s, which are
virtually identical to those of graphene. The weak interlayer coupling gives rise to the highly cleavable property of the single
crystal specimens. Our results provide a novel candidate for a monolayer platform to investigate emerging electronic properties.

B INTRODUCTION

Studies on two-dimensional electronic systems constitute one
of the most intense activities in modern scientific research.
Benchmark materials, such as graphene, 2D electron gas, and
transition-metal dichalcogenides, have largely expanded the
frontiers of low-dimensional physics and provide numerous
opportunities to develop innovative technologies for micro-
electronics applications.' ™ Currently, exploring layered
materials featuring van der Waals bonding has become of
great interest in considering novel 2D systems, such as, for
instance, the record-high thermoelectric figure of ment recently
discovered in the layered binary compound SnSe.* In addition
to this focused direction of van der Waals-type layered
structures, complex layered compounds composed of multiple
building blocks also feature fascinating physical behavior.
Examples include the novel interface topological insulating
states in [PbSe];[Bi,Se;]¢, the ultralow thermal conductivity in
the semiconducting heterostructure [T1,SbySe;o][SnsSb,Sey,],
the ferecrystalline compounds (PbSe),, (MoSez)n, and the high-
temperature superconductor Bi,Sr,CaCu,Og.> © In this study,
we introduce a layered heterostructure material, [Pb,BiS;]-
[AuTe,], in which charge carriers are naturally confined in
single-atom-thick layers of AuTe,. This phase is known as a
naturally occurring mineral referred to as buckhornite, but our
studies were performed on synthesized specimens.” Its
structure has orthorhombic symmetry and alternating layers
of [Pb,BiS;] and [AuTe,].”® However, the reported structure
was not adequately refined, and the properties of this mineral
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remained unknown. Here, we report an accurate structure
determination using single crystal X-ray diffraction and
transmission electron microscopy (TEM) derived from
synthesized samples. We also report a variety of novel
electronic properties determined by magneto-transport meas-
urements and theoretical investigations that show that
[Pb,BiS;][AuTe,] is a 2D semimetal with compensated
concentrations of electrons and holes that exhibits high carrier
mobility, extremely large anisotropy, and ultrahigh Fermi
velocities.

B RESULTS AND DISCUSSION

The structure of [Pb,BiS;][AuTe,] is shown in Figure 1la, with
alternating stacks of the building blocks [Pb,BiS;] and [AuTe,]
along the c-axis. This structure is charge-balanced as
[Pb,BiS;]*[AuTe,]”, given the valence states are +2, +3, and
+3 for Pb, Bi, and Au, respectively. The [Pb,BiS;] sheet is
distorted, likely due to the strain from the mismatch with the
[AuTe,] lattice. The [AuTe,] slab is weakly bonded to the
[Pb,BiS,] sheet and virtually flat in the basal plane. A primary
feature of the [AuTe,] slab is its single-atom thlckness,
analogous to graphene and hexagonal boron nitride."” Figure
1b displays a single planar [AuTe,] slab. Each Au atom has
square planar bonding to four Te atoms and forms chains along
the b-axis. The [AuTe,] chains are arranged side-by-side and
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Figure 1. (a) Structure of [Pb,BiS;][AuTe,]. (b) The [AuTe,] structure is made of parallel AuTe, chains that are single-atom-thick and analogous to
graphene. The chains interact via interchain Te--Te bonding. (c) A side-view of the structure. As shown by the arrows between the two layers, the

long chemical bonds indicate a weak interlayer coupling.

interact with one another via significant Te---Te interactions at
3.3385(28) A. Figure lc delineates the side view of two unit
cells of [Pb,BiS;][AuTe,]. The [Pb,BiS;] and [AuTe,] are
connected by long chemical bonds, for instance, the 3.6709(37)
A Pb—Te bond and 3.6801(27) A Bi—Te bonds as resolved
from our structure refinement. The weak interlayer coupling
gives rise to the cleavable property of the [Pb,BiS;][AuTe,]
crystal similar to layered solids that feature van der Waals
bonds, e.g, graphite and MoS,."° Exfoliating bulk crystals
[Pb,BiS;][AuTe,] via the standard Scotch tape method on 300
nm SiO,/Si substrate can successfully lead to ultrathin crystals
that show sea-green contrast under visible light (see the inset of
Figure 2b). This is different from the golden color of the bulk
crystal section in the same image. The thickness of the thinnest
part of the crystal is estimated at ~10 nm by using the well-
defined color-thickness relation of MoS, nanocrystals.'® More
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Figure 2. (a) SEM image of crystals of [Pb,BiS;][AuTe,]. (b) EDS
indicates a chemical composition of Pb, Bi;S;,5Au;,Te;,, con-
sistent with the ideal composition. The inset is an optical image of a
cleaved crystal that shows sea-green pigment in the thinner layer and
golden color in the thicker part. The thickness of the thinnest part of
the crystal is approximately 10 nm. (c) The high-resolution TEM
image along the [120] orientation shows that one slice of atom
(highlighted by the yellow dashed line) consecutively aligns with a
two-atom-thick slab (represented by the red solid line). (d) The
corresponding selected area electron diffraction pattern of part c. The
red numbers are the hkl index using the Pmmn space group.

2312

detailed investigations of the thickness limit and nanocrystals’
surface morphology will be reported elsewhere. Moreover, our
structure determination suggests that a further thickness
reduction to 1—2 nm may be possible. The interlayer distance
between building blocks [Pb,BiS;] and [AuTe,] is 3.6709 A,
greater than that of prototypical 2D materials like graphite,
MoS,, and Bi,Sr,CaCu,Og. The van der Waals bond length of
graphite and MoS, are 3.3705 and 3.4881 A, respectively. > For
Bi,Sr,CaCu,0g, crystal cleavage happens between two
neighboring [Bi,O,] planes. The nearest bond between the
two [Bi,O,] planes is 3.4084 A long® It is known that a
materials’ bond strength is inversely proportional to the bond
length. In this regard, the interlayer coupling strength of
[Pb,BiS;][AuTe,] should be comparable to those of these
notable 2D materials, which enables the generation of
monolayers. Since the bonding between [Pb,BiS;] and
[AuTe,] is different than the van der Waals type of other 2D
systems, direct comparisons should be made with caution.
However, the weak interlayer coupling in [Pb,BiS;][AuTe,] is
still able to produce good cleaving properties.

The crystal data and structure refinement details are listed in
Table 1. Our refinement is more precise than the original
reports. For instance, the “final R indices” and “goodness of fit”
in our studies are 0.0632 and 1.053, respectively, and are much
smaller than the values 0.101 and 1.38 in ref 7. High-resolution
TEM investigations were performed in order to unambiguously
determine the structure and to confirm the single-atom-thick
[AuTe,] layer. Figure 2c is an atomic-resolved TEM image of
[Pb,BiS;][AuTe,] crystal along [120] zone axis, which clearly
shows that one slice of atoms is sandwiched by two thicker
layers. The thicker layers, showing with greater brightness in
the TEM image, are attributed to [Pb,BiS;], and the layer
between the two brighter atomic columns is [AuTe,]. Figure 2d
displays a selected area of the electron diffraction pattern, and
the corresponding hkl indices which are fully consistent with
our X-ray structure determination.

In order to gain a deeper understanding of this material, we
performed first-principles electronic structure calculations.""
The energy dispersion spectrum (Figure 3a) shows bands
crossing the Fermi level, pointing to the metallic ground state
of [Pb,BiS;][AuTe,]. A hole pocket near X-I" and two electron
pockets near I'-Y and T-Z can be clearly identified at the Fermi
level. These pockets arise from the d-orbitals of Au and the p-
orbitals of Te. Figure 3b is a plot of the density of states (DOS)
with an energy cutoff +4 eV. The DOS near the Fermi energy
(Eg) is mainly associated with the Te orbitals. The spectral
weight from Au is also evident. However, the contributions of
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Table 1. Crystal Data and Structure Refinement for

[Pb,BiS;][AuTe,]

empirical formula
formula weight
temperature
wavelength
crystal system
space group

unit cell dimensions

volume

Z

density (calcd)

absorption coefficient
F(000)

0 range for data collection

index ranges

reflections collected
independent reflections
completeness to 6 = 24.98°
refinement method
data/restraints/parameters
goodness-of-fit on F*

final R indices” [I > 26(I)]
R indices (all data)

largest diff peak and hole

Pb,BiS;AuTe,
1171.71

293(2) K
0.71073 A
orthorhombic
Pmmn

a =123722(16) A
b = 4.0997(7) A
c=9.3435(14) A
473.92(12) A3

2

8211 g/em?
75.968 mm™
956
2.18°-24.98°

—14 < h <14, —4 < k <4,
—-11<1<10

2971

505 [R(int) = 0.1349]
100.0%

full-matrix least-squares on P
505/0/31

1.053

R1 = 0.0632, wR2 = 0.1465
R1 = 0.0867, wR2 = 0.1565
6.574 and —2.139 e A3

o =90°
p=90°
7 =90°

“R = YIF| — IEI/YIF), wR2 = {3[w(lF* — IF2)*/Yw(l
F M2 w = 1/[6*(F,2) + (0.0809P)* + 0.0000P], where P = (F,* +

2E2)/3.

Pb, Bi, and S are barely resolved near Eg. Our calculations thus
indicate a heterostructure-like electronic state for [Pb,BiS,]-
[AuTe, ], which consists of one insulating layer, [Pb,BiS;], and
one conductive layer, [AuTe,]. The insulating behavior of
[Pb,BiS;] is rationalized by the fact that it is a valence-precise
entity that induces localization of charge carriers, much like in
PbS and Bi,S;. Although the anionic [AuTe,] layer is formally
also valence-precise, the close Te--Te interchain interactions

cause dispersive bands, which give rise to the metallic character
in this layer.

The insulating property of [Pb,BiS;] can be further
understood from the perspective of charge localization.
Assuming in-plane currents were applied in this layer, the
distorted lattice skews the carrier’s trajectory over the length of
one Pb—S bond, which is 2.9550(64)—2.9769(23) A long, as
shown in Figurelc, therefore limiting the carriers’ mean free
path (I) in this distance. According to the Ioffe—Regel criterion,
when the I is smaller than the de Broglie wavelength [A = h/
mug (h is the Planck constant, m is the effective mass, and vy is
the Fermi velocity)], charge carriers are strongly localized,
leading to insulating behavior."” Given the bare electron mass
for a metal and vz = 1 X 10* to 1 x 10® m/s for regular solid-
state materials, the de Broglie wavelength A is estimated to be
6—600 A, far larger than the I in [Pb,BiS;]. It is worth
mentioning that the structure-induced localization effect also
occurs in other layered materials, for instance, in [T1,SbeSe;o]-
[SngSb,Se,,],° indicating a general feature of this class of
materials. Figure 3c is a simulation of the Fermi surface (FS).
The cylinder-shaped FS agrees with the 2D character of our
structure. The FS in the middle of the Brillouin zone is from
the hole band and the other two cylinders arise from the
electron bands. The cross-section of the electron FS is virtually
isotropic, while the hole FS shows a “bow tie” geometry from
the c-axis projection. To summarize, the electronic structure of
[Pb,BiS;][AuTe,] features two primary characteristics, a
multiband metal character and heterostructure nature. These
characteristics drastically influence the transport properties.

Transport measurements on single crystals were performed
with currents applied in-plane and out-of-plane. As shown in
Figure 4a, the in-plane resistivity (p,,) decreases with
temperature, consistent with metallic behavior and in agree-
ment with the band structure calculations. Interestingly, a slight
upturn of p, below 40 K is observed. This anomalous
temperature dependence may indicate a possible charge density
wave occurring due to Fermi surface nesting between the
electron pocket and the hole pocket. Moreover, a difference in
temperature-dependent scattering of electrons and holes can
also lead to this phenomenon."*'* More details of this
resistivity anomaly are discussed in the Supporting Information.
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Figure 3. (a) Calculated electronic and structure showing that [Pb,BiS;][AuTe,] is a multiband metal with a hole pocket near X-I" and two electron
pockets near ['-Y and T-Z, respectively. (b) The density of states plot demonstrates that the dominant contributions near the Fermi surface are the
p-orbitals of Te and the d-orbitals of Au atoms. (c) The cylinder-shaped Fermi surface of [Pb,BiS;][AuTe,] exhibits a telltale 2D characteristic.
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Figure 4. (a) Temperature-dependent resistivity for currents applied in the ab-plane and along the c-axis, respectively. (b) A fit of the c-axis resistivity
using the classic activation-type formula. p_ deviates from the data below 220 K, indicating a smaller excitation gap at lower temperatures. (c) Side-
view of the electron density contour. The electron density near the Fermi level is confined to the single-atom-thick [AuTe,] layer. (d) In-plane Hall
resistivity at 30 K displays linear field dependence. (e) In-plane longitudinal resistivity at 30 K exhibits a B relation, where B = yoH is the magnetic
field. The red solid lines in parts d and e are simulations using the solved transport parameters. (f) Theoretical calculations of the carrier numbers of
both electron pockets and hole pocket per unit cell (UC) volume. The number of electrons and holes are identical at the zero energy, indicating the

charge compensation property of the undoped [Pb,BiS;][AuTe,].

The out-of-plane resistivity (p.) shows insulating behavior.
Its value increases by 2 orders of magnitude from room
temperature to S K. Therefore, [Pb,BiS;][AuTe,] demonstrates
a strikingly large anisotropy (I' = p. /pu 10 at low
temperatures, comparable to that of highly anisotropic graphite
and Bi,Sr,CaCu,04,5">"® The large p. (in units of Q cm)
indicates a gap opening in the normal direction. Indeed, an
energy barrier can be extracted from the temperature-
dependent p. As shown in Figure 4b, the red solid line is a
fit using the classic activation-type formula'® p. = (a/T)
exp(A/T) + ¢, where a and ¢ are fitting parameters and A
represents the activation energy gap and is 0.21 + 0.03 eV in
our case. This energy gap is fully consistent with the insulating
behavior of the [Pb,BiS;] layer. To gain a theoretical
understanding of the “energy barrier”, we simulated the
electron density contour and plot it in Figure 4c. It is striking
to find that the majority of electrons near the FS accumulate in
the [AuTe,] layer. In contrast, the electron density in the
[Pb,BiS;] layer is barely resolved. Therefore, the charge carriers
must “tunnel” or overcome the energy barrier of the insulating
[Pb,BiS;] layer to travel along the c-axis. The divergence of p,
becomes weak below 220 K, indicating a different interlayer
conductive process, for example, a smaller activation gap or
current leaks due to crystal defects occurring,

Charge carrier transport in the single-atom-thick [AuTe,]
layers is of high interest. A high electrical conduction may be
expected because of the simple [AuTe,] structure and the 2D
conducting channels. Magneto-transport on single crystals was
thus performed with magnetic fields applied perpendicular to
crystal’s ab-plane. Parts d and e of Figure 4 are field-dependent
transverse (p,, or Hall resistivity) and longitudinal (p,.)
resistivity obtained at T = 30 K. Contrary to the nonlinear field-
dependent p,, usually observed in multiband systems, a linear
field dependence is observed at 30 K and at other temperatures

~
~
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(see Supporting Information). This anomaly does not contra-
dict the calculated multiband properties of the material. It,
however, unveils the compensated two-band nature of the
material, where the carrier concentration of electrons equals
that of the holes, n, = n,.'>'*'”

Another fingerprint of a compensated two-band system is the
B? relation of p,,, which is also satisfied, as shown in Figure
4e."3'7 Furthermore, the compensated multiband nature is
supported by our calculations, giving the same volume for the
electron pockets and hole pockets (see below). The three-band
material [Pb,BiS;][AuTe,] can be simplified to a two-band
system given the degenerate electron bands, and therefore, the
classical two-band model can be employed to quantitatively
explain the transport behavior."® Details of the compensated
two-band model are provided in the Supporting Information.

Taking advantage of the compensated carriers and the two-
band model, the transport parameters of each band, including
N 1y, and the mobility g, and i, can be directly solved: n.= n,
=3.45 X 10"/cm®, p, = 163 cm?/(V s), and p;, = 1360 cm?®/(V
s). The corresponding 2D carrier concentration in each
[AuTe,] layer is nyp, = 3.2 X 10"2/cm?, using the relation 1,
= nypd, where ny, equals n, (n,) and d is the interlayer
[AuTe,]—[AuTe,] distance, 0.93 nm."* The red solid lines in
Figure 4d,e are simulations using the solved transport
parameters and they fit the experimental data very well.
Moreover, we integrated the reciprocal space of the electron
bands and the hole band to obtain the carrier numbers for each
band. As shown in Figure 4f, at Eg, the number of carrier
electrons is equal to that of holes, providing a theoretical proof
of the compensated nature of the undoped [Pb,BiS;][AuTe,].

The room-temperature hole mobility [y, = 1360 cm?/(V s)]
is comparable to that of surface electrons of topological
insulators."®™>° Limited by sample quality in this study, the s,
is far lower than that of graphene and of 2D electron gas at
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semiconductor interfaces.”” Nevertheless, the Fermi velocity

(vg), which represents the theoretical upper limit of carrier
velocity, may indicate its potential for applications in
electronics. As shown in Figure S5, the solid curves are the
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Figure S. Band structure of [Pb,BiS;][AuTe,] (blue solid curves) with
comparison to the Dirac cones of graphene (red dash lines). The
overlapping of band dispersion demonstrates the comparable Fermi
velocity [y = 0E(k)/0kg] of both materials.

energy bands of [Pb,BiS;][AuTe,] and the red dashed lines are
for the reference material, graphene. Two dashed lines cross
each other and form the well-known Dirac cone electronic
structure. The bands of [Pb,BiS;][AuTe,] overlap with the
branches of the Dirac cone near Eg, leading to a high v that is
similar to that of graphene and greater than that of other
notable 2D systems, such as MoS,, germanene, and FeSe. > 4
High Fermi velocity on the order of 10° m/s also occurs in
simple metals, for instance, Au and Cu.”® In this regard, the
high vg in [Pb,BiS;][AuTe,] is consistent with the relatively
simple [AuTe,] conductive layer.

Because a normal parabolic dispersion is generally expected
for materials of this type, the linear dispersions near the Fermi
level are unusual. We notice that the FS shows mirror
symmetry in the Brillouin zone (Figure 3c) reminiscent of
other systems with such symmetry exhibiting exotic mecha-
nisms of symmetry protection® in influencing the electronic
structure. Furthermore, strong spin—orbit coupling (SOC)
from the heavy elements Pb, Bi, Au, and even Te could also
impact the linearly dispersive bands, reminiscent of the Dirac
cone electronic structure of topological insulators in which
SOC takes a dominant role.** The calculated v; values of
[Pb,BiS;][AuTe,] slightly depend on different k-points of the
Fermi surface and are 1 X 10° and 0.97 X 10° m/s for electron
pockets and hole pocket, respectively (Figure 6). Another
important electronic parameter, the effective mass (m*), can be
also extracted from the band dispersion. However, the generally
adopted formula'® m* = 1/(0°E/dk?) is not applicable here
because the linearly dispersive bands numerically lead to infinite
Fermi velocity. Approximately, we choose the values of the
edges between the linearly dispersive band and the parabolic
one to validate this calculation, although the energy levels of the
edges are 0.2 eV away from the Fermi level. The obtained m*
are 0.066m, and 0.046m, for electrons and holes, respectively,
where the m, is the mass of a free electron. These values are
comparable to the reported m* of 2D electrons of graphene,
which is 0.01m,—0.06m,."*' Presumably, the intrinsic values of
m* should be considerably smaller than our estimation. Direct
measurements of vy and m* are beyond our current scope.
Nevertheless, the self-consistency of the theory and experi-
ments presented here validates the calculated high Fermi
velocities and linear band dispersion.
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Figure 6. A summary of vy and mobility (4) of different electronic
materials. The material parameters of graphene are from ref 21. The
values of the Dirac metal Cd;As, are from refs 25 and 26. The
parameters of germanene and silicone are reported in refs 23, 27, and
28. The literature on topological insulators Bi,Se; and Bi,Te; is refs
18—20. The material parameters of 2D electron gas are from the
review in ref 2. The MoS, is referred from refs 22 and 29. The v} of
bulk crystal FeSe is from ref 24. The mobility of monolayer FeSe thin
film was reported in ref 30. The monolayer Bi,Sr,CaCu,O, is
insulating due to the oxygen deficiency.®® Here we assign a low
mobility of less than 1 cm?/(V s). The vy of bulk crystal
Bi,Sr,CaCu,O, is from ref 32

B CONCLUSIONS

The naturally occurring mineral buckhornite can be synthesized
as a single phase with the stoichiometry [Pb,BiS;][AuTe,]. It is
a unique 2D material with linearly dispersed electronic bands
near the Fermi level and compensated electrons and holes
confined in single-atom-thick layers. [Pb,BiS;][AuTe,] pos-
sesses an extremely large anisotropy (I = p./p,, =~ 10*), which
is comparable to that of benchmark materials, such as graphite
and Bi,Sr,CaCu,Oq,s5 The electronic structure features linear
band dispersion at the Fermi level that leads to projected
ultrahigh Fermi velocities of 10° m/s, similar to those of
graphene. This attractive electronic structure and the good
cleavable property of the crystals highlight a novel 2D
heterostructured system whose remarkable physical properties
should be investigated in more depth in the future.

B EXPERIMENTAL SECTION

Crystal Growth and Structure Determination. Single crystals
of [Pb,BiS;][AuTe,] were grown using the self-flux method. High-
purity Pb nuggets (99.999%, American Elements), Bi powder
(99.999%, American Elements), Au powder (99.9999%, Sigma-
Aldrich), Te powder (99.999%, American Elements), and S flakes
(99.999%, American Elements) were weighted stoichiometrically. The
total weight of the starting materials is 1—3 g. These materials were
sealed in an evacuated quartz tube in high vacuum (10™* m bar) and
subsequently mounted into a tube furnace. The furnace was warmed
up to 850 °C in 40 h and dwelled at this temperature for another 2 h.
Afterward, the furnace was slowly cooled down to 650 °C in 3 days
and then shut off.

Single crystals of [Pb,BiS;][AuTe,] tend to grow horizontally on
the surface of the ingot materials. The crystals were planar shaped with
dark-golden hues and mirror-like surfaces. The as-grown crystals are
generally small and thin (maximum planar size 600 X 600 ym* and
thickness 5—8 pm). The dominant byproducts of the synthesis are
Pbg_,Biy,,So, Pb3Bi,Ss and AuTe,. Efforts to grow larger crystals via
longer cooling times, higher dwelling temperatures, or adding extra
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precursor AuTe, did not result in significant improvements on crystal
size and yield.

Separating the crystals of [Pb,BiS;][AuTe,] from the ingot requires
great care, since the crystals are extremely soft and tend to bend, break,
or cleave with external force. The lamellar character of the crystals
makes it challenging to select crystals suitable for single-crystal X-ray
diffraction. Substantial effort, labor, and time were devoted to crystal
selection in our studies.

The crystal composition was determined by EDS (Energy
Dispersive Spectroscopy) on a Hitachi S-3400N VP-SEM. Single-
crystal X-ray diffraction experiments were performed in an IPDS 2T
diffractometer at room temperature. The structure was solved by direct
methods and refined by full-matrix least-squares on F* using the
SHELXTL program package. Transmission electron microscopy was
performed using a JEOL 2100 F microscope operated at 200 kV.

Transport Characterization. Crystals with thin plate shape (400
X 200 X 5 pum®) were selected and mounted on insulating glass
substrate for transport characterization. For the in-plane magneto-
conductance measurements, electrical contacts were fashioned into a
Hall-bar geometry. Silver paste was applied by hand on both of the
surfaces and the edges to ensure reliable electrical contacts. For the c-
axis measurements, two separated contacts were painted on both the
top and the bottom surface of a crystal. The current contacts were
spread over a large area of the cleaved surface to maintain uniform
current flow in the normal direction. The voltage contacts were strictly
aligned to avoid in-plane conduction. Anisotropy determination was
conducted on the same crystal to avoid sample-to-sample differences.
Transport measurements were conducted in a LHe* variable-
temperature cryostat and in a PPMS (Quantum Design).

Band Structure Calculations. The electronic band structures of
[Pb,BiS;][AuTe,] were determined with the projector augmented
wave (PAW) method and the generalized gradient approximation
(GGA) within the Perdew—Burke—Ernzerhof formalism as imple-
mented in the Vienna Ab Initio Simulation Package.***® The energy
cutoff for the plane wave basis was set to 350 eV. Momentum space
integrations were performed on a 4 X 12 X 6 regular grid for a self-
consistent calculation, and the Fermi surface was plotted on a 16 X 48
X 20 regular grid. Spin—orbit coupling was included in a noncollinear
scheme.

The electronic band structure of graphene was calculated using the
same method (PAW and GGA). Energy cutoff for the plane wave basis
was set to 350 eV, and a y-centered 16 X 16 X 1 regular grid was
chosen for momentum space integration in a self-consistent
calculation. Our calculations gave vy & 1 X 10° m/s and fully agree
with the reported values in the literature.*'
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