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ABSTRACT: Two-dimensional (2D) Dirac-like electron gases have attracted
tremendous research interest ever since the discovery of free-standing
graphene. The linear energy dispersion and nontrivial Berry phase play a
pivotal role in the electronic, optical, mechanical, and chemical properties of
2D Dirac materials. The known 2D Dirac materials are gapless only within
certain approximations, for example, in the absence of spin−orbit coupling
(SOC). Here, we report a route to establishing robust Dirac cones in 2D
materials with nonsymmorphic crystal lattice. The nonsymmorphic symmetry
enforces Dirac-like band dispersions around certain high-symmetry momenta
in the presence of SOC. Through μ-ARPES measurements, we observe Dirac-
like band dispersions in α-bismuthene. The nonsymmorphic lattice symmetry is confirmed by μ-low-energy electron
diffraction and scanning tunneling microscopy. Our first-principles simulations and theoretical topological analysis
demonstrate the correspondence between nonsymmorphic symmetry and Dirac states. This mechanism can be
straightforwardly generalized to other nonsymmorphic materials. The results enlighten the search of symmetry-enforced
Dirac fermions in the vast uncharted world of nonsymmorphic 2D materials.
KEYWORDS: Dirac materials, symmetry-enforced states, nonsymmorphic symmetry, bismuthene, spin−orbit coupling

The discovery of graphene and topological insulators
has stimulated enormous interest in two-dimensional
(2D) electron gas with linear band dispersion.1−3 The

vanishing effective mass and nonzero Berry phase of Dirac
fermion-like states give rise to many interesting physical
properties such as extremely high mobilities and zero-energy
Landau levels.4 The two-dimensional Dirac cones are generally
fragile against perturbations, and so various gapped electronic
phases are observed.5 For example, the weak spin−orbit
coupling (SOC) can make graphene a quantum spin Hall
insulator. Gapless 2D Dirac fermions can be found on the
surfaces of 3D topological insulators.3 However, when the
dimension of the 3D systems is reduced, a tunneling energy
gap opens at the Dirac point due to the hybridization of the
surface states on the opposite surfaces. Therefore, it is a highly
challenging task to find gapless Dirac fermions in intrinsic 2D
materials. So far, only a few 2D materials have been
theoretically predicted to possess Dirac states, including
graphene,1,2 silicene,6 germanene,7 and some artificial
structures.8−11 Among them, only graphene has been

experimentally proven to possess Dirac cones as the spin−
orbit gap is negligibly small.
The reason for the rarity of 2D Dirac materials can be seen

from a simple co-dimension analysis. The general Hamiltonian
of 2D Dirac states is described by ασxkx + βσyky, where σi and
ki are Pauli matrices and momentum components, and α and β
are constants. The Dirac cone can be easily gapped by any
perturbations in the form of mσz, and the resulting gapped
system is energetically favored given that the Fermi level is in
the gap. The perturbation can be from the intrinsic SOC of the
system, as in graphene, or from lattice relaxations which reduce
the surface energy of the 2D material.12 In order to achieve
truly gapless Dirac dispersion, geometrical or topological
constraints are required to eliminate the gap term. Previous
theoretical studies of the relation between lattice symmetry
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and Dirac states suggested that nonsymmorphic symmetries
can enforce Dirac-like band structures.13−17 The key idea is
that the operator algebra involving nonsymmorphic symme-
tries allows only nontrivial irreducible representations at
certain high-symmetry points of the Brillouin zone.15,17

However, to date, a material realization of symmetry-enforced
Dirac fermions in 2D nonsymmorphic materials is still elusive.
In this work, we report the existence of 2D Dirac fermions in

α-bismuthene (“α-Bi” for short). The Dirac band structure is
observed by our micro-angle-resolved photoemission spectros-
copy (μ-ARPES) experiment. The Dirac cone is protected by
the glided mirror of the nonsymmorphic α-bismuthene lattice
and shows that this concept can be generalized to other 2D
materials with nonsymmorphic layer groups. The Dirac points
are located at certain high-symmetry momentum points which
are entirely determined by the symmetry of the lattice. This
correspondence of Dirac states to the lattice symmetry can
accelerate discovery of a wide range of 2D Dirac materials. In
this paper, we first report our experimental results on α-
bismuthene. Then we will present a theoretical analysis of the
2D Dirac cone in this material as well as the first-principles
band structure of bismuthene films. Finally, we discuss a
guiding rule for the search of 2D Dirac materials.

RESULTS AND DISCUSSION

In our experiment, α-Bi was grown by thermal evaporation of
bismuth (99.999%) onto the highly oriented pyrolytic graphite
(HOPG) substrate. The HOPG substrate was cleaved before
deposition, annealed in UHV at 750 K for several hours to
remove contaminants, and then kept at room temperature
during deposition. In Figure 1a, a typical low-energy electron
microscopy (LEEM) image recorded on α-Bi is shown. α-Bi is
relatively well-characterized and consists of two-monolayer-
thick butterfly-like bases with black phosphorus-like crystallo-

graphic structure and the (110) plane (rhombohedral indices)
parallel to the substrate18,19 (see Figure 1b). On top of α-Bi,
additional stripes of α-Bi are usually observed. These can be
seen in LEEM images due to quantum oscillations in electron
reflectivity for electron energies below 10 eV (as a result of the
long inelastic mean free path). In our experiments, we found
that highest height contrast for Bi on HOPG is obtained for
electron energy equal to 8 eV (see Figure 1a).
By using micro-low-energy electron diffraction (μ-LEED)

(aperture size 500 nm), we confirm that the crystallographic
structure of these islands is of black-phosphorus-type (see top
inset in Figure 1a, recorded on an island shown in Figure 1a)
rather than, for example, possible hexagonal structures.20,21

Close inspection of the μ-LEED pattern reveals the very weak
intensity of the (10) spots, which is the result of glide-line
symmetry along the ⟨1̅10⟩ direction22 (in rhombohedral
indices, for a ball-and-stick model, see Figure 1b). Detailed
analysis on the LEED intensity pattern indicates that the two
atoms in each layer in the unit cell are at nearly the same
height; the surface buckling is small, with a deformation Δz
around 0.04 ± 0.005 Å; please see the Supporting Information
for a detailed discussion. The geometry of the unit cell from
the LEED fitting is shown in Figure 1b. This structure belongs
to the #42 layer group (pman). The dimensions of the unit cell
from scanning tunneling microscopy (STM) measurements are
(4.5 ± 0.2) × (4.8 ± 0.2) Å2; see Figure 1c. The two-atom
surface unit cell from STM is consistent with the LEED result.
This is further supported by our fully relaxed first-principles
calculations (in the framework of density functional theory
(DFT)) performed for a free-standing film, yielding a unit cell
of 4.48 × 4.72 Å2 (see Figure 1b). Note that in this structure
there is no buckling within the uncertainties of the
calculations; that is, the atoms in each layer are exactly parallel
to the surface plane; please see a detailed discussion in the
Supporting Information. The Brillouin zone is plotted in
Figure 1d, in which Γ̅−X̅1 is along the ⟨1̅10⟩ direction and Γ̅−
X̅2 along the ⟨001⟩ direction.
In order to understand the electronic properties of α-Bi, we

performed μ-ARPES measurements using a spectroscopic
photoemission and low-energy electron microscope (SPE-
LEEM)23 on the island shown in Figure 1a. When operated in
the diffraction imaging mode, the SPELEEM microscope can
record the ARPES pattern up to k∥ such that the first and a
large portion of the second Brillouin zones of α-Bi are imaged.
Results of μ-ARPES experiments are compared with DFT
calculations in Figure 2 along the high-symmetry directions of
the surface Brillouin zone. Second derivative procedures are
used to enhance the visibility of the band features (smoothing
and moving average used before second derivative calculation),
as in the central column of Figure 2. α-Bi is a semiconductor
with the Fermi level barely touching the top of the valence
band, as shown in the ARPES spectra. The most prominent
feature of the valence band is that band crossings exist at X̅1
and X̅2. A band degeneracy occurs for every band crossing at
these two high-symmetry points. Here, we focus on the band
crossings at 0.7 and 0.4 eV (denoted by “DP1” and “DP2”,
respectively, in Figure 2) as examples and present a detailed
analysis of the band dispersion. The conclusions from this
analysis apply to every pair of bands that cross at X̅1 and X̅2.
Overall, the agreement between theory and experiment is good
considering the ARPES spectrum is taken from a single α-Bi
island with size about 1 μm × 1 μm. We note that there are no
spectral features ascribed to the HOPG substrate because, in

Figure 1. LEEM and scanning transmission microscopy (STM)
results recorded on α-bismuthene (a) LEEM image of the α-Bi
island. Micro-low-energy electron diffraction (μ-LEED) pattern
recorded on α-Bi island is shown in the inset. (b) Lattice structure
of α-Bi belonging to the #42 layer group pman: top and side views.
The Bi atoms at two different heights are colored in red and green.
The dimension of the unit cell after full density functional theory
optimization is shown. (c) Atomic-resolution STM image of α-Bi.
(d) Brillouin zone of α-Bi.
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the vicinity of Fermi level, HOPG bands are located farther
away from the center of the Brillouin zone.
The agreement between experiment and theory is seen very

clearly in the plots of iso-energy contours (see Figure 3a). The
calculated contours are plotted on top of experimental images
for comparison. In the first Brillouin zone, there are four small
hole pockets at 0.2 eV, two of which are in between Γ̅ and X̅1
and the other two close to X̅2. In the vicinity of X̅2, the two
hole pockets grow into a star-shaped contour (indicated by
arrows in the middle panel of Figure 3a) as the binding energy
goes from 0.2 to 0.4 eV. The center of the star corresponds to
the Dirac point DP2 located at X̅2. The two pockets between Γ̅
and X̅1 also grow larger as the binding energy increases, and at
0.7 eV, they touch the pockets in the second Brillouin zone at
X̅1, forming the Dirac point DP1 (see the bottom panel of
Figure 3a). These pockets eventually merge together into
squarish contours for higher binding energy values (see the iso-
energy contours at 0.9, 1.2, and 1.4 eV in Figure 3a). This
evolution of band contours is consistent with the DFT
simulations. The DFT band structure in Figure 3b

demonstrates the band crossings DP1 and DP2. Figure 3c,d
shows 3D representations of the bands obtained from ARPES
and DFT calculation, respectively. To compare with the
experimental result, the DFT bands are smeared out by 0.5 eV.
All main features in the ARPES data are well reproduced by
DFT calculations, strongly suggesting the existence of
nonsymmorphic Dirac states. In particular, the band crossing
features marked by arrows are nearly identical, which indicates
that a Dirac state indeed exists at X̅1. We note that the Dirac
bands at DP1 and DP2 are anisotropic, especially along X̅2−M̅
direction. The linear dispersion can be seen only in the close
vicinity of X̅1 and X̅2, as shown in Figure 4a,b.
According to the ARPES and first-principles results, Dirac

cones exist at X̅1 = (π,0) and X̅2 = (0,π) of the Brillouin zone
(for simplicity, the lengths are measured in units of the lattice
constants ax and ay along ⟨1̅10⟩ and ⟨001⟩ directions,
respectively). We now show that these band degeneracies are
protected by the nonsymmorphic lattice symmetry. α-Bi is
nonmagnetic and centrosymmetric, so the time reversal (T)
and inversion (P) symmetries are preserved. (Note again the
lack of buckling.) The space−time inversion symmetry PT
leads to the two-fold Kramers degeneracy of each band in the
Brillouin zone in the presence of SOC. Therefore, the band
degeneracy is 4 for the band crossing points at X̅1 and X̅2. The
lattice of α-bismuthene belongs to the #42 layer group (pman),
which is described by the three generators:

σ̃ + + −M x y z i: ( 1/2, 1/2, )z z (1)

σ− − −P x y z: ( , , ) 0 (2)

σ−M x y z i: ( , , )x x (3)

where σi (i = x, y, z) are Pauli matrices for the spin degree of
freedom and σ0 is the 2 × 2 identity matrix. Here, the tilde in
M̃z indicates that it is a nonsymmorphic glide mirror
operationthe mirror reflection is accompanied by a half-
lattice translation parallel to the mirror plane. We shall see that
the three symmetries M̃z, P, and T dictate the existence of
Dirac points at X̅1 and X̅2, which are robust under SOC.
We first show that the three symmetries guarantee four-fold

band degeneracies at X̅1 and X̅2. The key point is that the
nonsymmorphic character of M̃z leads to a special
commutation relation between M̃z and P. To see this, we

Figure 2. μ-ARPES band structure taken from a single island of α-
Bi. (a−d) ARPES band mapping taken at photon energy 27.9 eV
along different high-symmetry directions, as indicated in each
panel. The raw data are shown in the left column, second-
derivative enhanced data in the middle, and ARPES result overlaid
with first-principles bands in the right column.

Figure 3. μ-ARPES iso-energy contours and first-principles simulations. (a) μ-ARPES iso-energy contours taken at binding energy of 0.2, 0.4,
0.7, 0.9, 1.2, and 1.4 eV. (b) DFT-calculated bands for α-Bi. (c) 3D band representation with two cross-sectional planes X̅1−M−X̅1 and
X̅1−Γ̅−X̅1. (d) Corresponding calculated 3D band contour with smearing of 0.5 eV.
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compare the results when these two symmetry operators act on
(x, y, z) in the different orders:

→ − − − ⎯ →⎯⎯
̃

− + − +x y z P x y z
M

x y z( , , ) ( , , ) ( 1/2, 1/2, )z
(4)

⎯ →⎯⎯
̃

+ + − → − − − −x y z
M

x y z P x y z( , , ) ( 1/2, 1/2, ) ( 1/2, 1/2, )z

(5)

This means that

̃ = ̃M P T PMz z110 (6)

where = − −T e ik ik
110

x y denotes the translation by one unit cell
along both x and y directions. Consequently, at the special
high-symmetry points X̅1: (π,0) and X̅2: (0,π), M̃z and P
anticommute with each other: {M̃z,P} = 0. Meanwhile, the
nonsymmorphic character also makes the eigenvalues of M̃z
momentum-dependent. As (M̃z)

2 = −T110 (the minus sign is
due to a 2π rotation on spin), we have the M̃z eigenvalues

= ± − −g iez
ik ik/2 /2x y . Importantly, at X̅1 and X̅2, gz = ±1, which

is purely real.
Consider an energy eigenstate |Φ(X̅i)⟩ at X̅i (i = 1, 2), which

can be chosen as an eigenstate of M̃z with an eigenvalue gz. As
X̅i is a T-invariant momentum point, |Φ(X̅i)⟩ has a degenerate
Kramers partner T|Φ(X̅i)⟩, which must share the same gz
eigenvalue (because gz = ±1 is real). Moreover, because
{M̃z,P} = 0, P|Φ(X̅i)⟩ (and also TP|Φ(X̅i)⟩) must be another
degenerate partner of |Φ(X̅i)⟩ with an opposite M̃z eigenvalue
(−gz). Thus, the four states (|Φ⟩, P|Φ⟩, T|Φ⟩, TP|Φ⟩) always
form a degenerate quartet at X̅1 and X̅2. Deviating from X̅i, the
four-fold degeneracy will generally be lifted because the k point
is no longer invariant under T. We note that eq 6 plays the
pivotal role in the formation of band degeneracy. The phase
factor from T110, reflecting the nonsymmorphic nature of the
lattice, determines the existence and location of the Dirac
points. In addition, the above argument is made with explicit

consideration of SOC, so these Dirac points are indeed robust
against SOC and can be termed as the 2D spin−orbit Dirac
points.
To further characterize the emergent 2D spin−orbit Dirac

fermions and to show that the dispersion is indeed a linear
type, we construct an effective k·p model around each Dirac
point based on the symmetry constraints. Consider DP1 at X̅1,
the symmetry operations in the little group at X̅1 include T and
the three generators in eqs 1−3. The matrix representations of
these operators can be obtained from the standard reference,24

with T = −iσy ⊗ τ0K, M̃z = σz ⊗ τy, P = σ0 ⊗ τx, andMx = −iσx
⊗ τx. Here, K is the complex conjugation operator, σj and τj (j
= x, y, z) are the Pauli matrices representing spin and orbital
degrees of freedom, respectively, and σ0 and τ0 are the 2 × 2
identity matrices. Subjected to these symmetry constraints, the
effective model in the vicinity of DP1 expanded to linear order
in the wave vector k′ takes the form of

θ σ τ θ σ τ σ τ′ = ′ ⊗ + ⊗ + ′ ⊗k v k v k( ) (cos sin )x x x z y y y y z0 (7)

where the energy and the wave vector k′ = (kx′, ky′) are
measured from DP1, the model parameters vx, vy, and θ are
real, and their values depend on the microscopic details. The

dispersion around DP1 is given by = ± ′ + ′E v k v kx x y y
2 2 2 2 ,

which indeed corresponds to a linear Dirac cone. This
confirms that the emergent fermions are 2D spin−orbit
Dirac fermions.
The effective model for DP2 at X̅2 can be defined in a similar

way. With T = −iσy ⊗ τ0K, M̃z = σz ⊗ τy, P = σ0 ⊗ τx, and Mx
= −iσx ⊗ τ0, the effective Hamiltonian can be written as

σ τ θ σ τ θ σ τ′ = ′ ⊗ + ′ ⊗ + ⊗k v k v k( ) (cos sin )x x y z y y x z y0 (8)

Because there is no symmetry operation connecting DP1 and
DP2, the model parameters are generally different for DP1 and
DP2. For example, from fitting the DFT band structure, at
DP1, we find the Fermi velocities vx = 3.95 × 105 m/s and vy =

Figure 4. SOC and distortion effects on α-Bi band structure. (a,b) DFT band surface calculated in the vicinity of X̅1 and X̅2, respectively. (c)
Band structure of α-Bi in the absence of spin−orbit coupling. (d) Band structure of distorted α-Bi. The distortion is shown in the inset. The
two atoms are moved along arrow directions by 2% of the unit cell width. (e) Evolution of band configuration from without SOC to with
SOC to with both SOC and symmetry-breaking distortion. The Dirac/nodal points are highlighted in blue in the Brillouin zone.
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2.12 × 105 m/s, whereas at DP2, vx = 1.19 × 105 m/s and vy =
4.67 × 105 m/s. The lack of symmetry connection implies that
each Dirac point may be tuned separately. For example, a
single Dirac point may be tuned close to the Fermi level by
lattice deformations that preserve the crystal symmetry. This is
in contrast to the case of graphene, where the two Dirac points
are symmetry-connected and hence must shift in energy
together.
The strong spin−orbit coupling in α-Bi is crucial for the

formation of the nonsymmorphic Dirac states. To see this, we
calculated the band structure without the inclusion of SOC;
the result is shown in Figure 4c. The bands become degenerate
along X̅1−M̅−X̅2 and, consequently, form a nodal line at the
boundary of the Brillouin zone; see Figure 4e. The band
degeneracy is also due to the nonsymmorphic symmetry of the
lattice (please see the Supporting Information for details).
However, this band degeneracy is not robust against spin−
orbit coupling. Turning on SOC, the nodal line is gapped
everywhere except X̅1 and X̅2. In other words, SOC transforms
the system from a nodal-line system into a Dirac fermion state.
In the presence of SOC, the Dirac points at X̅1 and X̅2 are
under the protection of the glided mirror symmetry. Naturally,
breaking this glided mirror symmetry will lead to energy gaps
at the Dirac points. Figure 4d shows the band structure of a
distorted lattice. The lattice distortion is depicted in the inset
of Figure 4d, which destroys the glided mirror symmetry while
keeping the space inversion symmetry. In this case, every band
still possesses the two-fold Kramers degeneracy, but the Dirac
points at X̅1 and X̅2 disappear. This evolution of band surfaces
and Dirac/nodal points, as schematically depicted in Figure 4e,
indicates that SOC and nonsymmorphic symmetry are two
essential pillars supporting the formation of Dirac fermions in
α-Bi.

CONCLUSIONS
α-Bismuthene, a two-dimensional spin−orbit material, hosts
Dirac fermion states at the high-symmetry momentum points
X̅1 and X̅2, as demonstrated by our μ-ARPES measurements
and first-principles calculations. The band degeneracy at the
Dirac points are strictly protected by the nonsymmorphic
symmetry of the lattice. Unlike graphene and other known 2D
Dirac materials, the nonsymmorphic symmetry guarantees that
the Dirac states in α-bismuthene are robust against spin−orbit
coupling. Breaking the lattice symmetry, on the other hand,
can lift the band degeneracy at Dirac points and yield gapped
phases. Interestingly, a surface buckling in α-bismuthene
breaks the space inversion symmetry and turns the system
into a 2D elemental ferroelectric.25 Moreover, the two
allotropic phases of bismuthene, namely, α-Bi and β-Bi,
possess nontrivial band topology. The β-Bi was first
theoretically proposed to be a quantum spin Hall (QSH)
insulator and recently realized in experiment.26,27 Similar to the
β phase, α-Bi has been reported to be a QSH in its flat form.28

Here, we confirm the α-bismuthene prepared on HOPG is
with negligible surface buckling and, therefore, belongs to the
QSH topological phase.
The formation mechanism of Dirac bands discussed in this

work is intrinsically different from the band crossing induced
by nonsymmorphic crystalline symmetry reported in previous
works.29−33 The two bands exchange the eigenvalues of a
single nonsymmorphic operator, a glided plane or a screw axis,
as they disperse from one high-symmetry momentum to
another high-symmetry momentum. Therefore, a band cross-

ing must happen between the two high-symmetry points. By
contrast, the Dirac points in α-bismuthene reside at the high-
symmetry momenta of the Brillouin zone because these points
are invariant under P and T and allow momentum-dependent
commutation/anticommutation relations involving the non-
symmorphic symmetry operators. In other words, the location
of the Dirac points is determined by the nonsymmorphic
symmetry operations.15 This property facilitates the detection
of Dirac states in experiments. For example, let us consider a
different nonsymmorphic group, the #15 layer group (p21/
m11). A bismuth monolayer structure belongs to this layer
group (please see the Supporting Information). Because of a
screw axis of the lattice, Dirac states are guaranteed to exist at
X̅1 and M̅ points of the Brillouin zone. The principle
demonstrated in this work can be applied to all 2D layered
materials with a lattice belonging to one of the 36
nonsymmorphic layer groups.15,17 This will significantly
accelerate the search of 2D Dirac materials and extend
“graphene” physics into the territory where strong spin−orbit
coupling is present.

METHODS
Commercially available HOPG (SPI-1) was used as a substrate in all
experiments. It was cleaved in air, loaded into the UHV system, and
annealed at 700−900 K for several hours to remove contaminants.
After the substrate cooled to room temperature, high-purity bismuth
(99.999%) was evaporated from a ceramic crucible and deposited
onto the substrate at rates of ∼0.01 Å/s.

LEEM, μ-LEED, and μ-ARPES measurements were performed at
room temperature and base pressure of 10−9 Pa with the
spectroscopic photoemission and low-energy electron microscope
installed at the Nanospectroscopy Beamline of the Elettra
Synchrotron Laboratory (Italy).23

Soft X-rays at an energy of 27.9 eV were used for μ-ARPES
measurements. Kinetic electron energies were analyzed using a
hemispherical band-pass energy filter (operating with pass energy of
908 eV). Apertures 500 and 2000 nm wide were used for μ-LEED and
μ-ARPES measurements, respectively.

First-principles calculations of the electronic structure of the films
were performed using Hartwigsen−Goedecker−Hutter-type pseudo-
potentials34 and a plane-wave basis set. The main program employed
was developed by the ABINIT group.35 Spin−orbit coupling was
included using the relativistic local density approximation.
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