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Topological materials have attracted extensive attention in con-
densed matter physics because of their exotic physical properties
and promising potential applications. If the bulk gap of an insulator
closes at certain nodal points or lines in the Brillouin zone (BZ), the
resultant gapless phase is known as the topological semimetal
(TSM) [1]. Dirac nodal line semimetals (DNLSMs) [2,3] have been
sought as novel quantum materials presenting quantum anomalies
[4,5]. The DNLSMs against spin-orbit coupling (SOC) were discov-
ered in several three-dimensional (3D) bulk materials [6-8]. Flour-
ishing two-dimensional (2D) van der Waals (vdW) materials are, in
comparison with their 3D counterparts, easier to experimentally
measure and manipulate. However, 2D materials have one less
dimension of translation symmetry operation, and the correspond-
ing symmetry operations and groups are significantly reduced, nar-
rowing the range of candidate structures. In some 2D materials, the
non-symmorphic symmetry [9] is shown to protect the fourfold
degeneracy of DPs at certain isolated k points against SOC [10-
12], but no SOC resistant fourfold DNL state was even predicted
in real materials so far.

Here, we found that a specific %,, x Z; nonsymmorphic point
group (where Z5 is the joint space-inversion and time-reversal
symmetry) is the particular symmetry in 2D crystal structures that
guarantees a stable fourfold-degenerate DNLSM. This intrinsic 2D
DNLMS is resistant to SOC and is realized in a novel allotrope,
i.e., the brick phase (Fig. 1a-c), of group-VA elemental layers,
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among which a three-atomic-layer (3-AL) bismuth (Bi) thin film
was used as a prototype. Its valence electron occupation guaran-
tees that the DNLSM state is near the Fermi level. This exotic elec-
tronic structure hosts a nearly “neat” DNLSM state. We also found
the DNLSM state in phosphorous (P), arsenic (As), and antimony
(Sb) thin films. These 2D thin films are expected to substantially
promote the development and the exploration of 2D DNLSMs with
exotic quantum phases and properties.

Fig. 1b shows the side view of a 3-AL Bi film and the stacked
structure of a brick wall is more clearly illustrated in Fig. 1c, hence
the name of the phase. Its lattice constants a and b are 4.85 and
4.53 A, respectively. In each AL, the Bi atoms form flat zigzag chains
oriented along the y-axis (Fig. 1a). The total energy of the brick
phase is at least 40 meV/atom lower than other 3-AL configura-
tions (Fig. S1 online).

The symmetry of the brick phase is described by the
nonsymmorphic layer group pmma (No. 41), whose point group

G = Dy, x Z," is generated by Cay, Cyy, M, and T (T = IT). Since
the spectrum degeneracy at the boundary of the Brillouin zone is
protected by the irreducible projective representation (Rep) of
the corresponding little co-group, a SOC resistant Dirac nodal line
on the BZ boundary needs the protection of a consistent nontrivial
little co-group (a subgroup of D, x Z3). The %, x Z} group was
found to be the certain little co-group symmetry in 2D satisfying
the requirements of the robust fourfold degeneracy on the nodal
line, which could be understood in two folds. Firstly, the spin-12

Kramers degeneracy is protected by T?= —1, or by the anti-
commutation relation between symmetry operations {Co,| (0, %3,
0)} and {My]| (0, %2, 0)}. Secondly, the orbital degeneracy lies in that
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Fig. 1. (Color online) (a) Top and side (b) views of the geometric structure of the 3-AL Bi (“brick phase”). (c) Rotated side view of the geometric structure of a 7-AL Bi, clearly
showing its brick-like structure. (d) The first Brillouin zone of 3-AL Bi along with five high-symmetry paths marked in green solid lines. (e) Band structures 3-AL Bi with SOC.
Signs “+” and “-” represent the parities of symmetries, respectively. The pink and blue (green and orange) dashed lines represent the two spin components, respectively,
while other bands were plotted in the light-blue color for simplicity. (f) Three-dimensional diagram of the linear Dirac nodal-line state of 3-AL Bi with SOC around the S point.
(g) Definitions of the lowest (NL-B) and highest (NL-T) energy of the Dirac nodal line, VBM (X-B) and CBM (X-T) at the X point and VBM (G-B) at the I" point. (h) Variations of
the energies of NL-B (blue circle), NL-T (blue star), X-B (green circle), X-T (green star) and G-B (gray dashed line) when applying compressive or tensile uniaxial strains along
the x direction. The gray shaded area represents the energy windows where the “neat” Dirac nodal line remains.

the square of the combination of {C,, | (0, ¥4, 0)} and IT equals
to —1, namely [{Cyx IT| (0, Y5, 0)}]?> = —1 is true for all k, points in
line (k,, , 0) of the BZ (Fig. 1d). These two relations ensure that
the fourfold degeneracy along line (k,, T, 0) is stable even if strong
SOC is present (the Supplementary materials-Methods II). Our
group theory derivation proves that the dispersion relations are
linear in the k, direction at the vicinity of the (k,, m, 0) line (the
Supplementary materials-Methods III). These results indicate that
the Y-S line is a fourfold degenerated nodal line of the Dirac type,
the formation of which is independent of specific orbitals and does
not require band inversion.

The fourfold degeneracy of the Y-S nodal line persists under
SOC, as shown in the band structures considering SOC (Fig. 1e),
which is protected by the {Cx«| (0, ¥4, 0)}, {M,| (0, ¥4, 0)} and IT sym-
metry operations. The strong SOC of Bi opens a 280 meV gap at
the X point, which leads to nontrivial edge states at the boundary
of 3-AL Bi (Fig. S3 online). The SOC also suppresses the dispersion
of the nodal line, where the energy width of the DNL reduces from
0.40 to 0.22 eV (Fig. S2a online). Both the gap opened at X and the
narrowed bandwidth of DNL resulted from SOC substantially stand
out the DNL states around Er where the DNL states solely exist
from 0.00 to 0.08 eV. A formula cell of the 3-AL Bi contains 30
valence electrons, which are divisible by 2 but not by 4 (the
4n + 2 case). This valence electron configuration leads to the four-
fold degenerate Dirac bands half-filled that ensures the DNL passes
through Er. Addition or removal of one more electron per atom
shifts the nodal line upward or downward from the Er and the
Dirac states are fully filled with 4n valence electrons. A 3D plot
of the DNL around the S point (Fig. 1f) is used to more clearly illus-
trate the DNL states. This neat Dirac-line shows a constant density
of states in the energy window that a gap is opened at the X point.
This unique features result in the anisotropic electron transport
and topological properties, e.g., potential long-range Coulomb
interaction and flat Landau levels [10,13], much easier to be exper-
imentally measured or tuned. In the band structures calculated
using the HSEO6 functional (Fig. S4 online), we also observed the
SOC resistant fourfold degeneracy, which is not surprising that
the fractional translation essentially yields a 4-dimensional irre-
ducible projective Rep to protect the quadruple degeneracy. In

1955

other words, the nonsymmorphic symmetry we found guarantees
the fourfold DNL under SOC regardless the functional used, the
value of lattice constant and the presence of band inversion, while
the last is usually required by symmorphic symmetry-protected
DNL semimetals [14].

While in-plane strain commonly exists in vdW heterostruc-
tures, it is thus of interest to examine how the in-plane strain
affects this “neat” DNL property, i.e., the electronic bandgap at
the X point and the DNL solely available near Eg (Fig. 1g). Fig. 1h
depicts the tendency of the DNL bandwidth (energy difference
between NL-B and NL-T, see Fig. 1g) in line Y-S and the energy
positions of CBM and VBM at the X point under uniaxial strain
applied in the x direction. The bandgap was slightly decreased
under the strain from -3% to 4%. When the compression strain
reaches -2%, the energy window showing the “neat” Dirac nodal
line is the largest. In addition to in-plane strain, contact with a sub-
strate or capping layer, sometimes, breaks structural symmetries.
The breaking space inversion symmetry causes a gap in the DNL
regardless of the inclusion of SOC (Fig. S5a, b online). If the SOC
effect is significant, the anti-commutation relation between {M, |
(0, ¥5, 0)} and {Cay | (0, ¥4, 0)} is required to protect the orbital
degeneracy. Breakdown in either of these symmetries reduces
the quadruple degeneracy into two double degeneracies, except
for high symmetry points Y and S (Fig. S5d online).

The 3-AL Bi layer is not the only material showing the specific
%,, x Z5 symmetry. A 1-AL (Fig. 2a and b), a 5-AL Bi layer (Fig. 2c
and d) and the P, As, and Sb analogues of 3-AL Bi all share the same
%,, x Zy symmetry. Each of those layers was expected a fourfold
degenerated DNL semimetal state resistant to strong SOC, which
are indeed observable in our calculations (Fig. 2g-i and Fig. S2b,
c online), but the electronic states at point X and/or in line I'-Y
strongly interfere with the DNL states. Thus, the 3-AL Bi appears
to be the most “neat” platform for studying exotic properties
purely induced by the DNL states among all these candidates.

The increased number of layers in those analogues reinforces
the thermal stability of each considered element (Fig. 2e). Phonon
dispersion spectrum calculations were performed to further verify
the dynamic stability of those layers. Though 1AL P/As/Sb/Bi show
imaginary frequencies off the I" point (Fig. S6 online), a substrate
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Fig. 2. (Color online) Top (a, ¢) and side (b, d) views of the geometric structures of mono- (a, b) and five- (¢, d) atomic-layer Bi. (e) Relationship between formation energy and
atomic layer thickness in P, As, Sb, Bi element. Black dotted circles indicate the presence of imaginary frequencies in phonon spectrum. (f) Phonon spectrum of the 3AL Bi brick
layer. Electronic band structures (with SOC) of 3-AL phosphorus (g), arsenic (h), and antimony (i) layers along the same high-symmetric paths and the same color code

adopted in Fig. 1d.

could maintain their dynamic stability and impose their
nonsymmorphic-symmetry potential fields onto the substrate sur-
face [15]. Thicker layers, except 5AL P (Fig. 2f and Figs. S6, S7
online), exhibit no imaginary frequencies along the paths connect-
ing all high-symmetry points in the BZ, which thus indicates the
dynamic stability of this materials category.

In summary, we found that the nonsymmorphic layer group
pmma, containing the %, x Z3 little co-group, guarantees the for-
mation of 2D DNL semimetals regardless the presence of SOC. This
symmetry is imposed into a novel allotrope (the brick phase) of
group VA elemental (Bi, Sb, As, and P) layers, and was theoretically
predicted to offer robust and fourfold degenerated 2D DNL semi-
metal states against SOC in line (k,, 7, 0). Intriguingly, the DNL
band in every considered layer resides across Er while other bands
are, at least partially, away from it, especially in 3-AL Bi, which
results in a “neat” DNL band around the Fermi level. We expect
more fascinating properties to be discovered in the heterojunctions
and/or alloys of the brick phase layers. The IT operation is not a
symmetry element of magnetic moments in BZs of ferromagnetic
materials, but it does be in anti-ferromagnetic layers. This means
that SOC-resistant DNL could also be found in 2D antiferromag-
netic materials, whose long-range magnetism and the consequent
symmetries as well as electronic structures could be tuned by a
magnetic field. In terms of 2D ferromagnetic materials imposing
the %,, ><Z§ symmetry, they are considered as candidates for
Weyl-point or Weyl-line semimetals. This work, thus, introduces
a perspective for the exploration of magnetic DNL semimetals.
More importantly, the nonsymmorphic symmetry protection of
DNL semimetals can be generalized to other systems, such as pho-
non, photonic, or magnon bands. This generalization could boost
the artificial design and data mining of 2D DNL materials, as well
as invite subsequent exploration of their unique physical proper-
ties via device measurements.
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