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ABSTRACT: Two-dimensional single-layer boron (borophene) has emerged as a new
material with several intriguing properties. Recently, the 3, polymorph of borophene was
grown on Ag(111), and observed to host Dirac fermions. Similar to graphene, f;,
borophene can be described as atom-vacancy pseudoalloy on a closed-packed triangular
lattice; however, unlike graphene, the origin of its Dirac fermions is yet unclear. Here,
using first-principles calculations, we probe the origin of Dirac fermions in freestanding
and Ag(111)-supported f3;, borophene. The freestanding /3;, sheet hosts two Dirac cones
and a topologically nontrivial Dirac nodal line with interesting Dirac-like edge states. On
Ag(111), the Dirac cones develop a gap, whereas the topologically protected nodal line
remains intact, and its position in the Brillouin zone matches that of the Dirac-like
electronic states seen in the experiment. The presence of nontrivial topological states near
the Fermi level in borophene makes its electronic properties important for both
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fundamental and applied research.

raphene, a two-dimensional (2D) polymorph of carbon

with a honeycomb lattice has created a plethora of
research activities in the past decade. The material hosts
massless Dirac fermions and exhibits exotic electronic proper-
ties such as high carrier rnobility,1 ambipolar field-effect,” and
quantum Hall effect.” The success of graphene has motivated
researchers to look for other 2D materials, where exotic
quantum particles such as Majorana, Dirac, and Weyl fermions,
sought after in high-energy physics, could be realized in
condensed matter systems.

Boron, which lies next to carbon in the periodic table, is
found to exist in multiple phases as nanotubes,® clusters,’
nanocages (fullerene), and 3D solids.’ Recently, two-dimen-
sional monoelemental single—layer boron (borophene) has
emerged as a new material ** attracting great attention in the
research community.” Following initial theoretical predic-
tions,'”"" and subsequent theoretical works performing
comprehensive explorations of freestanding and metal sub-
strate-mediated 2D boron phases,">™'* several boron mono-
layer sheets have been experimentally synthesized.”®'*'
Among them, the fB;, borophene polymorph was grown on
Ag(111), and its Dirac fermion states observed."® This
experimental work reported'” that “Dirac points were located”,
agreeing with earlier theoretical predictions.'” The Dirac cones
are positioned ~2 eV above the Fermi level in freestanding f3,,;
however, the Dirac-like states were experimentally observed at
~0.25 eV below the Fermi level in ), grown on Ag(lll).15
Although Ag(111) substrate acts as electron donor, the charge
transfer may not be sufficient to account for the Dirac-like
states observed below the Fermi level in f3;, on Ag(111). Thus,
the origin and nature of Dirac cone in the 3, sheet remains an
open question.

Here, we perform first-principles density functional theory
(DFT) calculations to gain insights into the nature of Dirac
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cones in the f3, sheet in freestanding form and on Ag(111)
substrate. Our calculations show that the material hosts two
doubly degenerate (4-fold degenerate including spin) Dirac
cones above the Fermi level (Eg), at ~2 eV and ~0.45 eV. The
nature and origin of these cones are confirmed by analyzing the
symmetry and Berry curvature. Interestingly, the material is also
found to host a Dirac nodal line, extending from the Fermi level
to ~22 eV below. The Dirac nodal line'®™** in energy-
momentum space is a locus of intersection points (nodes) of
two dispersion surfaces representing the bands of different
orbital symmetry. This 1D band crossing is different from the
OD crossing resulting in a Dirac cone or Dirac and Weyl
semimetals. When placed on the Ag(111) substrate, the Dirac
cones become gapped, whereas the symmetry-protected nodal
line remains intact and extends throughout the BZ, just as in
freestanding borophene. The line is thus identified as a likely
source of Dirac cone-like features in the experimental ARPES
spectra of 3, borophene on Ag(111)."" In order to understand
the topological character of the nodal line, edge states are
calculated. The edge states demonstrate nontrivial topological
nature, adding to a number of interesting electronic properties
of 8, borophene. These properties could be useful in exploring
the physics of topologically nontrivial low-dimensional Dirac
materials, and potentially utilized in high-speed electronics.
Boron has one electron less than carbon, and is unstable in a
freestanding honeycomb graphene-like lattice.'” Addition of
more boron atoms to the honeycomb lattice can stabilize the
structure and result in rich polymorphism. One of the
polymorphs, known as the f, sheet, has a planar structure
with stripes of filled and empty hexagons alternating along the

Received: February 28, 2018
Accepted: May 9, 2018
Published: May 9, 2018

DOI: 10.1021/acs.jpclett.8b00640
J. Phys. Chem. Lett. 2018, 9, 2757—-2762


pubs.acs.org/JPCL
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpclett.8b00640
http://dx.doi.org/10.1021/acs.jpclett.8b00640

The Journal of Physical Chemistry Letters

Figure 1. (a) Atomic structure of 3|, sheet of boron. (b) Central panel: the band structure of freestanding f3,, sheet with color coded orbital
character of bands. Inset shows the location of Dirac cones in the BZ. The parity of p,, p,, and p. bands under in-plane mirror reflection symmetry
(0,), which takes x, to —x at I" and Y points are shown. Left panel: a 3D view of the Dirac cone (DCr.x) with a band decomposed isocharge density
(BDCD) plot calculated for the lower energy band at the nodal point. Right panel: 3D view of the Dirac cone (DCy,,) with BDCD plot.

armchair direction (Figure la). It has three inequivalent sites
with 4-, 5-, and 6- center B—B bonds. Its band structure shows a
nearly filled ¢ band derived from p,, p, orbitals, while the z
band derived from the p, orbital is partially filled, as shown in
Figure 1b. Interestingly, three bands touch at a single point on
the I'—Y line at Ep, demonstrating a 3-fold (6-fold including
spin) degeneracy and may host unconventional quasiparticles
predicted recently.”** Similar to graphene, the bands above Eg.
have mainly p, character. A Dirac cone-like band crossing at ~2
eV above Ep, labeled as DCry in Figure 1b, can be seen at 2/3
distance from I'" along the I'=X direction. Dirac cones due to
linear band dispersion hosts massless fermions, and the value of
Berry curvature diverges at the node, where band crossing
occurs.” Berry curvature F(k) gives a local description of the
geometric properties of the wave function and is given by
F(k) = <-a,(k) — ~-a,(k) where a(k) = —iy (k)| - [ (k) is
. y

called the Berry connection.”” To confirm that this band
crossing is a Dirac cone, we calculated the Berry curvature,
which was indeed found to diverge at the node, thereby
confirming the Dirac dispersion of the band (for detailed
methodology, see Supporting Information). We also plotted a
3D band structure to visualize the cone around the nodal point.
The slope of the band in the k, direction is ~7.2 eVA,
equivalent to a Fermi velocity (vy,), 0E/0k, = 0.17 X 10° m/s.
In the k, direction, the slope of the band equals ~2.5 eVA (v, =
0.6 X 10° m/s), compared to 34 eVA (v; = 0.83 x 10° m/s§ in
graphene when approaching the Dirac point along the I'-K line.
The anisotropy of the Dirac cones along different directions at
the nodal point implies direction-dependent electronic proper-
ties. To understand the physical origin of this Dirac cone, band
decomposed charge density was calculated for the lower energy
band at the nodal point (Figure 1b). The charge density
distribution is derived from the out-of-plane p, orbital and is
localized only at the hexagon corners with no contributions
from the central atom. The resultant structure is like a
honeycomb lattice of boron, and the Dirac cone is similar to
that observed in graphene. This Dirac cone is significantly away
from Ep and the electrical properties associated with the cone
would not be easily accessible in experiments.

Interestingly, the material also hosts another Dirac cone, seen
as band crossing at ~0.45 eV above Eg near the M point along
the Y=M direction, labeled as DCy, in Figure 1b. Berry
curvature was calculated to confirm the Dirac-like dispersion at
the band crossing point, and a 3D band structure was plotted to
visualize the cone. At DCy,;, bands have a linear dispersion
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equivalent to a Fermi velocity of ~0.19 X 10° m/s and ~0.39 X
10° m/s in the k,, k, directions, respectively. Similar to DCr.x,
DCy.y is anisotropic along different directions at the nodal
point, implying direction-dependent electronic properties. This
Dirac cone is also derived from p, orbitals; however, the origin
is completely different. The band decomposed charge density
calculated for the lower energy band at the nodal point shows
that the contribution to the cone comes only from the central
atoms of the hexagon, as shown in Figure 1b. The lattice
appears as one-dimensional stripes of boron atoms discon-
nected from each other. This Dirac cone is close to Eg, and the
electrical properties resulting from the Dirac nature could be
accessible in experiments.

Apart from the two Dirac cones, the band structure has
another interesting feature. The p, band lies above the p,, and
p. bands close to Ep along the I'-X direction (Figure 1b).
However, along the Y-I' direction, the order of bands is
inverted, i.e., p, lies above the p and p, bands. The parity of p,,
Py and p, bands under mirror reflection symmetry (o,), which
takes x (y) to —x (—y), are =1 (+1), + 1 (=1), and +1 (+1),
respectively. The electronic wave functions are eigenstates of o,
with even (+) or odd (—) parity. The inversion in band
character at I" and Y points in the Brillouin zone is directly
manifested in the inverted parity and is shown in Figure Ib.
This peculiar feature where parity of bands is inverted in
different regions of the BZ leads to an interesting topology of
the electronic structure and guarantees band crossing in the
energy-momentum space of the crystal as long as the o,
symmetry is preserved in the lattice. An inversion in band
ordering can be seen in the band structure of f), sheet
calculated along k, at k, (272/b) = 0.15 (Figure 2a). The p, band
crosses both p, and p, bands at two nodal points. The nodal
points extend throughout the energy-momentum space and
form a nodal loop with a peculiar topology similar to a knot
(Figure 2b). This particular topology has not been seen in any
other material and is unique to f;, borophene. The bands near
the nodal points have a linear dispersion, and this 1D band
crossing is called a Dirac nodal line."®™ It is different from the
0D crossing resulting in a Dirac cone, where bands cross only at
a point. A 3D band structure was calculated to visualize the
band crossing responsible for the nodal line (Figure 2c). The
line extends from (k, (27/a), k, (27/b)) = (0, 0.07) to (0.13,
0.5), as shown in Figure 2b. The nodal line does not remain at
the same energy, but ranges from ~0 to ~2.2 eV below Eg. The
constant energy contours calculated at different energies
crossing the nodal line has a dog bone shape as shown in
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Figure 2. (a) Band structure of freestanding f3,, sheet calculated along k, (at k, (27/b) = 0.15), showing the inversion in the character of bands. This
inversion results in band crossing and two nodal points. (b) The nodal points extend throughout the 3D energy-momentum space and form a closed
loop with a peculiar topology similar to a knot. (c) 3D band structure showing the band crossing responsible for the nodal line (NL) (marked by
magenta solid line). The projection of the location of the nodal line on the k,~k, plane (dotted line) is also shown.

Figure S1 (Supporting Information). This shape is peculiar to
the nodal line seen in bulk materials."” The Dirac nodal lines
are similar to topological Dirac semimetal, where two bands
having different quantum numbers intersect. Since the bands
belong to different subspaces, no mixing is allowed between
them, protecting the crossing points to remain gapless.
Similarly, in the p), sheet, the crossing between bands of
different symmetry leads to an interesting nontrivial topology of
electronic states, which will be discussed later.

2D boron sheets were theoretically predicted'**° to form on
a metal substrate due to stabilization of sp* hybridization by
metal passivation. Recently, f;, sheet was experimentally
synthesized on Ag(111) substrate."> Through ARPES
measurements they showed that the material hosts Dirac
fermions at ~0.25 eV below Eg.'® In our calculations for a
freestanding /3|, sheet, we see that the material hosts two Dirac
cones (DCry, DCy,) and a nodal line. Since any of these
elements could result in Dirac-like dispersion, the exact origin
of the Dirac fermions seen in the experiment is not clear. To
understand the interaction with the substrate, we placed boron
on Ag(111). The top layer of Ag(111) has a hexagonal
symmetry, and the f;, sheet can adopt different orientations,
and a proper orientation needs to be determined. Since the
growth of boron sheet is epitaxial on Ag(111), only a few
orientations are permissible. In experiments,”~ a moiré pattern
was seen for a f3;, sheet grown on Ag(111). This particular
pattern corresponds to the hexagons in the f3), sheet oriented
parallel to the hexagons in Ag(111) (see Figure S2, Supporting
Information). In our calculation, we construct a slab geometry,
where a f3, sheet is placed over a few layers of Ag(111). The
computations require the structure to be periodic in all the
three directions. A vacuum of 20 A was placed to separate the
periodic images in the z-direction. To match the lattice in the
x—y plane, a very large unit cell needs to be constructed.
Alternatively, if the boron lattice is rotated by 30°, a very small
unit cell with 5 boron atoms is sufficient.

Our calculations show that the interaction of Ag on boron
does not depend on the orientation of the two lattices. So, we
first consider the structure where the lattices are rotated with
respect to each other by 30° (Figure 3a). The lattice parameter
of Ag was optimized with LDA functional. The boron lattice
was matched with Ag by applying a small biaxial compression of
~1.4%. The band structure of the resulting slab geometry is
shown in Figure 3b. The states near Eg have contributions from
both Ag and B atoms. On comparing the band structure of the
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slab with freestanding f3,, sheet (Figure 1b), one can see that
boron bands are significantly perturbed due to interaction with
Ag substrate. The out-of-plane p, orbital interacts strongly with
Ag and is modulated the most. The Dirac cones (DCry,
DCy.y) observed in the freestanding f3;, sheet can also be seen
in the band structure of the slab. The location of both cones in
the BZ remains the same; however, they develop a gap and shift
down in energy due to perturbation from Ag, as shown by black
arrows in Figure 3b. The identity of both cones was confirmed
by calculating the band decomposed charge density and
comparing the symmetry of corresponding bands with that of
DCrx, DCy.y in the free-standing sheet. The gapped nature of
cones was also ascertained by calculating the band structure
with a dense 500 k-point sampling along the I'=X and Y-M
directions. DCr.x develops a gap of ~150 meV, while DCyy; is
significantly perturbed, and the Dirac-like dispersion almost
disappears. The in-plane p, and p, bands are found to be less
perturbed compared to the p, bands. The p, and p, bands near
I point move down in energy from the position near Eg in the
free-standing sheet to ~0.3 eV below Ey, as shown by the green
arrow in Figure 3b. This energy shift corresponds to electron
doping of boron by Ag substrate. To confirm that doping by Ag
indeed shifts the boron bands down by ~0.3 eV, a jellium slab
was placed on top of boron. A shift in the boron bands by ~0.3
eV correspond to a doping of 0.3 e™/cell (~2 x 10"*/cm?) to
boron by Ag. Moreover, a shift in ~0.3 eV is also close to the
difference in the work function (~0.4 eV) of freestanding f,,
sheet and Ag(111). The calculated electrostatic potential profile
for B, sheet on Ag(111) also confirms doping of B by Ag
(Figure S3, Supporting Information).

The band structure of ff;, on Ag(111) retains the nodal line
of the freestanding sheet. The band structure of the slab shows
a band crossing at ~0.25 eV below Eg near the I" point along
I'=X, as shown by the blue arrow in Figure 3b. The crossing is
between the p, and p, bands of boron along I'=X, while it is
between the p, and p, bands along I'=Y. The bands have a
linear dispersion and form a nodal line. Unlike the Dirac cones,
the nodal line is not gapped by placing on Ag substrate and is
protected due to o, symmetry. This nodal line is slightly
different from that seen in the free-standing sheet. In the slab,
the nodal line first appears along the I'—X direction, while it is
seen along ['=Y in the free-standing sheet. This is because the
P> sheet is slightly strained (~1.4%) when placed on Ag. The
p, band, which was below p, at the I' point in the unstrained
sheet moves up in energy in the strained sheet and crosses each

DOI: 10.1021/acs.jpclett.8b00640
J. Phys. Chem. Lett. 2018, 9, 2757—2762


http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.8b00640/suppl_file/jz8b00640_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.8b00640/suppl_file/jz8b00640_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.8b00640/suppl_file/jz8b00640_si_001.pdf
http://dx.doi.org/10.1021/acs.jpclett.8b00640

The Journal of Physical Chemistry Letters

Figure 3. (a) Slab geometry of a 3, sheet placed over Ag(111). The unit cell is marked by a dashed blue rectangle. The hexagons in Ag and B lattice
are rotated by 30° with respect to each other and are shaded in black and red color, respectively. (b) The band structure of the slab with Ag and B
bands shown in gray and red color, respectively. The black arrows point to the location of Dirac cones DCry and DCy,; seen in the freestanding
sheet. DCr.x develops a gap ~150 meV, while DCy.; is significantly perturbed. Green arrow near the I" point shows the shift in boron bands by ~0.3
eV when placed on Ag(111), which corresponds to a doping of ~0.3 e™/cell. Blue arrow at ~0.25 eV below Ej; shows the location of band crossing

along I'-X, which forms a nodal line in the BZ.

other along I'=X. This can be clearly seen in the band structure
of free-standing strained boron sheet (see Figure S4,
Supporting Information). The nodal line extends in energy
from ~0.25 eV to ~1.75 eV below Eg. In a recent experimental
study, the f3;, sheet was shown to host Dirac fermions.'> A
Dirac-like dispersion of bands was seen with the nodal point at
~0.25 eV below Ep. The nodal line in f;, borophene on
Ag(111) emerges at ~0.25 eV below Eg in our calculations,
leading to the possibility of its cross-section being observed in
the experiment.

To confirm that the Dirac-like dispersions seen in the
experiment were due to a nodal line, we next considered the
slab geometry, where the f3,, sheet is parallel to the Ag lattice
(Figure S2, Supporting Information). A large unit cell with 140
boron atoms was constructed to match the orientation with Ag
lattice. The band structure was calculated and then folded to
the BZ of boron to compare with results of 30° rotated
geometry (Figure SS, Supporting Information). The band
structures look similar, demonstrating that the interaction of Ag
on boron does not depend on the orientation of the two
lattices. A similar band crossing resulting in a nodal line can be
seen at ~0.25 eV below Eg along the I'=X direction. The
orientation of the f;, sheet with respect to Ag is known, hence
we can predict the band unfolding from boron to Ag BZ (see
Supporting Information for details of band unfolding). The area
of boron BZ is found to be half of Ag BZ, so the M point in Ag
BZ will fold to the I point in boron BZ (Figure S6, Supporting
Information). Since the portion of the I'—X line in the BZ of
Py sheet is mapped to the M—K line of Ag BZ, the band
crossing that is seen along the I'=X direction of the BZ of ),
sheet must unfold to the location near the M point along the
MK line of the Ag BZ. This matches exactly in both energy and
momentum with the nodal point and Fermi pockets seen
centered on the M point in the Ag BZ in experiment,” thereby
confirming that the Dirac-like dispersion seen in the experiment
is due to the nodal line in the S, sheet.

Nodal line materials belong to the family of topological
metals/semimetals with nontrivial band topologies. There are
different ways to check the nontrivial topological character of
the bands such as”’ (i) compute topological invariant for the
line nodes along which two nondegenerate bands touch, (i)
use adiabatic continuity arguments to connect the unknown
band structure to a known topological or nontopological band
structure, and (iii) directly compute the spectrum of surface or
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edge states. A bulk/2D topological material interfaced with
vacuum changes the topological number at the interface and
requires the existence of topologically protected surface/edge
states. Hence, the existence of surface/edge states in a
topologically nontrivial bulk/2D material is §uaranteed by
bulk-boundary correspondence considerations™ and is suffi-
cient to probe the trivial/nontrivial topological nature of nodal
line. In topological nodal line materials, the surface/edge states
must connect the nodal lines/points. To compute the edge
spectrum, we consider semi-infinite nanoribbons with both
armchair and zigzag edges. In our case, nodal line is seen in
both free-standing /3, sheets as well when placed on Ag in the
slab geometry. Here, we consider only the free-standing sheet
for edge states calculation. The violet regions in Figure 4
represent the spectral weight of bulk bands, whereas the white
curves represent the edge states of the armchair edge (see
Figure S7, Supporting Information for edge states of zigzag
edge). The edge states are found to connect the nodal points,
signifying the nontrivial topological nature of the material.
Interestingly the edge states have a Dirac-like dispersion shown
by the white arrow in Figure 4. These edge states are different
from the drumhead type surface states seen in bulk topological
nodal line materials and are unique to the f3, sheet. Up to now,
many nodal line materials have been discovered in bulk
phases;'*~*' however, only a few have been found in the 2D
flatland.”>** The nontrivial topological properties are intrinsic
to borophene, yet, until now, the f3, sheet has been grown only
on Ag(111), whose additional electronic states may obscure the
topological properties of the 3|, sheet. Therefore, for practical
observation, the material must typically be either exfoliated or
grown on nonmetals. Experiments are underway’" to reveal the
nature of borophene-metal bonding, to potentially ease
exfoliation.

The nodal line in a free intrinsic f;, sheet spans ~2.2 eV in
energy (Figure 2b), with the Fermi level positioned at its very
top. At any hole-doping, shifting the Fermi level down this
range, there exist linearly dispersive bands. Thus, different
sections of the nodal line can be “accessed” through either
chemical or electrostatic gate-doping. Based on the electronic
DOS, the number of carriers required to shift the Fermi level
can be estimated as ~0.27 h*/eV/atom (h* means a hole) and
is shown in the Figure S8 (Supporting Information). In order
to access the entire nodal line, doping in the range 0—0.6 h*/
atom is required. We also calculated the work functions of
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Figure 4. Bloch spectrum of a free-standing f3,, sheet ribbon with an
armchair edge. The violet color represents contributions from bulk
atoms, while white bands depict contributions from edge atoms. White
and black arrows point to Dirac like edge states and nodal points,
respectively.

(111) surfaces of several elemental metals and f3;,-borophene
(Figure S9, Supporting Information) to estimate possible levels
of doping. Assuming the Fermi level of borophene being set by
the metal substrate, p-doping with Fermi level shift of ~1 eV
could be possibly achieved with a high work function metal
such as Pt. The nontrivial electronic structure of 3, borophene
belongs to a broader class called topological metals, such as
type-Il Dirac and Weyl materials,”’ where topological band
crossing occurs near E in the presence of additional electronic
states at the same energy. The metallicity arises from tilting of
bands, while in the absence of tilt, the band crossing will be at a
constant energy. Due to additional metallic bands and the 2D
nature of /3, borophene, various electronic properties (distinct
phase shift in Shubnikov—de Haas (SdH) oscillation,”” chiral
anomaly,33 and chiral Landau levels”*), which arise from the
nontrivial electronic structure, may be concealed in f),
borophene. However, some of the properties resulting from
topologically nontrivial states should still be observable.
Linearly dispersive topologically protected bands of f,
borophene should give rise to distinctly observable high carrier
mobility and linear transverse magnetoresistance. In topologically
trivial metals, magnetoresistance p ~ H* is quadratic with
applied magnetic field, whereas it is linear p ~ H in systems
with linear energy spectrum.”” Thus, linear positive magneto-
resistance signifies the linearly dispersive bands near the Fermi
level. Moreover, due to additional hole pockets from normal
parabolic bands and electron pockets from linear Dirac bands
(Figure 1b, 2c) at Eg, large magnetoresistance due to electron—
hole resonances should arise in f3;, borophene (similar to a
previous report on WTe,*®). This is of broad interest for
magnetic memory’~ and sensing” applications. For device
applications, the nodal line states should yield high carrier
mobility, a prediction that is verifiable in experiments.
Additionally, recent experiments have demonstrated that
exotic superconductivity with pwave pairing can be realized in
Dirac-type materials Cd;As,,””** and graphene.”' Given that
pristine /5, sheet was predicted to possess intrinsic super-
conductivity with large electron—phonon coupling at long
phonon wavelength,'”**** and also has topological band
crossing at the Fermi level, interorbital Cooper pairing between
electrons of different quantum numbers with p-wave symmetry
can arise.*”*> Further, p-wave superconductivity has been
predicted to host Majorana fermions, which are essential for
creating fault-tolerant quantum computers.46 Of course, to
affirm the possibility of p-wave superconductivity in a 3, sheet,
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an exact calculation of electron—phonon coupling constant and
Coulomb pseudopotential with s- and p- like symmetry must be
carried out, calling for further theoretical explorations. More-
over, p-wave superconductivity manifests in zero bias
conductance peaks,”* and, for experimental verification, point
contact spectroscopy measurements must be done.

In summary, using first-principles calculations, we predict
topologically nontrivial electronic states in the f;, sheet of
boron. The material host two Dirac-cones and a nodal line. The
Dirac cones develop a gap when placed on Ag(111), while the
nodal line remains protected. The nodal line extends in energy
from ~0.25 to ~1.75 eV below Eg and has a dog-bone shaped
constant energy contour. This suggests that the Dirac-like
dispersion seen in a recent experiment is due to the nodal line.
The nodal line is topologically nontrivial and is uniquely
associated with Dirac-like edge states. The linear dispersion of
edge states is unique to boron and is different from the usual
drumhead-like surface states seen in bulk topological nodal line
materials. Our DFT simulation and theoretical analysis
demonstrate the origin of Dirac-like states and topological
nodal-line fermions in boron and pave the way for exploring the
exotic properties of topological nodal-line states in low-
dimensional condensed matter systems with possible applica-
tions in magnetic memory, high-speed electronics, and
topological superconductivity.
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