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Band-crossings that occur on a mirror plane are compelled to form nodal loops in the momentum
space in the absence of spin-orbit coupling (SOC). When other equivalent mirror planes are present,
multiple such nodal loops can combine to form interesting topological structures involving crossed
nodal lines. Here, based on first-principles calculations and an effective k.p model analysis, we
show that CaAuAs hosts a unique starfruit-like crossed-nodal-line structure in the bulk electronic
dispersion, which is comprised of three nodal loops that cross each other at the time-reversal-
invariant momentum point A. When the SOC is turned on, the nodal loops are gapped out,
resulting in a stable Dirac semimetal state with a pair of Dirac points along the Γ − A direction in
the Brillouin zone. These Dirac points are protected by the combination of time-reversal, inversion,
and C3 rotation symmetries. We discuss how a systematic elimination of the symmetry constraints
yields a Weyl semimetal and eventually a topological insulator state.

I. INTRODUCTION

Topological phases of quantum matter are currently at
the forefront of condensed matter and materials sciences
research1–4. The initial focus on insulating phases has
shifted in the last few years to topological semimetals
in which the bulk electronic spectrum hosts symmetry-
protected gapless crossings near the Fermi level between
the valence and conduction bands. Electronic states near
the band-crossings mimic the Dirac and Weyl fermions
familiar in the standard model of relativistic high-energy
physics. The related Dirac and Weyl semimetals pos-
sess discrete four- and two-fold degenerate protected
gapless points in their bulk spectra in which low en-
ergy excitations are Dirac5–15 and Weyl fermions16–26.
Under certain symmetry operations such as the mir-
ror planes, these band-crossings can persist along one-
dimensional (1D) loops, and give rise to nodal-line semimet-

als (NLSM)27–48. In contrast to Dirac and Weyl semimet-
als, energy dispersion in the NLSMs is quadratic in
momentum along the direction tangential to the nodal
line and linear along the other two perpendicular di-
rections. Low-energy excitations in the NLSMs with
highly anisotropic energy dispersions do not have any
high-energy counterparts. Nontrivial bulk band topolo-
gies of topological semimetals are also associated with
2D surface states with open Fermi surfaces in the Weyl
semimetals and flat drumhead-like Fermi surfaces in the
NLSMs. The unique bulk and surface states of topo-
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logical semimetals provide a new platform for inves-
tigating various intriguing high-energy and relativistic
physics phenomena in table-top experiments and an ex-
citing basis for developing next-generation technological
applications1–4.

Among the topological semimetals, the NLSMs are
perhaps more interesting because of their high density
of states (DOS) at the Fermi level, which could drive ex-
otic correlation physics in these materials48,49. The non-
trivial band structure of NLSMs leads to magnetic, opti-
cal, and transport properties that are distinctly different
from those of Weyl and Dirac semimetals. NLSMs have
been theoretically proposed in various families of com-
pounds and experimentally verified recently in PbTaSe2,
CaAgAs, and ZrSi(S,Te)31–34,50–52. A focus of research
has been the stability of nodal-line crossings with respect
to the strength of the SOC, whose presence usually un-
locks nodal loops to yield various topological states such
as the Dirac and Weyl semimetals and the fully gapped
insulators. Moreover, since nodal lines are enforced by
mirror symmetries, they can form interesting crossed-
nodal-line connections in the presence of multiple mirror
planes44–47.

In this paper, we discuss the topological NLSM state
and its transition to the Dirac and Weyl semimetal states
in ternary hexagonal CaAuAs using first-principles cal-
culations and a k.p model Hamiltonian analysis. We
show that CaAuAs realizes a unique crossed-nodal-lines

semimetal state, which is composed of three nodal loops
in the absence of SOC. The nodal loops are located on
the vertical mirror symmetry planes of the D4

6h symme-
try group and intersect at the A point of the Brillouin
zone (BZ), forming starfruit-like nodal crossings. A sim-
ilar crossed-nodal-lines state has been reported recently in
YH3

47 and LiAuSe53. Inclusion of the SOC gaps out
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the nodal loops and transitions the system into a sta-
ble, symmetry-protected Dirac semimetal state with a
pair of Dirac points, which are located along the C3 ro-
tation axis. We also characterize the topological state
of CaAuAs through surface-state calculations. It is well
known that Dirac semimetals lie adjacent to a variety
of gapped as well as semimetal phases. Accordingly,
we have investigated topological transitions in CaAuAs
when C3 rotational and time-reversal symmetries are bro-
ken.

The remainder of this paper is organized as follows.
In Sec. II, we describe computational details and dis-
cuss the crystal structure and symmetry properties of
CaAuAs. Sec. III discusses the starfruit-like NLSM state.
In Sec. IV, we present an analysis of the SOC-induced
Dirac semimetal state. The topological surface electronic
structure is also explored. In Sec. V, we present an ef-
fective k.p Hamiltonian. Effects of selective symmetry-
breaking and the emergence of topological insulator and
Weyl semimetal states are discussed in Sec. VI. In Sec. VII,

we discuss the topological band structure of the CaAuAs mate-

rials family more generally. Finally, we summarize our find-
ings in Sec. VIII.

II. METHODOLOGY AND CRYSTAL
STRUCTURE

Electronic structure calculations were performed
within the framework of the density functional the-
ory (DFT) with the projector augmented wave (PAW)
pseudopotentials54, as implemented in the Vienna ab
initio simulation package (VASP)55,56. The gen-
eralized gradient approximation with the Perdew-
Burke-Ernzerhof parameterization was used to include
exchange-correlation effects57. Bulk calculations used a
plane wave energy cut-off of 500 eV and a 20 × 20 × 20
Γ-centered k−mesh to sample the BZ58. Total energies
were converged to 10−7 eV. The SOC was used self-
consistently to incorporate relativistic effects. Experi-
mental lattice parameters of CaAuAs (a = b = 4.388Å
and c = 7.925Å) were used. Topological properties were
calculated by employing a tight-binding model obtained
by using the WannierTools59,60. VESTA software pack-
age was used for crystal structure visualization61.

CaAuAs crystallizes in the hexagonal crystal lattice
with space group D4

6h (No. 194). The primitive unit cell
and its (010) view are shown in Fig. 1. The unit cell
contains six atoms (two Ca, two Au, and two As), which
occupy Wyckoff positions 2a, 2d, and 2d. The crystal
structure can be viewed as a shared honeycomb lattice of
Au and As atoms that are stacked along the hexagonal
z-axis. The hexagonal Ca layers are inserted in this stack-
ing sequence while maintaining the bulk inversion sym-
metry. The bulk BZ and the associated surface-projected
BZs are shown in Fig. 1(c). The crystal has three equiva-
lent mirror-reflection planes m110, m100, and m010, which
are illustrated in Fig. 1(d).
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FIG. 1: (a) Side and (b) (010) view of the crystal structure
of CaAuAs. (c) Bulk BZ and its projection onto the (001)
and (010) surface planes. The relevant bulk and surface high-
symmetry points are marked. (d) Illustration of three mirror-
reflection planes m100 (red), m010 (green) and m110 (blue) in
the bulk BZ.

III. A STARFRUIT-LIKE NODAL-LINE
SEMIMETAL

Electronic structure of CaAuAs without the SOC is
shown in Fig. 2. Band-crossings in inversion symmetric
solids usually occur on high-symmetry lines or planes.
The stability of these crossings against ‘band repulsion’
arises from the fact that the bands that are crossing be-
long to different irreducible representations of the space
group. In particular, on a mirror symmetry plane, if
the two bands involved have opposite mirror eigenval-
ues, then they are constrained by this symmetry to form
a stable nodal loop. These nodal lines, which appear
on equivalent mirror planes, can easily get connected at
high-symmetry points or intersection of mirror planes to
form crossed-nodal-line structures.

Figure 2(a) shows the band structure of CaAuAs along
selected directions in the bulk BZ. A symmetry analy-
sis shows that, near the Fermi energy, the valence and
conduction bands at Γ belong to E2g and E1u repre-
sentations of the D6h point group, respectively. These
bands have opposite mirror eigenvalues and cross along
the Γ−M direction as shown in the closeups of Figs. 2(b)
and (d). Note that the Γ −M is an irreducible line as-
sociated with the three equivalent mirror planes high-
lighted in Fig. 1(d). A careful analysis reveals that this
band crossing persists along the mirror plane to form a
closed loop. Further exploration of the 3D band structure
shows the presence of similar nodal lines on the m010 and
m110 mirror planes, see Fig. 2(c). These equivalent nodal
loops cross at the high-symmetry point A = (0, 0,±π)
to form a starfruit-like nodal structure [see Fig. 2(c)].63

CaAuAs also exhibits a C3 rotation-symmetry-protected
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FIG. 2: (a) Electronic band structure of CaAuAs along the high-symmetry directions in the BZ without SOC. (b),(d) Closeups
of the band-structure along the M − Γ −K path. A linearly dispersing gapless point, which lies on the m100 mirror plane, is
evident along the Γ −M direction around 0.26 eV. (c) Configuration of nodal lines in the full BZ. Nodal lines located on the
three equivalent mirror planes are seen to cross at the ±A point. (e),(f) Energy dispersion in the vicinity of the A point: It is
linear along the Γ −A (kz) direction and non-linear in the L−A (kx, ky) directions.

Dirac point at the A-point with a unique eight-fold de-
generacy without the SOC; the band dispersion around
this point is anisotropic, being linear along the Γ−A di-
rection and non-linear along the in-plane A− L direction,
see Figs. 2(e) and (f).

IV. SPIN-ORBIT COUPLING INDUCED DIRAC
SEMIMETAL

In the absence of non-symmorphic symmetries, the
SOC can gap nodal lines and drive changes in band
topologies. In order to delineate effects of the SOC, we
present the band structure of CaAuAs including the SOC
in Fig. 3. The nodal line crossings are now gapped, gen-
erating a clear bandgap at the band crossing points, see
Figs. 3(b) and (d). However, in contrast to ZrPtGe or
ZrSiS48,51,52,62, here the band crossing is retained only
along the C3 rotation axis (Γ−A direction) at ±kD

[see Fig. 3(e)]. Owing to the presence of both inversion
and time-reversal symmetries, the ±kD points are four-
fold degenerate with a linear dispersion along all three
directions [Figs. 3(e) and (f)]. A careful symmetry
analysis shows that the crossing bands belong to dif-
ferent irreducible representations (Γ−7 and Γ+

9 ) with op-
posite parities and different C3 rotational eigenvalues.
These nodal points are thus unavoidable and protected
by the C3 rotational symmetry. Keeping in mind that

the bandgap is typically underestimated in the GGA, we
have also computed the band structure using the hybrid
exchange-correlation functional to confirm the presence
of the aforementioned Dirac semimetal state with a pair
of Dirac cones (not shown for brevity). These results
demonstrate that CaAuAs realizes a robust, nearly ideal
type-I Dirac semimetal in which the Dirac points lie close
to the Fermi level, much like the case of Na3Bi. The tran-
sition from a nodal-chain semimetal to a Dirac semimetal
with SOC is illustrated in Figs. 3(g) and (h).

The nontrivial bulk band topology is accompanied by
the existence of topological surface states. In order to
showcase these states and their connection to the bulk
bands, we present the (001) and (010) surface band struc-
ture of CaAuAs in Fig. 4. On the (001) surface, a pair of
Dirac points located on the Γ−A bulk direction projects
onto the surface Γ point, see Fig. 4(a). In addition
to these projected bulk Dirac cones, we find topologi-
cal states that connect the valence and conduction bands
as in the case of a topological insulator. These states
result from the inverted bulk band structure and may
be considered a precursor of the metallic surface states
in a topological insulator. Figures 4(b) and 4(c) show
the constant energy cuts at the Fermi energy (Ef ) and
the energy of the Dirac point (ED), respectively. The
projected Dirac points are seen at the Γ in Fig. 4(c).

Figure 4(d) shows the band structure of the (010) sur-
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FIG. 3: (a) Electronic band structure of CaAuAs with SOC. (b),(d) Closeups of the band structure along the high-symmetry
directions. A clear band gap emerges at the band-crossings without the SOC on the mirror-symmetric Γ −M line. (e) Energy
dispersion along the Γ−A line displaying a pair of Dirac points at ±kD; dispersion along an in-plane direction is shown in (f).
(c) A 3D rendition of the Dirac cone in the E− kx − kz space. A linear dispersion along the three principal directions confirms
that this is a type-I Dirac cone. (g) 3D dispersion of a single nodal line on the m010 mirror plane without the SOC. When the
SOC is included, the nodal line is gapped, leaving a pair of unavoidable crossings on the C3 rotation axis as seen in (h). (i)
Blue markers show the location of the Dirac points in the BZ.

face. The pair of Dirac points on this surface project
onto the Γ̃− Z̃ surface direction [see Fig. 1(c)]. Surface
states are seen to emerge from the Dirac node, suggest-
ing the existence of double Fermi arc states over this
surface.64 Note that a Dirac point is a stable merger of
two Weyl points of opposite chiral charge in the pres-
ence of a crystalline symmetry. Therefore, double Fermi
arcs may connect a pair of Dirac nodes, forming a closed
surface loop mediated by the Dirac nodes. Figs. 4(e)
and 4(f) show constant energy contours at E = Ef and
E = ED, respectively. We can clearly see a pair of Fermi
arcs terminated on the Dirac nodes in 4(f). They emerge

from one Dirac node along the Γ̃ − Z̃ direction and ter-
minate on the other. The evolution of these Fermi arc
states at a higher energy is shown in Fig. 4(e).

V. EFFECTIVE HAMILTONIAN

We now discuss a low-energy k.p effective model
Hamiltonian, which is derived using the theory of invari-
ants in a manner similar to Na3Bi12 and LiAuSe53. As
already noted above, the irreducible representations of
the two bands crossing at Γ are Γ−7 and Γ+

9 in which the
major contribution is from As-p and Au-s orbitals, re-
spectively. Here, the superscript (+) or (−) represents
parity of the state. In the presence of SOC, a 4× 4 effec-
tive Hamiltonian in the basis |s+

1
2

, 1
2 〉, |p

−
3
2

, 3
2 〉, |s

+
1
2

,− 1
2 〉,
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|p−3
2

,− 3
2 〉 with the constraints of D4

6h symmetries is,

HΓ(k) = ε(k)+

 M(k) A(k)k+ 0 −B∗(k)
A(k)k− −M(k) B∗(k) 0

0 B(k) M(k) A(k)k−
−B(k) 0 A(k)k+ −M(k)

 .

(1)
Here, k± = kx ± iky, ε(k) = c0 + c1k

2
z + c2(k2

x + k2
y),

A(k) = A0 + A1k
2
z + A2(k2

x + k2
y), B(k) = B3kzk

2
+, and

M(k) = −M0 +M1k
2
z +M2(k2

x + k2
y) with M0, M1, and

M2 > 0 to ensure a band inversion. The associated en-
ergy dispersion of this Hamiltonian is,

E(k) = ε(k)±
√
M(k)2 +A(k)2k+k− + |B(k)|2 , (2)

with a pair of gapless Dirac points located on the Γ−A
line at ±kD = (0, 0,±

√
M0/M1). By neglecting the

higher order terms in B(k) = B3kzk
2
+ and A(k), one can

obtain a linearized massless Dirac Hamiltonian around
each gapless point. By fitting the energy dispersion of
Eq. 2 with our first-principles results on CaAuAs, we ob-
tain the fitting parameters: c0 = −0.05 eV , c1 = −0.161
eV Å2, c2 = 13.127 eV Å2, M0 = 0.348 eV, M1 = 2.722
eV Å2, M2 = 13.452 eV Å2, A0 = 1.182 eV, A1 = 4.236
eV Å2, A2 = −15.598 eV Å2 and B3 = 0.0004 eV Å4.

VI. BROKEN-SYMMETRY-INDUCED
TOPOLOGICAL STATES IN CaAuAs

Recall that a Dirac semimetal can be thought of as
providing a bridge to a variety of topological phases,
which can be obtained when the underlying symmetries
are broken. We have shown above that the Dirac points
in CaAuAs are protected by the C3 rotation symmetry in
an inversion- and time-reversal symmetric environment.
We now discuss the novel physics that could be realized
by breaking these symmetries in CaAuAs.

A. Topological insulator

Breaking the C3 rotational symmetry in CaAuAs intro-
duces an additional linear leading order term in B(k) =
B1kz in Eq. 1, which ensures gap opening at the Dirac
points. To confirm this effect independently, we applied
a compressive in-plane strain by varying the angle be-
tween the in-plane hexagonal lattice vectors from 120◦

to 116◦ in our ab-initio calculations. This breaks the C3

symmetry, and indeed leads to a gap at the Dirac points
as shown in Fig. 5(a). Since Dirac semimetal state in
CaAuAs arises through a bulk band inversion, the C3

symmetry-broken state could realize a topological insu-
lator with Dirac cone surface states. In Fig. 5(b) we
show the energy dispersion of (001) surface, which con-
firms that this is in fact the case with the presence of a
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single Dirac cone that spans the bulk energy spectrum.

B. Topological Weyl semimetal

Weyl states are the most robust states among the topological

semimetals in the sense that they rely only on the translation in-

variance of the crystal. In CaAuAs, the Weyl semimetal
state can be realized by breaking either the inversion
or the time-reversal symmetry. Here, we illustrate this
evolution of the Dirac semimetal through the breaking
of the time-reversal symmetry by introducing a Zeeman
field along the z direction in the low-energy Hamiltonian.
The model Hamiltonian of Eq. (1) with the Zeeman field
is:

HWSM(k) = HΓ(k) + hσzτz. (3)

Here, the second term describes the effective Zeeman
field with strength h. As a result, each Dirac node at
kD = (0, 0,±

√
M0/M1) with four-fold band degeneracy

is found to split into a pair of Weyl points as shown in
Fig. 5(c). These Weyl points appear along the Γ − A

direction at ±k±W = (0, 0,
√

(M0 ± h)/M1).
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FIG. 5: (a) Bulk band structure of CaAuAs when the C3

rotational symmetry is broken. A small band gap appears at
the Dirac point along the Γ − A direction. The associated
surface energy spectrum is shown in (b). The topological
surface Dirac cone is seen within the bulk band gap. (c) Bulk
band structure of CaAuAs in the reduced kz direction with
the Zeeman field h = 0.02 eV in Eq. (3). A pair of Weyl
points with opposite chiral charges is seen to emerge. (d) A
schematic of the location of Weyl points and the Fermi-arc
surface states in the bulk and surface BZs.

In order to evaluate the chirality associated with each
of the four aforementioned Weyl nodes, we consider our

effective Hamiltonian HWSM in the vicinity of the Weyl
points. Neglecting the fourth order off-diagonal terms in
Eq. (3), the upper diagonal block can be expressed as

H
(2×2)
WSM (k) = f0(k)I+ f1(k)σ1 + f2(k)σ2 + f3(k)σ3 . (4)

Here, I is the 2 × 2 identity matrix, σi denote the
three Pauli matrices, f0(k) = ε(k), f1(k) = A(k)kx,
f2(k) = −A(k)ky and f3(k) = M(k) + h. This Hamil-
tonian results in a pair of gapless crossings at ±k−W =

±
(

0, 0,
√

M0−h
M1

)
. By carrying out a wave-vector expan-

sion in the vicinity of each Weyl node, i.e k→ ±k−W +δk,
we obtain

H
(2×2)
WSM (k) ≈ f0(±k−W)I+v0.δkI+

∑
a=1,2,3

(va.δk) σa , (5)

where the three component vector vj = ∇kfj(k)|k=±k−
W

with j = 0, 1, 2, 3. The chirality of each Weyl
node is given by C = sign(vx.vy × vz)3. In
CaAuAs, we find the chirality of Weyl points located at
(+k+

W,+k
−
W,−k

−
W,−k

+
W) to be (+1,−1,+1,−1), which is

shown in Fig. 5(d). The Fermi arcs associated with each
Dirac node thus naturally provide the Fermi arcs con-
necting a pair of Weyl nodes as illustrated schematically
in Fig. 5(d).

VII. BAND STRUCTURE OF THE CaAuAs
MATERIALS FAMILY MORE GENERALLY

Figure 6 shows that the bulk band structure of four
other members of the CaAuAs materials family is sim-
ilar to that of CaAuAs. Our analysis further indicates
that all these materials support a starfruit-like crossed-
nodal-lines topological structure without the SOC, and
transition to a Dirac semimetal with the inclusion of
SOC. It should be noted that the specifics of energy and
k−space locations of the Dirac nodes are material depen-
dent. Also, we expect that like CaAuAs, when various
symmetry constraints are removed, these materials will
yield other interesting topological states.

VIII. CONCLUSION

Based on our first-principles calculations and an ef-
fective low-energy model Hamiltonian analysis, we pre-
dict that CaAuAs hosts a unique starfruit-like crossed-
nodal-lines semimetal state in the absence of the SOC.
This topological state is formed by three equivalent nodal
loops, which intersect at high-symmetry points lying on
the kz axis. When the SOC is turned on, the nodal
lines are gapped out, and CaAuAs realizes a C3 rotation-
symmetry-protected Dirac semimetal with a pair of Dirac
cones that exhibit linear dispersion along all momentum
directions. The surface spectrum reveals the existence
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FIG. 6: Bulk band structure of the CaAuAs materials fam-
ily with SOC. (a) CaAuP, (b) BaAuP, (c) BaAuAs, and (d)
BaAuSb.

of a pair of double Fermi arc states, which connect the
projections of the bulk Dirac cones over the surface. We
also discuss how a variety of topological states emerge

from the Dirac semimetal when various symmetries are
broken. In particular, we show that the breaking of C3

rotational symmetry drives CaAuAs into a topological
insulating state, while breaking of the time-reversal sym-
metry leads to a Weyl semimetal with two pairs of Weyl
nodes. Finally, we show that the topological band structure of

several other members of the CaAuAs family is similar to that of

CaAuAs. We thus conclude that CaAuAs materials fam-
ily offers an interesting platform for investigating various
exotic phenomena in topological materials.
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