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The hallmark of Weyl semimetals is the existence of open constant-energy contours on their surface—the
so-called Fermi arcs—connecting Weyl points. Here, we show that, for time-reversal symmetric realizations
of Weyl semimetals, these Fermi arcs, in many cases, coexist with closed Fermi pockets originating from
surface Dirac cones pinned to time-reversal invariant momenta. The existence of Fermi pockets is required
for certain Fermi-arc connectivities due to additional restrictions imposed by the six Z2 topological invariants
characterizing a generic time-reversal invariant Weyl semimetal. We show that a change of the Fermi-arc
connectivity generally leads to a different topology of the surface Fermi surface and identify the half-Heusler
compound LaPtBi under in-plane compressive strain as a material that realizes this surface Lifshitz transition.
We also discuss universal features of this coexistence in quasiparticle interference spectra.
DOI: 10.1103/PhysRevLett.119.076801

Introduction.—Sparked by the discovery of the quantum
Hall effect and its theoretical explanation [1–3], the study
of topological phases of matter has been one of the driving
forces in modern condensed matter physics [4–9]. Novel
states of matter that emerged from these investigations
are, for instance, time-reversal invariant (TRI) topological
insulators [10–15], and crystalline topological insulators
[16–19], which are realized in several material systems. In
recent years, the family of topological materials has been
extended by topological semimetals [7]. A milestone was
the experimental discovery of Weyl semimetals (WSMs)
[20–23]. WSMs are three-dimensional gapless materials
whose bulk energy bands cross linearly at isolated points,
the so-called Weyl nodes, in the Brillouin zone (BZ)
[24–28]. Weyl nodes are characterized by their chirality
and can only be annihilated pairwise. For this reason, they
are a robust bulk feature [25,29]: generic perturbations shift
the nodes in energy and momentum space without annihilating them. Most importantly, WSMs host robust surface
states commonly referred to as Fermi arcs. They form an
open Fermi surface connecting the surface projections of
Weyl nodes with opposite chiralities [24].
Recently, it has been theoretically proposed that Fermi
arcs can, under certain conditions, coexist with surface
Dirac cones at the interface between a time-reversal broken
WSM and a three-dimensional (3D) TRI topological
insulator [30,31]. The close relation between Dirac cones
and Fermi arcs is also manifest in the fact that Dirac cones
can be created by fusing Weyl points in a specific manner
[29]. In this Letter, we show that in time-reversal symmetric
WSMs, the coexistence of Dirac cones and Fermi arcs
arises naturally. It is due to additional restrictions on the
surface Fermi surface imposed by the Z2 invariants
0031-9007=17=119(7)=076801(6)

associated with the TRI planes of the WSM. We, thereby, show that this coexistence is encountered in the
half-Heusler compound LaPtBi, which realizes a Weyl
semimetal phase under in-plane compressive strain [32].
Finally, we determine universal features of this coexistence
in quasiparticle-interference (QPI) spectra, which are relevant for scanning tunneling experiments [33–37].
Z2 invariants in TRI Weyl semimetals.—It is well known
that the existence of Weyl nodes in momentum space
requires either time-reversal Θ or inversion I symmetry
breaking [25,26,29]. In the presence of both symmetries, all
energy bands are at least doubly degenerate, which requires
a linear crossing to be a fourfold degenerate Dirac point. Θ
or I symmetry-breaking perturbations split a Dirac point
into two separate Weyl points of opposite chirality. A Weyl
node represents a monopole of the Berry flux AðkÞ in
momentum space [24,29]. Consequently, an integral of the
Berry flux over a closed surface enclosing the Weyl node
results in a nonzero integer value, which defines the
topological charge or chirality of the Weyl node [24,29].
Since the total topological charge in the whole BZ must
vanish [38], Weyl nodes always appear in pairs of opposite
chirality. Moreover, in TRI systems, each Weyl point has a
time-reversal partner of the same chirality, which implies
the total number of Weyl nodes in these systems to be 4n,
with n being an integer [29]. The nonzero topological
charge of the Weyl nodes can also be interpreted [25] as the
change in the Chern number of the collection of gapped
two-dimensional (2D) systems realized by decomposing the
3D BZ of a WSM in 2D momentum space cuts separating
the Weyl points from each other [see Fig. 1(a)]. This
property is at the basis of the existence of one of the most
interesting hallmarks of WSMs: the existence of open
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constant-energy contours in the surface BZ called Fermi
arcs [24].
In general, time-reversal invariant WSMs can be additionally characterized by six Z2 invariants [39], except
when the Weyl points are pinned to time-reversal invariant
momenta, which can only occur in materials with chiral
space groups [40]. The Chern number of the effective 2D
insulators realized by the TRI planes will be zero, but the
time-reversal polarizations still allow one to characterize
the effective 2D systems in terms of a Z2 topological
invariant ν [41]. Contrary to TRI insulators in 3D, where
the six νi are not independent and can be reduced to four
using homotopy arguments [42,43]—the well-known
strong and weak indices of 3D TRI insulators [11,41]—
in a time-reversal invariant WSM, all six Z2 invariants are
independent and characterize the WSM as explained below.
For a generic surface of a WSM, by bulk-boundary
correspondence, the νi determine whether an even (νi ¼ 0)
or odd (νi ¼ 1) number of Kramers pairs of surface states
cross the Fermi level along the surface projection of the ith
TRI plane. This imposes restrictions on the structure of the
surface Fermi surface but still does not uniquely determine
it. Figures 1(c) and 1(d) sketch two allowed, but qualitatively very different, surface Fermi surfaces of a timereversal invariant WSM in which the Z2 invariants of the
(a)

(b)

planes ks;2 ¼ 0, π and ks;1 ¼ π have the trivial value 0,
whereas the invariant associated with the plane at ks;1 ¼ 0
has the nontrivial value 1. A surface Fermi surface
consisting of only two open arcs, connecting Weyl points
as depicted in Fig. 1(c), is entirely allowed. However,
different pairs of Weyl points of opposite chirality can be
connected only if an additional Fermi pocket, enclosing a
time-reversal invariant point, is created [see Fig. 1(d)]. The
latter situation is a unique signature of Fermi arcs coexisting with a surface Dirac cone [see Fig. 1(b) and
Ref. [44] ], which is an exclusive feature of TRI Weyl
semimetals. This surface Dirac cone is protected for a given
connectivity of the Fermi arcs since its corresponding
Fermi pocket can only be removed by connecting it to
the Fermi arcs, which would lead to another reconnection
of the Weyl nodes. We emphasize that, while this transition
does not change the Z2 invariants of the time-reversal
invariant WSM, the change of the Fermi surface topology
does imply a Lifshitz transition on the surface of the
material [45,46]. Before studying this Lifshitz transition in
an explicit Hamiltonian, first, we determine the generic
consequences for QPI. We compare this to explicit QPI
calculations for the explicit Hamiltonian later on.
Phenomenological QPI patterns.—Having established
the coexistence of Fermi arcs and Dirac cones in timereversal invariant WSMs, we now proceed to analyze their
fingerprints in QPI patterns, which can be observed in
scanning tunneling spectroscopy experiments [33–37]. We
start out by noticing that QPI spectra can be approximated
in terms of the joint density of states (JDOS) [33,47]
Z
Jðq; EÞ ¼

(c)

(d)

FIG. 1. (a) The BZ of a WSM as a collection of 2D insulators
with zero (green) or nonzero (red) Chern numbers. Weyl nodes
(blue spheres) separate planes with different Chern numbers. The
bold frames indicate the TRI 2D insulators characterized by a Z2
invariant. (b) Typical low-energy surface spectrum of a TRI
WSM with an additional surface Dirac cone: surface states are
shown in red, whereas the surface projections of the 3D bulk
Weyl cones are highlighted in blue. (c)–(d) Fermi arc connectivities in the surface BZ of a TRI WSM with four Weyl points
indicated by their topological charge . The surface projections
of the 3D TRI planes are highlighted by dotted black (ν ¼ 0) or
dashed green (ν ¼ 1) lines.
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d2 k Aðk þ q; EÞAðk; EÞ;

ð1Þ

where k is the momentum parallel to the surface, and
Aðk; EÞ ¼ −1=2πImfTr½Gs ðk; EÞg is the spectral function with the surface Green’s function Gs ðk; EÞ.
To understand the characteristic features arising in the
JDOS, we have performed a phenomenological analysis
based on a simple ansatz for the spectral function. We
present the details of our calculation in the Supplemental
Material [44] and proceed here with the presentation of the
key results. First of all, our analysis reproduces the results
of previous studies, namely a pinch point at q ≡ 0 [34]
surrounded by crescent-shaped patterns due to the contribution of the Fermi arcs [48], and a disk feature associated
with the presence of a Dirac cone [49]. Most importantly,
for the case of coexistence, we find two additional kidneyshaped features at a distance jqj corresponding to the
distance between the Fermi arcs and the Fermi pocket.
Furthermore, the broadening of these patterns corresponds
to the diameter of the Fermi pocket. We can unambiguously
attribute this feature to scattering events between the Fermi
pocket and Fermi arcs. Hence, they represent the universal
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QPI feature of the coexistence of Fermi arcs with a Dirac
cone on the surface of time-reversal invariant WSMs.
Tight-binding model formulation.—Next, we introduce
a tight-binding model for a time-reversal invariant WSM
to investigate, on a microscopic basis, the coexistence of
surface Dirac cones and Fermi arcs. The tight-binding
model is defined on a cubic lattice and reads

(a)

(b)

HðkÞ ¼ aðsin kx τ1 s3 þ sin ky τ2 s0 Þ þ βτ2 s2 þ dτ2 s3

(c)

(d)

(e)

(f)

þ ½t cos kz þ 2bð2 − cos kx − cos ky Þτ3 s0
þ α sin ky τ1 s2 þ λ sin kz τ0 s1 ;

ð2Þ

where the si are Pauli matrices in spin space, whereas the τi
are Pauli matrices associated with additional orbital degrees
of freedom. The lattice constant has been set to unity. The
Hamiltonian is based on a general tight-binding model
introduced in Ref. [34]. The model preserves time-reversal
symmetry with Θ ¼ iτ0 s2 K, k → −k, where K is a
complex conjugation. The β, d, and λ terms break inversion
symmetry with the inversion operator P ¼ τ3 s0, k → −k,
which is a necessary condition for the existence of a Weyl
semimetal phase.
To demonstrate the coexistence of surface Dirac cones
and Fermi arcs in HðkÞ, we start from a particular Weyl
semimetal phase and vary the parameter β. The results are
presented in Fig. 2. With the chosen parameters, the model
features four bulk Weyl points with a topological charge of
1, as can be determined by integrating the Berry flux of the
bulk Hamiltonian in Eq. (2) over the surface of a BZ volume
containing the Weyl node. The fact that the Weyl nodes are
all located away from the TRI planes of the bulk BZ also
allows one to calculate all six of the Z2 invariants using their
Wannier-center formulation (see Refs. [44,50]). In particular, we find that νkz ¼π ¼ 1 while the remaining five Z2
invariants are zero. Therefore, at the (010) surface, we expect
an odd number of Kramers pairs at kz ¼ π and an even
number of Kramers pairs at kz ¼ 0 and kx ¼ 0, π. For large
values of β, we find that Fermi arcs connect two Weyl nodes
in the left half-plane and two Weyl nodes in the right halfplane [see Fig. 2(a)]. The fact that the Fermi arcs cross only
the line kz ¼ π is in agreement with the values of the
topological invariants. In Fig. 2(b), we show the corresponding JDOS based on the (010) surface Green’s function of the
system (see Refs. [44,51] for computational details). We see
a pinch point surrounded by two crescent-shaped patterns in
agreement with our general consideration.
By decreasing the parameter β, the Fermi arcs are bent
towards each other until they intersect at a critical value of β
[see Fig. 2(c)]. This point corresponds to the Lifshitz
transition at which the connectivity of the Fermi arcs
changes. A further decrease in the parameter β reveals
the coexistence of Dirac cones and Fermi arcs [see
Fig. 2(e)]: surface Fermi arcs connect two Weyl nodes in
the upper half-plane and two Weyl nodes in the lower

FIG. 2. Fermi surfaces and JDOS for (010) surfaces in the tightbinding model with a ¼ b ¼ 1, t ¼ 1.5, α ¼ 0.3, d ¼ 0.1,
λ ¼ 0.5, and EF ¼ 0: (a),(c),(e) the first column shows the Fermi
surfaces for different values of the parameter β. The bulk Weyl
nodes are highlighted in blue and their topological charge is
indicated. Surface states are highlighted in red. (b),(d),(f) The
second column shows the corresponding JDOS spectra. In (f), the
kidney-shaped features indicative of the coexistence of Fermi
arcs and Dirac cones are clearly visible in the JDOS.

half-plane of the surface BZ. In addition to the open-arc
features, we find an elliptical Fermi pocket of surface states
around the Z̄ point of the surface BZ. The existence of the
Fermi pocket is required for this particular connectivity of
Weyl nodes to satisfy the number of surface states imposed
by the topological invariants νi which have not changed
during the Lifshitz transition. From an analysis of the
surface band structure [44], we find that the Fermi pocket
originates from a dangling surface Dirac cone. This type of
Dirac cone connects bulk conduction to bulk valence bands
not along all directions of the surface BZ, as would be the
case for a 3D topological insulator. This is only possible in
TRI Weyl semimetals due to the lack of a global relation
between the Z2 invariants.
The JDOS of this configuration is in perfect agreement
with our analytical considerations (see Ref. [44]): we find a
new elliptical feature around the origin associated with
the additional Fermi pocket. The characteristic crescentshaped Fermi-arc features are barely visible due to the
small size of the Fermi arcs. Most importantly, we find the

076801-3

(a)

week ending
18 AUGUST 2017

PHYSICAL REVIEW LETTERS

PRL 119, 076801 (2017)
(b)

(c)

(d)

FIG. 3. Surface Fermi surfaces of LaPtBi with (001) termination: shown is the surface spectral weight. The positions of the four Weylpoint projections are marked by grey dots. The panels (a)–(c) display the transition between different Fermi-arc connectivities by varying
the Fermi level. Note that the connectivity shown in (c) requires the presence of an additional Fermi pocket around the origin which
resembles Fig. 2(e). (d) A further increase of the Fermi level reveals that the Fermi pocket, indeed, originates from a Dirac cone around Γ̄.

kidney-shaped features indicative of scattering between
the Fermi arcs and the Fermi pocket. Their broadening
equals the size of the Fermi pocket whereas their position
corresponds to the distance between Fermi pocket and
Fermi arcs. A comparison of Figs. 2(b) and 2(f) shows that
the different Fermi-arc connectivities are reflected in
distinct universal JDOS features.
Strained LaPtBi.—Having established the coexistence
of Dirac cones and Fermi arcs in a generic tight-binding
model of TRI Weyl semimetals, we next show its realization in the half-Heusler compound LaPtBi, which possesses
both band inversion [52] and lattice noncentrosymmetry.
A recent theoretical ab initio study suggests that, under a
broad range of in-plane biaxial compressive strain, LaPtBi
realizes a Weyl semimetal phase with eight Weyl nodes
residing precisely at the Fermi level at stoichiometry
composition [32]. We have performed density functional
theory calculations employing the full potential local
orbital method [53] in four-component relativistic mode
(see Ref. [44] for computational details), applying a
compressive in-plane strain of a ¼ 0.99a0 , c ¼ 1.02a0 .
For the study of surface states, we investigate a semiinfinite slab with a (001) surface corresponding to a
termination along one of the LaBi planes.
Because of the concomitant presence of time-reversal and
twofold rotations along the x and y axes, eight Weyl points of
charge 1 are located at the kx ¼ 0 and ky ¼ 0 planes of the
bulk BZ. Moreover, the electronic states in the kx ¼ ky and
kx ¼ −ky planes are all gapped, so that the Z2 topological
invariant in these TRI subsystems is well defined. In the
(001) surface BZ, the Weyl points are projected pairwise on
four different surface momenta thereby giving the projected
Weyl points an effective topological charge of 2. Hence,
there must be two outgoing Fermi arcs for each Weyl-point
projection. Moreover, we find that the projections of the
TRI planes kx ¼ ky and kx ¼ −ky feature an odd number of
surface Kramers pairs (see Fig. 3, and Fig. 2 in Ref. [44]).
This implies nontrivial Z2 invariants which we have confirmed by explicit calculations using the Wannier-center
formulation of the topological number (see Ref. [44]). This

gives rise to restrictions on the Fermi surface topology. In
particular, we find that we can tune between different Fermiarc connectivities by varying the Fermi level (see Fig. 3),
which can be accomplished, for instance, by doping.
In Fig. 3(a), the Fermi level coincides with the Weylpoint energies. In this case, the Fermi arcs connect in a way
that does not require an additional Fermi pocket. By raising
the Fermi level, a Lifshitz transition takes place [compare
Fig. 3(b) to Fig. 2(c)]. Finally, the connectivity of the Weyl
nodes switches, which leads to the emergence of an
additional Fermi pocket around the projected Γ point, as
shown in Fig. 3(c). This Fermi pocket is, indeed, associated
with a surface Dirac cone [see Fig. 3(d)] as one can infer
from surface Fermi surfaces at larger EF and from the
dispersion along high-symmetry cuts through the surface
BZ (see Ref. [44]).
Conclusions.—Besides the topological charges of the
Weyl nodes, a generic TRI Weyl semimetal can be characterized by six Z2 invariants associated with the TRI planes of
the 3D BZ. For the surface of a time-reversal invariant WSM,
they impose restrictions on the number of surface Kramers
pairs along the surface projections of the TRI planes and,
therefore, also on the structure of the Fermi arcs which
connect the Weyl nodes on the surface. Nevertheless, a
remaining modulo-two ambiguity gives rise to many
possible and qualitatively different Fermi-arc connectivities.
In particular, certain connectivities require the creation of a
Fermi pocket which is connected to the presence of a surface
Dirac cone pinned to a TRI momentum. This changes the
topology of the Fermi surface and is, thus, accompanied by a
Lifshitz transition. It is crucial to note that this transition
does not change the Z2 invariants and is, therefore, generic
to all TRI Weyl semimetals. Further, we have shown that the
coexistence of Fermi arcs and Dirac cones leads to universal,
kidney-shaped features in QPI patterns which are accessible
in scanning tunneling spectroscopy experiments. Finally,
our density-functional theory calculations show that the
half-Heusler compound LaPtBi under compressive strain is
a good candidate material to realize the general coexistence
established in this Letter.
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