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The recent discovery of the first Weyl semimetal in TaAs provides the first observation of aWeyl fermion
in nature. Such a topological semimetal features a novel type of anomalous surface state, the Fermi arc,
which connects a pair of Weyl nodes through the boundary of the crystal. Here, we present theoretical
calculations of the quasiparticle interference (QPI) patterns that arise from the surface states including the
topological Fermi arcs in the Weyl semimetals TaAs and NbP. Most importantly, we discover that the QPI
exhibits termination points that are fingerprints of the Weyl nodes in the interference pattern. Our results,
for the first time, propose a universal interference signature of the topological Fermi arcs in TaAs, which is
fundamental for scanning tunneling microscope (STM) measurements on this prototypical Weyl semimetal
compound. More generally, our work provides critical guideline and methodology for STM studies on new
Weyl semimetals. Further, the scattering channels revealed by our QPIs are broadly relevant to surface
transport and device applications based on Weyl semimetals.
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Weyl fermion semimetals are an exciting frontier of
condensed matter physics and materials science. Such a
crystal hosts Weyl fermionic quasiparticles in the electronic
band structure and admits a topological classification
beyond band insulators [1]. It has deep analogies with
particle physics and leads to unique topological properties
[2–9]. Specifically, the Weyl fermions correspond to points
of bulk band degeneracy, Weyl nodes. Each Weyl node has
a definite chirality or chiral charge, which is a monopole or
antimonopole of Berry curvature in momentum space. The
chiral charge is associated with an integer-valued topo-
logical index. This guarantees a new topological surface
state, a Fermi arc, which connects the Weyl nodes through
the boundary of the sample. In contrast to topological
insulators, both the surface and the bulk of Weyl semi-
metals can give rise to new physics, opening up wide-
ranging research opportunities. In the bulk, a Weyl
semimetal crystal paves the way for studying the properties
of the elusive Weyl fermionic particle in high energy
physics by tabletop experiments. The presence of parallel
electrical and magnetic fields can break the apparent
conservation of the chiral charge due to the chiral anomaly,
making a Weyl semimetal, unlike ordinary nonmagnetic
metals, more conductive with an increasing magnetic field

[6,10,11]. Chiral photons can couple differently to Weyl
fermions of opposite chiralities, leading to a spontaneous
anomalous Hall current [12]. The surface Fermi arcs feature
a new type of quantum oscillation in transport, where
electrons move in real space between different surfaces of a
bulk sample when executing a constant-energy orbit in
momentum space under an external magnetic field [7–9].
These phenomena make new physics accessible and
suggest potential applications.
The recent discovery of Weyl semimetal TaAs provided

the first material realization of this new phase of matter
[13–15]. Both the Weyl fermions and the Fermi arcs have
been directly observed in TaAs by photoemission experi-
ments [15]. Following the discovery, later ARPES results
cemented the Weyl state in TaAs and studied the other three
compounds in the same family, namely NbAs, TaP, and
NbP [16–27]. On the other hand, scanning tunneling
microscopy (STM) experiments had been lacking. In
particular, the QPI pattern that arises from Fermi arcs is
a very interesting topic that has not been well studied even
in theory, except a few works for arcs at topological-
superconductor surfaces [28,29]. Only very recently, the
first STM study of the Weyl semimetal NbP has been
reported [30]. Historically, STM has been proven as a very
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powerful tool in the fields of high Tc superconductors,
graphene, and topological insulators due to its simultaneous
spatial, energy, and (quasi-) momentum resolution [31–35].
Moreover, the QPI reveals the scattering processes of the
surface electrons by defects, which cannot be directly
obtained from ARPES measurements. The scattering proc-
esses are fundamental in understanding the transport proper-
ties because electrical transport (e.g., resistivity) signals
arise from scatterings of the electrons at the Fermi level by
defects at low temperatures. In the case ofWeyl semimetals,
the surface electrons are Fermi arcs. Hence, our QPI results
are broadly relevant to surface transport and device appli-
cations based on Weyl semimetals.
In this Letter, we theoretically compute the quasiparticle

interferencepatterns (QPIs) that arise fromthesurface statesof
theWeyl semimetals TaAs andNbP, including the topological
Fermi arcs. Our results answer the following important
questions: (i) What is the configuration of the QPI?
(ii) What are the scattering channels that lead to the observed
dominant features in the QPI? (iii) Is there any feature
associated with the topological Fermi arcs? (iv) Is there any
feature associated with the Weyl nodes, i.e., the k space
locations where the Fermi arcs are terminated? In general, our
results provide crucial theoretical information for any future
STM studies on Weyl semimetals. Moreover, the scattering
channels theoretically uncovered here have important impli-
cations for surface transport of Weyl semimetals.
We conducted first-principles band structure calculations

of TaAs and NbP within the framework of the density
functional theory (DFT) using the generalized gradient
approximation (GGA) [36]. Spin-orbit coupling was
included in the self-consistency cycles. The Wannier func-
tions of TaAs (NbP) for the Ta (Nb) s and d and the As (P) p
orbitals were generated [37]. By combining the bulk
Wannier functions and the surface part of slab Wannier
functions, we calculated the surface spectral weight of a
semi-infinite (001) slab using the iterative Green’s function
method. We then calculated the QPIs based on the surface
Green’s function using the T-matrix approach [35]. The
main equations governing the QPI could be written as

QPIðq;ωÞ ¼ i
2π

Z
d2k
ð2πÞ2 ½Bðq;ωÞ − B�ðq;ωÞ�; ð1Þ

Bðq;ωÞ ¼ Tr½Gðk;ωÞTðk;ωÞGðkþ q;ωÞ�; ð2Þ
where q is the scattering vector, ω is the energy, G is the
surface Green’s function, and T contains the matrix element
effects of impurity. T takes the form,

Tðk;ωÞ¼
�
1−V impurity

Z
d2k
ð2πÞ2Gðk;ωÞ

�
−1
V impurity; ð3Þ

where V impurity is the impurity potential. In order to choose a
reasonable T that qualitatively captures the real scenario in
experiments, we compared our QPI calculations with our
STM QPI data on NbP [30]. From our STM data [30], we

discovered that the scatterings between two states of differ-
ent orbitals or opposite spins were strongly suppressed. This
agreed with the fact that the impurities were nonmagnetic
and suggested that the impurities were nearly isotropic.
Guided by this experimental finding, we used T ¼ 1, which
disallowed scatterings between states of opposite spins or
different orbitals. We believe that the above constructions
capture the dominant features in the STM experiments,
which has been proven in our STMwork on NbP [30]. More
detailed descriptions of the calculationmethods and the QPI
using a T matrix allowing interorbital scatterings are
presented in the Supplemental Material [38].
Figure 1(a) shows the theoretical calculated As-terminated

(001) surface Fermi surface of TaAs (001). We consider the
pnictide termination throughout this work as it is the natural
cleavage found in all experiments [16–27,30]. The calcu-
lated surface state Fermi surface is in excellent agreement
with our ARPES data on TaAs [15]. We identify three
prominent features, namely, an elliptical feature at the X̄
point, a bowtie shaped feature at the Ȳ points, and a crescent-
shaped feature near the midpoint of the Γ̄ − X̄ or Γ̄ − Ȳ line.
Because of the close proximity of the Weyl nodes near the X̄
(Ȳ) point, the corresponding Fermi arc is extremely short and
hence does not have any observable effects to the QPI
pattern. On the other hand, the crescent feature consists of

FIG. 1. Theoretically calculated surface Fermi surface and QPI
pattern on the TaAs(001) surface. (a) Calculated (001) surface
Fermi surface of TaAs. The black and white dots indicate the
projected Weyl nodes with positive and negative chiral charges.
(b) Electronic states on the Fermi surface that arise from different
orbitals. The first layer is As whereas the second layer is Ta.
(c) Calculated QPI pattern based on the Fermi surface in panel
(a). (d) A sketch of the QPI pattern that corresponds to the real
calculation in panel (c).
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Fermi arcs that join each other at the two end points, which
correspond to projected Weyl nodes with projected chiral
charge of �2. We further study the orbital characters of the
crescent Fermi arcs. As shown in Fig. 1(b), the crescent
Fermi arcs arise from the px and py orbitals from the first
layer, the As atoms, and dx2−y2 orbital from the second layer,
the Ta atoms. The calculated QPI pattern in Fig. 1(c) shows a
rich structure, indicating that the scattering behavior on the
TaAs surface is complicated. We sketch the dominant
features in Fig. 1(d). Near the origin of the QPI image,
we find an elliptical contour and a bowtie-shaped contour,
whose long axes are perpendicular to each other. At each
corner of the QPI, we observe two concentric squares. In
addition, we also find weak features that seem to be open
curves in each quadrant, as noted by the yellow curves.
We study the scattering channel for the dominant features

in the QPI. In Fig. 2, we only consider the bowtie-shaped
and elliptical features at the surface Brillouin zone (BZ)

boundaries by manually removing the crescent-shaped
Fermi arcs from the Fermi surface. The Fermi arcs near
the BZ boundaries are too short to have any real impact. The
calculated QPI pattern based on this modified Fermi surface
is shown in Fig. 2(b), where almost all dominant features in
the full pattern in Fig. 1(c) are reproduced except the weak
features noted by the yellow curves in Fig. 1(d). In order to
understand the origin of these QPI features, we consider
possible scattering channels of the Fermi surface. We
consider the following scattering vectors, Q1, Q2, Q0

3,
and Q00

3 , as shown in Fig. 2(b). By comparing the vector
lengths in k space and in Q space, one can figure out the
scattering channels. From Fig. 2(c), we clearly resolve that
Q1 and Q2 are intracontour scattering within a bowtie-
shaped or an elliptical feature in the Fermi surface, whileQ0

3

and Q00
3 are the intercontour scattering between a bowtie-

shaped feature and an elliptical feature. More importantly,
the elliptical and bowtie shaped features in the Fermi surface
(k space) and in the QPI pattern (Q space) have almost
identical line shapes. This similarity makes the identification
of the QPI feature quite straightforward and reliable. In
addition, one may notice that the elliptical feature in the
Fermi surface (k space) consists of two concentric contours
at each X̄ point but the resulting elliptical feature in the QPI
(Q space) is only onefold. This is due to the fact that the
elliptical feature in the Fermi surface is located at the X̄
point, which is a time-reversal invariant Kramers’ point.
Hence, the spin texture [Fig. 2(d)] requires that the scattering
can only occur in between the inner and the outer elliptical
contour in the Fermi surface.
We now study theQPI features that arise from the crescent

Fermi arcs. We note that on the top layer (As atoms), the
crescent arcs along Γ̄ − X̄ arise from the px orbital whereas
those Γ̄ − Ȳ arise from the py orbital [Fig. 1(b)]. Hence, if
one only considers the top layer, the scattering between the
crescent Fermi arcs would be nearly suppressed. In other
words, in order to observe the crescent Fermi arcs in theQPI,
signals from the second (Ta) layer have to be significant in
the STM data. As shown in Fig. 3(b), we find a complicated
feature near the center of each quadrant in Q space. This
feature is due to the scattering between the crescent Fermi
arcs along Γ̄ − X̄ and those along Γ̄ − Ȳ, as noted by the
scattering vectorsQ4 toQ7. The zoomed-inview in Fig. 3(d)
shows that it consists of four nonclosed curves that join each
other at four termination points. We sketch a schematic for
this feature in Fig. 4(b). Among the four curves in Fig. 4(b),
the red curve is closest to theQ space origin, meaning that it
has the shortest Q vector. Therefore, the red curve corre-
sponds to the scattering between the two outer arcs as noted
by the red arrow in Fig. 4(a). Similarly, one can understand
the other three curves. Specifically, the black, orange, and
purple curves come from the scatterings between the two
inner arcs, between the outer (O1) and the inner (I2) arcs,
and between the outer (O2) and the inner (I1) arcs,
respectively. We now consider the meaning of these termi-
nation points, where the four curves join each other in the
QPI. As shown in Fig. 4(a), we start by considering the
scattering from the outer (O1) arc to the outer (O2) arc noted

FIG. 2. Quasiparticle scattering that arises from trivial surface
states. (a) Calculated surface Fermi surface where the crescent
shaped Fermi arcs are manually removed. The inset shows a
zoomed-in view of the k space region highlighted by the white
box, which encloses a pair of Weyl nodes near the surface BZ
boundary Ȳ point. It can be seen that the Fermi arc is a very short
line that directly connects the pair of nodes. Since the pair of
nodes are too close to each other, the Fermi arc does not have any
significant impact to the calculated QPI pattern. (b) Theoretical
QPI pattern based on the Fermi surface in panel (a). Four
characteristic scattering vectors (Q1, Q2, Q0

3, and Q00
3) are shown.

(c) The four scattering vectors (Q1, Q2, Q0
3, and Q00

3) in k space.
(d) A sketch of the spin texture of the elliptical surface Fermi
contours at the X̄ point.

PRL 116, 066601 (2016) P HY S I CA L R EV I EW LE T T ER S
week ending

12 FEBRUARY 2016

066601-3



by the red arrow; we move the ending point of the arrow
through a Weyl node (the black dot) onto the the inner (I2)
arc; through this movement, the red arrow evolves into the
orange arrow. Therefore, we see that the termination point in
Fig. 4(b) is a fingerprint of the Weyl node in the QPI pattern
because it corresponds to the scattering from a state on the
outer (O1) arc to the Weyl node noted by the black dot
[Fig. 4(a)]. By the same token, it is straightforward to figure
out that the other three termination points in Fig. 4(b) are
fingerprints of the other threeWeyl nodes in Fig. 4(a).While
the ending point of the scatterings are the Weyl nodes, the
starting points aremore subtle. In the SupplementalMaterial
[38], we show that starting state is determined by a complex
consideration of both the joint density of states (JDOS) and
the spin selection rule.
The QPI of the NbP surface states is also shown in the

Supplemental Material [38]. We find that the dominant
features in NbP’s QPI pattern is qualitatively the same as
that of TaAs when the same T matrix is used. The only
difference is that the features from the crescent Fermi arcs
are too weak to be resolved in our calculation. The
calculated QPI patterns of NbP are consistent with our
STM data on NbP reported in Ref. [30].
In the Supplemental Material [38], we have further

investigated the QPI patterns that arise from a different
form impurity potential, which allows interorbital scatter-
ings. QPIs from interorbital scatterings may become visible
in real experiments if the anisotropy of the impurity
potential is significant.

We compare the STM signature of Fermi arcs presented
here with that we obtained in angle-resolved photoemission
spectroscopy (ARPES) [15,20,23]. In ARPES, one can
show the existence of Fermi arcs without relying on the
details of theoretical calculations. Specifically, this can be
done by counting the net number of chiral edge modes
along a closed k loop that encloses a Weyl node in the
surface electronic band structure in ARPES, as systemati-
cally discussed in Refs. [15,20,23]. By contrast, what we
found out here is that although the calculated QPI pattern
shows fingerprints of the Fermi arcs and Weyl nodes, this is
only achieved by referencing the theoretical calculation.
This is due to the indirect nature of STM measurements as
it measures the momentum transfer rather than the real
momentum, which is true in all QPI studies on many
different materials including graphene and topological
insulators [31–35]. Although being indirect, the QPI
patterns calculated here propose another evidence that is
independent from the ARPES demonstrations [15,20,23],
which is important for this rapidly developing field.

FIG. 3. Quasiparticle scattering that arises from the topological
Fermi arcs. (a) Calculated surface Fermi surface containing only
the crescent Fermi arcs. (b) Theoretical QPI pattern based on
panel (a). (c) A sketch of the spin texture of the crescent Fermi
arcs. (d) A close-up view of the complex QPI feature that arise
from the crescent Fermi arcs in one quadrant in Q space.

FIG. 4. Fingerprints of the Weyl nodes in the interference
pattern. (a) Calculated surface Fermi surface containing a pair of
crescent Fermi arcs along Γ̄ − X̄ and another pair along Γ̄ − Ȳ.
The scattering vectors from outer (O1) arc to outer (O2) arc is
noted by the red arrow. Scattering vectors from outer (O1) arc to
inner (I2) arc is noted by the orange arrow. The Weyl nodes near
the Γ̄ − X̄ axis are noted by a black dot. (b) Schematic illustration
of the QPI pattern based on the Fermi surface in panel (a). The
red, orange, purple, and black curves correspond to the scattering
between the outer (O1) and outer (O2) arcs, between outer (O1)
and inner (I2) arcs, between inner (I1) and outer (O2) arcs, and
between inner (I1) and inner (I2) arcs, respectively. (c),(d) Same
as panels (a),(b), the only difference is that we consider the
different scattering vectors.
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Moreover, the QPI reveals the scattering processes of the
surface electrons by defects, which cannot be directly
obtained from ARPES measurements. Hence, our QPI
results are broadly relevant to surface transport and device
applications based on Weyl semimetals.
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