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TOPOLOGICAL MATTER

Discovery of a Weyl fermion
semimetal and topological Fermi arcs

Su-Yang Xu,"?* Ilya Belopolski,'* Nasser Alidoust,”>* Madhab Neupane,'-3*

Guang Bian,! Chenglong Zhang,* Raman Sankar,” Guoqing Chang,®” Zhujun Yuan,*
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A Weyl semimetal is a new state of matter that hosts Weyl fermions as emergent
quasiparticles and admits a topological classification that protects Fermi arc surface
states on the boundary of a bulk sample. This unusual electronic structure has deep
analogies with particle physics and leads to unique topological properties. We report the
experimental discovery of a Weyl semimetal, tantalum arsenide (TaAs). Using photoemission
spectroscopy, we directly observe Fermi arcs on the surface, as well as the Weyl fermion
cones and Weyl nodes in the bulk of TaAs single crystals. We find that Fermi arcs terminate
on the Weyl fermion nodes, consistent with their topological character. Our work opens the
field for the experimental study of Weyl fermions in physics and materials science.

eyl fermions have long been known in
quantum field theory, but have not been
observed as a fundamental particle in
nature (7-3). Recently, it was understood
that a Weyl fermion can emerge as a
quasiparticle in certain crystals, Weyl fermion
semimetals (I-22). Despite being a gapless metal,
a Weyl semimetal is characterized by topological
invariants, broadening the classification of topo-
logical phases of matter beyond insulators. Specif-
ically, Weyl fermions at zero energy correspond
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to points of bulk band degeneracy, Weyl nodes,
which are associated with a chiral charge that
protects gapless surface states on the boundary
of a bulk sample. These surface states take the
form of Fermi arcs connecting the projection of
bulk Weyl nodes in the surface Brillouin zone
(BZ) (6). A band structure like the Fermi arc sur-
face states would violate basic band theory in an
isolated two-dimensional (2D) system and can
only arise on the boundary of a 3D sample,
providing a dramatic example of the bulk-boundary
correspondence in a topological phase. In con-
trast to topological insulators where only the
surface states are interesting (21, 22), a Weyl
semimetal features unusual band structure in
the bulk and on the surface. The Weyl fermions
in the bulk are predicted to provide a condensed-
matter realization of the chiral anomaly, giving
rise to a negative magnetoresistance under paral-
lel electric and magnetic fields, unusual optical
conductivity, nonlocal transport, and local non-
conservation of ordinary current (5, 12-16). At
the same time, the Fermi arc surface states are
predicted to show unconventional quantum os-
cillations in magneto-transport, as well as un-
usual quantum interference effects in tunneling
spectroscopy (17-19). The prospect of the real-
ization of these phenomena has inspired much
experimental and theoretical work (7-22).

Here we report the experimental realization of
a Weyl semimetal in a single crystalline material,

tantalum arsenide (TaAs). Using the combina-
tion of the vacuum ultraviolet low-photon-energy)
and soft x-ray (SX) angle-resolved photoemission
spectroscopy (ARPES), we systematically and dif-
ferentially study the surface and bulk electronic
structure of TaAs. Our ultraviolet (low-photon-
energy) ARPES measurements, which are highly
surface sensitive, demonstrate the existence of
the Fermi arc surface states, consistent with our
band calculations presented here. Moreover, our
SX-ARPES measurements, which are reasonably
bulk sensitive, reveal the 3D linearly dispersive
bulk Weyl cones and Weyl nodes. Furthermore,
by combining the low-photon-energy and SX-
ARPES data, we show that the locations of the
projected bulk Weyl nodes correspond to the
terminations of the Fermi arcs within our exper-
imental resolution. These systematic measure-
ments demonstrate TaAs as a Weyl semimetal.

The material system and
theoretical considerations

Tantalum arsenide is a semimetallic material
that crystallizes in a body-centered tetragonal
lattice system (Fig. 1A) (23). The lattice constants
are a = 3437 A and ¢ = 11.656 A, and the space
group is I49md (#109, Cy), as consistently re-
ported in previous structural studies (23-25).
The crystal consists of interpenetrating Ta and
As sublattices, where the two sublattices are
shifted by (§.§,8), d~45. Our diffraction data
match well with the lattice parameters and the
space group /4ymd (26). The scanning tunneling
microscopic (STM) topography (Fig. 1B) clearly
resolves the (001) square lattice without any ob-
vious defect. From the topography, we obtain a
lattice constant a = 345 A. Electrical transport
measurements on TaAs confirmed its semimetallic
transport properties and reported negative mag-
netoresistance, suggesting the anomalies due to
Weyl fermions (23).

We discuss the essential aspects of the theo-
retically calculated bulk band structure (9, 10)
that predicts TaAs as a Weyl semimetal candi-
date. Without spin-orbit coupling, calculations
(9, 10) show that the conduction and valence bands
interpenetrate (dip into) each other to form four 1D
line nodes (closed loops) located on the &, and k&,
planes (shaded blue in Fig. 1, C and E). Upon the
inclusion of spin-orbit coupling, each line node
loop is gapped out and shrinks into six Weyl nodes
that are away from the &, = 0 and &, = O mirror
planes (Fig. 1E, small filled circles). In our calcu-
lation, in total there are 24 bulk Weyl cones (9, 10),
all of which are linearly dispersive and are associated
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because it arises from the nonzero chiral charge
of the projected bulk Weyl nodes (26), which in
this case is =2. Therefore, this property distin-
guishes the crescent Fermi arcs not only from
any closed contour but also from the double
Fermi arcs in Dirac semimetals (27, 28), because
the bulk Dirac nodes do not carry any net chiral
charges (26). After observing the surface elec-
tronic structure containing Fermi arcs in our
ARPES data, we are able to slightly tune the free
parameters of our surface calculation and obtain
a calculated surface Fermi surface that repro-
duces and explains our ARPES data (Fig. 1G). This
serves as an important cross-check that our data
and interpretation are self-consistent. Specifi-
cally, our surface calculation indeed also reveals
the crescent Fermi arcs that connect the projected
W2 Weyl nodes near the midpoints of each
T'— X or T - Y line (Fig. 1G). In addition, our
calculation shows the bowtie surface states
centered at the X point, also consistent with our
ARPES data. According to our calculation, these
bowtie surface states are in fact Fermi arcs (26)
associated with the W1 Weyl nodes near the BZ
boundaries. However, our ARPES data cannot
resolve the arc character because the W1 Weyl
nodes are too close to each other in momentum
space compared to the experimental resolution.
Additionally, we note that the agreement be-
tween the ARPES data and the surface calcula-
tion upon the contour at the ¥ point can be
further improved by fine-optimizing the surface
parameters. To establish the topology, it is not
necessary for the data to have a perfect corre-
spondence with the details of calculation be-
cause some changes in the choice of the surface
potential allowed by the free parameters do not
change the topology of the materials, as is the
case in topological insulators (21, 22). In princi-
ple, Fermi arcs can coexist with additional closed
contours in a Weyl semimetal (6, 9), just as Dirac
cones can coexist with additional trivial surface
states in a topological insulator (21, 22). Partic-
ularly, establishing one set of Weyl Fermi arcs
is sufficient to prove a Weyl semimetal (6). This
is achieved by observing the crescent Fermi
arcs as we show here by our ARPES data in Fig,.
2, which is further consistent with our surface
calculations.

Bulk measurements

We now present bulk-sensitive SX-ARPES (29)
data, which reveal the existence of bulk Weyl cones
and Weyl nodes. This serves as an independent
proof of the Weyl semimetal state in TaAs. Figure 3B
shows the SX-ARPES measured &, — k. Fermi sur-
face at &, — O (note that none of the Weyl nodes
are located on the &, — 0 plane). We emphasize
that the clear dispersion along the %, direction
(Fig. 3B) firmly shows that our SX-ARPES pre-
dominantly images the bulk bands. SX-ARPES
boosts the bulk-surface contrast in favor of the
bulk band structure, which can be further tested
by measuring the band dispersion along the k.
axis in the SX-ARPES setting. This is confirmed
by the agreement between the ARPES data (Fig. 3B)
and the corresponding bulk band calculation

SCIENCE sciencemag.org

(Fig. 3A). We now choose an incident photon ener-
gy (ie., a k. value) that corresponds to the k-space
location of W2 Weyl nodes and map the corre-
sponding k, — k&, Fermi surface. As shown in Fig.
3C, the Fermi points that are located away from
the k, or k, axes are the W2 Weyl nodes. In Fig.
3D, we clearly observe two linearly dispersive
cones that correspond to the two nearby W2 Weyl
nodes along cut 1. The k-space separation between
the two W2 Weyl nodes is measured to be 0.08 A,
which is consistent with both the bulk calculation
and the separation of the two terminations of the

A

crescent Fermi arcs measured in Fig. 2. The linear
dispersion along the out-of-plane direction for the
W2 Weyl nodes is shown by our data in Fig. 3E.
Additionally, we also observe the W1 Weyl cones in
Fig. 3, G to L. Notably, our data show that the ener-
gy of the bulk W1 Weyl nodes is lower than that of
the bulk W2 Weyl nodes, which agrees well with
our calculation shown in Fig. 3] and an independent
modeling of the bulk transport data on TaAs (23).

In general, in a spin-orbit-coupled bulk crystal,
point-like linear band crossings can either be Weyl
cones or Dirac cones. Because the observed bulk
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Fig. 2. Observation of topological Fermi arc surface states on the (001) surface of TaAs. (A)
ARPES Fermi surface map and constant-binding energy contours measured with incident photon
energy of 90 eV. (B) High-resolution ARPES Fermi surface map of the crescent Fermi arcs. The k-space
range of this map is defined by the blue box in (A). (C and D) Energy dispersion maps along cuts | and Il.
(E) Same Fermi surface map as in (B). The dotted lines define the k-space direction for cuts | and II. The
numbers 1 to 6 denote the Fermi crossings that are located on cuts | and II. The white arrows show the
evolution of the constant-energy contours as one varies the binding energy, which is obtained from
the dispersion maps in (C) and (D). (F) A schematic showing the evolution of the Fermi arcs as a
function of energy, which clearly distinguishes between two Fermi arcs and a closed contour. (G) The
difference between the constant-energy contours at the binding energy Eg = 20 meV and the binding
energy Eg = 0 meV, from which one can visualize the evolution of the constant-energy contours through
k.~ k, space. The range of this map is shown by the white dotted box in (A).
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cones in Fig. 3, C and D, are located neither at
Kramers’ points nor on a rotational axis, they can-
not be identified as bulk Dirac cones and have to
be Weyl cones according to topological theories
(6, 28). Therefore, our SX-ARPES data alone prove
the existence of bulk Weyl nodes. The agreement
between the SX-ARPES data and our bulk calcula-
tion, which only requires the crystal structure and
the lattice constants as inputs, provides a further
cross-check.

Bulk-surface correspondence

Finally, we show that the A-space locations of the
surface Fermi arc terminations match with the
projection of the bulk Weyl nodes on the surface
BZ. We superimpose the SX-ARPES measured
bulk Fermi surface containing W2 Weyl nodes
(Fig. 3C) onto the low-photon-energy ARPES
Fermi surface containing the surface Fermi arcs
(Fig. 2A) to scale. From Fig. 4A we see that all the
arc terminations and projected Weyl nodes match
with each other within the %A-space region that
is covered in our measurements. To establish
this point quantitatively, in Fig. 4C, we show
the zoomed-in map near the crescent Fermi
arc terminations, from which we obtain the
k-space location of the terminations to be at
Eae = (0.04 £ 0.01A71,0.51 + 0.01A1). Figure
4D shows the zoomed-in map of two nearby W2
Weyl nodes, from which we obtain the A-space
location of the W2 Weyl nodes to be at &ws =
(0.04 +0.015A°1,0.53 + 0.015 A~1). In our bulk
calculation, the k-space location of the W2 Weyl
nodes is found to be at (0.035 A1 0.518 A-1).
Because the SX-ARPES bulk data and the low-
photon-energy ARPES surface data are completely
independent measurements obtained with two dif-
ferent beamlines, the fact that they match well
provides another piece of evidence of the topo-
logical nature (the surface-bulk correspondence)
of the Weyl semimetal state in TaAs. In figs. S5 to
S7, we further show that the bulk Weyl cones can
also be observed in our low-photon-energy ARPES
data, although their spectral weight is much lower
than the surface state intensities that dominate
the data. Our demonstration of the Weyl fermion
semimetal state in and Fermi arc surface metals
paves the way (30) for the realization of many
fascinating topological quantum phenomena.
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ROCK PHYSICS

Rock physics of fibrous rocks akin to
Roman concrete explains uplifts at
Campi Flegrei Caldera

Tiziana Vanorio* and Waruntorn Kanitpanyacharoent

Uplifts in the Campi Flegrei caldera reach values unsurpassed anywhere in the world

(~2 meters). Despite the marked deformation, the release of strain appears delayed.

The rock physics analysis of well cores highlights the presence of two horizons, above and
below the seismogenic area, underlying a coupled process. The basement is a calc-silicate
rock housing hydrothermal decarbonation reactions, which provide lime-rich fluids. The
caprock above the seismogenic area has a pozzolanic composition and a fibril-rich

matrix that results from lime-pozzolanic reactions. These findings provide evidence for a
natural process reflecting that characterizing the cementitious pastes in modern and
Roman concrete. The formation of fibrous minerals by intertwining filaments confers shear
and tensile strength to the caprock, contributing to its ductility and increased resistance

to fracture.

he caldera of Campi Flegrei (fig. S1) is one
of the active hydrothermal systems of the
Mediterranean region experiencing nota-
ble unrest episodes in a densely populated
area. During the last crisis of 1982 to 1984,

Stanford Rock Physics Laboratory, Department of
Geophysics, Stanford University, Stanford, CA 94305, USA.
*Corresponding author. E-mail: tvanorio@stanford.edu {Present
address: Department of Geology, Faculty of Science, Chulalongkorn
University, Thailand.

nearly 40,000 people were evacuated for almost
2 years from the main town of Pozzuoli, the Roman
Puteoli, owing to the large uplifts (~2 m over
2 years) and the persistent seismic activity (7).
The evacuation severely hampered the economy
and the social make-up of the community, which
included the relocation of schools and commer-
cial shops, as well as the harbor being rendered
useless for docking. Despite the large uplifts, the
release of strain appears delayed (2, 3). Seismicity
reaches a magnitude of 4.0 only upon relatively
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with a single chiral charge of =1 (Fig. 1E). We denote
the 8 Weyl nodes that are located on the brown
plane (k. = %) as W1 and the other 16 nodes that
are away from this plane as W2. At the (001)
surface BZ (Fig. 1F), the eight W1 Weyl nodes are
projected in the vicinity of the surface BZ edges,
X and Y. More interestingly, pairs of W2 Weyl
nodes with the same chiral charge are projected
onto the same point on the surface BZ. There-
fore, in total there are eight projected W2 Weyl
nodes with a projected chiral charge of =2,
which are located near the midpoints of the
T - X and the T - Y lines. Because the -2 chiral
charge is a projected value, the Weyl cone is still
linear (9). The number of Fermi arcs terminat-
ing on a projected Weyl node must equal its
projected chiral charge. Therefore, in TaAs, two
Fermi arc surface states must terminate on each
projected W2 Weyl node.

Surface electronic structure of TaAs

We carried out low-photon-energy ARPES mea-
surements to explore the surface electronic
structure of TaAs. Figure 1H presents an over-
view of the (001) Fermi surface map. We observe
three types of dominant features, namely a
crescent-shaped feature in the vicinity of the
midpoint of each I' = X or I — Y line, a bowtie-
like feature centered at the X point, and an
extended feature centered at the Y point. We
find that the Fermi surface and the constant-
energy contours at shallow binding energies
(Fig. 2A) violate the C, symmetry, considering
the features at X and Y points. In the crystal
structure of TaAs, where the rotational symmetry

Fig. 1. Topology and electronic structure of TaAs.
(A) Body-centered tetragonal structure of TaAs,
shown as stacked Ta and As layers. The lattice of
TaAs does not have space inversion symmetry.
(B) STM topographic image of TaAs's (001) surface
taken at the bias voltage —300 mV, revealing the
surface lattice constant. (C) First-principles band
structure calculations of TaAs without spin-orbit
coupling. The blue box highlights the locations where
bulk bands touch in the BZ. (D) lllustration of the
simplest Weyl semimetal state that has two single
Weyl nodes with the opposite (+1) chiral charges in
the bulk. (E) In the absence of spin-orbit coupling,
there are two line nodes on the k, mirror plane and
two line nodes on the k, mirror plane (red loops). In
the presence of spin-orbit coupling, each line
node reduces into six Weyl nodes (small black and
white circles). Black and white show the opposite
chiral charges of the Weyl nodes. (F) A schematic
(not to scale) showing the projected Weyl nodes
and their projected chiral charges. (G) Theoretically
calculated band structure (26) of the Fermi surface
on the (001) surface of TaAs. (H) The ARPES-
measured Fermi surface of the (001) cleaving plane
of TaAs. The high-symmetry points of the surface BZ
are noted.
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is implemented as a screw axis that sends the
crystal back into itself after a C, rotation and a
translation by § along the rotation axis, such an
asymmetry is expected in calculation. The crys-
tallinity of the (001) surface in fact breaks the
rotational symmetry. We now focus on the
crescent-shaped features. Their peculiar shape
suggests the existence of two arcs, and their
termination points in k-space seem to coincide
with the surface projection of the W2 Weyl
nodes. Because the crescent feature consists of
two nonclosed curves, it can either arise from
two Fermi arcs or a closed contour; however,
the decisive property that clearly distinguishes
one case from the other is the way in which the
constant-energy contour evolves as a function
of energy. As shown in Fig. 2F, in order for the
crescent feature to be Fermi arcs, the two non-
closed curves have to move (disperse) in the
same direction as one varies the energy (26).
We now provide ARPES data to show that the
crescent features in TaAs indeed exhibit this
“copropagating” property. To do so, we single
out a crescent feature, as shown in Fig. 2, B and
E, and show the band dispersions at represent-
ative momentum space cuts, cut I and cut II,
as defined in Fig. 2E. The corresponding E-k
dispersions are shown in Fig. 2, C and D. The
evolution (dispersive “movement”) of the bands
as a function of binding energy can be clearly
read from the slope of the bands in the dis-
persion maps and is indicated in Fig. 2E by the
white arrows. It can be seen that the evolution
of the two nonclosed curves is consistent with
the copropagating property. To further visual-

A B
Ta
As

ize the evolution of the constant-energy con-
tour throughout %,.%, space, we use surface
state constant-energy contours at two slightly
different binding energies, namely Eg = 0 = Ef
and Ky = 20 meV. Figure 2G shows the difference
between these two constant-energy contours,
namely Al (ky.ky) =1(Eg = 20 meV, k. ky,)-
I(Eg = 0 meV.k,.k,), where I is the ARPES
intensity. The k-space regions in Fig. 2G that
have negative spectral weight (red) correspond
to the constant-energy contour at Eg — 0 meV,
whereas those regions with positive spectral
weight (blue) correspond to the contour at
Eg = 20 meV. Thus, one can visualize the two
contours in a single %, &, map. The alternating
“red-blue-red-blue” sequence for each crescent
feature in Fig. 2G shows the copropagating property,
consistent with Fig. 2F. Furthermore, we note that
there are two crescent features, one located near the
k, = 0 axis and the other near the &, = 0 axis, in
Fig. 2G. The fact that we observe the copropagating
property for two independent crescent features
that are 90° rotated with respect to each other
further shows that this observation is not due to
artifacts, such as a & misalignment while perform-
ing the subtraction. The above systematic data
reveal the existence of Fermi arcs on the (001)
surface of TaAs. Just as one can identify a crystal
as a topological insulator by observing an odd
number of Dirac cone surface states, we empha-
size that our data here are sufficient to identify
TaAs as a Weyl semimetal because of bulk-
boundary correspondence in topology.
Theoretically, the copropagating property of
the Fermi arcs is unique to Weyl semimetals
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Fig. 3. Observation of bulk Weyl fermion cones and Weyl nodes in
TaAs. (A and B) First-principles calculated and ARPES-measured k, = ky
Fermi surface maps at k, = O, respectively. (C) ARPES-measured and first-
principles calculated ky — k, Fermi surface maps at the k. value that
corresponds to the W2 Weyl nodes. The dotted line defines the k-space cut
direction for cut 1, which goes through two nearby W2 Weyl nodes along the
ky direction. The black cross defines cut 2, which means that the ki, ky
values are fixed at the location of a W2 Weyl node and one varies the k-
value. (D) ARPES E - k, dispersion map along the cut 1 direction, which
clearly shows the two linearly dispersive W2 Weyl cones. (E) ARPES E - k,

Fig. 4. Surface-bulk correspondence and the topo-

logically nontrivial state in TaAs. (A) Low-photon-
energy ARPES Fermi surface map (hv = 90 eV) from
Fig. 2A, with the SX-ARPES map (hv = 650 eV) from
Fig. 3C overlaid on top of it to scale, showing that the
locations of the projected bulk Weyl nodes correspond
to the terminations of the surface Fermi arcs. (B) The
bottom shows a rectangular tube in the bulk BZ that
encloses four W2 Weyl nodes. These four W2 Weyl
nodes project onto two points at the (001) surface BZ
with projected chiral charges of +2, shown by the
brown circles. The top surface shows the ARPES
measured crescent surface Fermi arcs that connect
these two projected Weyl nodes. (C) Surface state
Fermi surface map at the k-space region correspond-
ing to the terminations of the crescent Fermi arcs. The
k-space region is defined by the black dotted box in
(E). (D) Bulk Fermi surface map at the k-space region
corresponding to the W2 Weyl nodes. The k-space
region is defined by the black dotted box in Fig. 3C. (E)
ARPES and schematic of the crescent-shaped co-
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dispersion map along the cut 2 direction, showing that the W2 Weyl cone
also disperses linearly along the out-of-plane k; direction. (F) First-
principles calculated E - k; dispersion that corresponds to the cut 2 shown
in (E). (G) ARPES measured ky — ky Fermi surface maps at the k; value that
corresponds to the W1 Weyl nodes. The dotted line defines the k-space cut
direction for cut 3, which goes through the W1 Weyl nodes along the k,
direction. (H and 1) ARPES E - k, dispersion map and its zoomed-in version
along the cut 3 direction, revealing the linearly dispersive W1 Weyl cone. (J)
First-principles calculation shows a 14-meV energy difference between the
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propagating Fermi arcs. (F) High resolution ARPES maps of the Fermi arcs and the Weyl fermion nodes.
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