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Observation of Fermi arcs in the type-II Weyl semimetal candidate WTe,
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We use ultrahigh resolution, tunable, vacuum ultraviolet laser angle-resolved photoemission spectroscopy
(ARPES) to study the electronic properties of WTe,, a material that was predicted to be a type-II Weyl semimetal.
The Weyl fermion states in WTe, were proposed to emerge at the crossing points of electron and hole pockets,
and Fermi arcs connecting electron and hole pockets would be visible in the spectral function on (001) surface.
Here we report the observation of such Fermi arcs in WTe, confirming the theoretical predictions. This provides
strong evidence for type-II Weyl semimetallic states in WTe,. We also find that trivial and topological domains
coexist on the same surface of the sample due to the presence of inhomogeneous strain detected by scanning
electron microscopy data. This is in agreement with the theoretical prediction that strain can drive this system
from topological Weyl to trivial semimetal. WTe, therefore provides a tunable playground for studying exotic

topological quantum effects.
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The discovery of graphene [1] opened the possibility to
study relativistic quasiparticles that can be realized in solids.
The occurrence of Dirac dispersion attracted great interest
and triggered searches for novel topological states in three-
dimensional (3D) systems [2,3]. Dirac semimetals with bulk
3D Dirac points protected by crystal symmetry have been
proposed to existin S-cristobalite BiO, [4] and A3Bi(A = Na,
K, Rb) [5] and experimentally confirmed in Na3Bi and Cd;As;
[6-12]. This led to the observation of novel topological
quantum states with Fermi arcs [13,14], which were first ob-
served in Na3Bi [15]. Subsequently, another type of massless
particle—the Weyl fermion [16]—was predicted to exist in
a family of noncentrosymmetric transition-metal monophos-
phides [17,18]. Angle-resolved photoemission spectroscopy
(ARPES) measurements on TaAs [19-22] and NbAs [23]
confirmed the existence of Fermi arcs connecting Weyl points
of opposite chirality. Recently, a new type of Weyl semimetal
(type-1I Weyl semimetal) was proposed to possess Weyl
points emerging at the boundary between electron and hole
pockets [24]. WTe, [24] and MoTe, [25] were among the first
predicted to be type-II Weyl semimetals with different Fermi
arc lengths. By doping Mo in WTe,, the Fermi arc length
(or the topological strength) can be continuously tuned [26].
Signatures of topological Fermi arcs have been reported in
Mo-doped WTe, by using pump laser techniques to access the
states above the Fermi level [27]. Spectroscopic evidence for
type-1I Weyl semimetal states in MoTe, was reported and novel
“track states” were predicted by theoretical modeling and
density functional theory calculations [28] and subsequently
discovered by ARPES [29]. In addition to W(Mo)Te, family
[27,29-33], YbMnBi, [34], and LaAlGe [35] were also
reported to display signatures of type-II Weyl semimetal states.

WTe,; has attracted great interest due to its extremely large
magnetoresistance at low temperatures and high magnetic
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fields [36], which resemble those of the earlier studied PtSny
[37,38]. Superconductivity has been reported to emerge from
a suppressed magnetoresistive state by applying high pressure
[39,40]. Interestingly, a temperature induced Lifshitz transition
has also been observed in WTe, caused by dramatic shifts of
the chemical potential with temperature [41]. Type-II Weyl
semimetal states have also been proposed to exist in WTe,
[24]. However, the Weyl points reside roughly 50 meV above
the Fermi level and are separated by just a few meV, making it
difficult to be observed by ARPES measurements. Fortunately,
the Weyl points project to distinct locations on the (001)
surface and Fermi arcs should emerge connecting electron and
hole pockets with opposite Chern number [24]. This distinct
topological surface state can be easily observed by ARPES
measurements. Although the band structures and Fermi surface
of WTe, have been reported previously [41-43], no surface
states were clearly observed.

Here, we present the study of the electronic structure
of WTe, by using an ultrahigh resolution, tunable, vacuum
ultraviolet (vuv) laser-based ARPES system. We observed two
pairs of Fermi arcs that link the electron and hole pockets.
These features are consistent with the theoretical prediction
that this material is a host of the type-II Weyl semimetallic
state. Our results, together with reports of similar states in
MoTe; [27,29], point to the (W,Mo)Te, systems as exciting
platforms for tuning the properties of Weyl fermions [26].
WTe,, in particular, is a model system, where the topological
properties can be turned on and off and tuned by the use of
strain.

Whereas most of the previous measurements have been
carried out on WTe, crystals grown via chemical vapor
transport using halogens as transport agents [36,44], we have
grown WTe; single crystals from a Te-rich binary melt. High
purity, elemental W and Te were placed in alumina crucibles
in WTegy and W,Teog ratios. The crucibles were sealed
in amorphous silica tubes and the ampoules were heated
to 1000°C over 5 h, held at 1000°C for 10 h, and then
slowly cooled to 460°C over 100 h and finally decanted
using a centrifuge [45]. The resulting crystals were blade-
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or ribbonlike in morphology with typical dimensions of
3 x 0.5 x 0.01 mm.

Samples for ARPES measurements were cut to roughly
a square shape (approximatetly 300 x 300 um) and cleaved
in situ at 16 and 40 K under ultrahigh vacuum (UHV). The
data were acquired using a tunable vuv laser ARPES system,
consisting of a Scienta R8000 electron analyzer, picosecond
Ti:sapphire oscillator, and fourth harmonic generator [46].
Data were collected with tunable photon energies from 5.3
to 6.7 eV. Momentum and energy resolution were set at
~0.005 A~ and 1 meV, respectively. The size of the photon
beam on the sample was set at ~30 pum.

The schematic drawing of the crystal structure of single
unit cell layer of WTe; is shown in Fig. 1(a). This structure
breaks the inversion symmetry due to slight differences in the
bond lengths between tungsten and tellurium within the unit
cell. This results in the tellurium layer on each side of tungsten
being inequivalent. We label whose as “A” and “B.” We indeed
observed two distinct types of electronic structures, but even
for a single cleave there were often two different domain types
present. This is illustrated in panels (b)—(e) where we show
the picture of the sample after cleaving and data along cut #4
(marked in panel h, between the hole and electron pockets)
for three spots are plotted in panels (c)—(e). The data from
the part of the sample marked by a red circle in (b) shows
sharp electronlike dipersion near the Er. The data near the
edge of the sample [green and blue circles in (b)] partially (d)
or completely (e) lacks this feature. The two domains have
different Fermi surfaces and band dispersions as demonstrated
in Fig. 1. The Fermi surface of type N (normal) domain is
shown in panel (f) and the band dispersion along the I'-X
symmetry direction is plotted in panel (g). These data are very
similar to what was previously reported [41]. Figure 1(h) shows
the Fermi surface plot for the type T (topological) domains in
the first Brillouin zone, integrated within 10 meV about the
chemical potential, with the high intensity contours marking
the location of the Fermi surface crossings. The presence of
Fermi arcs that connect the bulk hole and electron pockets
is clearly visible. This is further confirmed by examining the
band dispersions along cuts #1-#6 as shown in Figs. 1(i) and
1(j)—1(n). In addition to the two nearly degenerate electron
bands and two branches on the left side of the hole pockets
(marked by the red dashed lines), a high intensity, sharp band
dispersion can be clearly seen, that connects the bottom of
the electron pockets and the top of the hole pockets. The
data along the y-axis cuts shown in Figs. 1(j)—1(n), for the
type T domains look almost the same as the type N domains
[41], except for cuts #3 and #4. Here, an additional electron
band is present that results in the formation of the Fermi
arcs seen in Fig. 1(h). We will examine this feature in more
detail below. The data from more than a dozen samples had
both features present on cleaved surfaces. We also cleaved
and measured the same piece of single crystal on both sides.
We found the presence of both domains on each side. The
presence of two types of domain on the same side of the
sample is inconsistent with the scenario of two different surface
terminations, as for a given piece of sample, cleaving it on
one side should consistently yield either type “A” or “B,”
but not both [see Fig. 1(a)]. Residual strain introduced by
cutting and/or cleaving of the samples is responsible for the
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FIG. 1. Two types of Fermi surface plot and band dispersion
measured at photon energy of 6.7 eV. (a) Schematic drawing of the
crystal structure of single unit cell layer with two possible cleaving
sites marked by arrows. Note that these are not equivalent to “N”
and “T” data types. (b) Optical image of the cleaved sample with
three measured regions marked by circles. (c)—(e) Data measured in
red, green, and blue regions marked in (b), respectively. (f) Type
“N” Fermi surface plot of ARPES intensity integrated within 10
meV about the chemical potential measured at 7 = 40 K. (g) Band
dispersion along white dashed line cut in (f). (h) Type “T” Fermi
surface plot of ARPES intensity integrated within 10 meV about the
chemical potential measured at 7 = 16 K. (1)~(n) Band dispersions
along cuts #1-#6 in (h). Red dashed lines in (i) mark the electron
pocket and two left branches of the hole bands.

two different electronic structures. This is consistent with the
theoretical prediction that the topological character of WTe,
is highly sensitive to pressure and strain [24]. In particular,
it was theoretically demonstrated that stretching the crystal
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FIG. 2. Fermi surface plot and band dispersion measured at 7 =
16 K and photon energy of 6.7 eV. (a) Fermi surface plot of ARPES
intensity integrated within 5 meV about the chemical potential. The
red dashed line marks the contour of the surface state (SS) and the
black dashed lines mark the contour of the two bulk hole pockets.
(b)—(j) Band dispersion along cuts #1—#9. Dashed lines in (b) mark
the electron pocket and the two hole pockets. The white arrows point
to the location of the SS. The red arrows in (j) point to the locations
of the two hole bands crossing Fermi level.

along the a and ¢ axis causes annihilation of the Weyl points
and transition from topological to trivial semimetal. In type N
(normal) domains the Fermi surface consists of two pairs of
electron pockets and two pairs of hole pockets in agreement
with previous studies [41-43] and bulk band calculations,
where the Fermi arcs are absent.

Figure 2 shows details of the Fermi sheets and band
dispersion of what we will show is an unusual surface state.
In panel (a) we plot the ARPES intensity (integrated within
5 meV about the chemical potential) close to the momentum
region, where the surface state connects to the hole pocket. The
red dashed line and the black dashed lines in Fig. 2(a) mark
the outline of the surface electron pockets and two almost
degenerate hole pockets, respectively. The band dispersion
along cut#1 is shown in Fig. 2(b), where the white arrow points
to the location of the surface state. Detailed band dispersions
along the white vertical cuts are shown in Figs. 2(c)-2(j).
The bottom of this surface band dips only slightly below
the Ep demonstrating its electron character. This band is
much sharper than the lower energy broad, bulk hole bands,
consistent with its surface origin. As we move towards the
zone center, the electron band shrinks and moves closer to
the Fermi level, while the lower hole bands move up. The
Fermi arc surface state touches the hole bands at cut #5 [panel
()] and is completely swallowed by the lower hole bands
along cut #6 [panel (g)]. After cut #6, the hole bands continue
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FIG. 3. Fermi surface plot and band dispersion measured at T =
160 K and photon energy of 6.7 eV. (a) Fermi surface plot of ARPES
intensity integrated within 10 meV about the chemical potential. The
red dashed line marks the contour of the SS and the black dashed line
marks the contour of the bulk electron pocket. (b)—(i) Band dispersion
along cuts #1-#8. The white arrows point to the location of the SS
and the bulk state (BS).

moving up and finally cross the Fermi level and form a pair of
hole pockets. We can clearly see the separation of the almost
degenerate hole pockets along cut #9 [panel (j)], as marked by
the red arrows pointing at the crossing points.

The merging between Fermi arcs and bulk electron pockets
is shown in Fig. 3. Panel (a) shows the ARPES intensity
integrated within 10 meV about the chemical potential and
measured at 7 = 160 K. The black dashed line and red dashed
line mark the location of the bulk electron pockets and Fermi
arc band, respectively. In order to better show the details of the
bulk electron pockets, we have plotted the ARPES intensity
divided by the Fermi function along the white vertical cuts
#1-#8 in Figs. 3(b)-3(i). Atcut #1 [panel (b)], a single electron
pocket is clearly observed that touches the top of the lower hole
bands and forms the beginning of two Fermi arcs on either side.
As we move away from the hole pockets, the band responsible
for Fermi arcs moves to higher binding energy. Slightly further
(cut #2) a bulk band becomes visible still above the Er. Both
bands are very clearly visible starting from cut #3, where
they are indicated by white arrows and labeled. Closer to the
center of the bulk electron pocket, the two bands eventually
merge together. The detailed band evolution in Figs. 2 and 3
demonstrates that the Fermi arc states connect the bottom of
the electron pockets and the top of the hole pockets, consistent
with the previous theoretical prediction [24].
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FIG. 4. Fermi surface plot measured at 7 = 40 K. (a)—(c) Fermi
surface plot of ARPES intensity integrated within 10 meV about
the chemical potential measured at photon energies of 6.7, 6.36,
and 6.05 eV, respectively. (d) Fermi surface contour extracted from
peak positions of momentum dispersion curves. (¢) Scanning electron
microscopy (SEM) image of cleaved sample surface. The red arrow
points to the flat area close to the sample center, while green arrows
point to areas away from the center where buckling and thus strain is
present.

To verify the surface origin of the Fermi arc band, we
have carried out photon energy dependent measurements and
present them in Fig. 4. Panels (a)~(c) show the ARPES
intensity integrated within 10 meV about the chemical po-
tential measured at photon energies of 6.7, 6.36, and 6.05 eV,
respectively. We can clearly see that the shape of the bulk
electron pockets and hole pockets change slightly with photon
energy, but the Fermi arcs that connect them remain sharp
and its central part does not. To better quantify our results,

RAPID COMMUNICATIONS

PHYSICAL REVIEW B 94, 121113(R) (2016)

we have plotted the contour obtained by fitting to the data of
the Fermi arc band in Fig. 4(d). The outlines of the central
section of the Fermi arcs remains the same for all three photon
energies. As discussed previously [24,26,29], the electronic
structure of WTe, and MoTe, may change significantly even
if a small change in the lattice parameters (e.g., strain) is
considered in band structure calculations. By performing high
precision SEM measurements using various backscattering
geometries we found that close to the center of the sample,
the surface is relatively flat. Closer to the edges of the cleaved
sample, where ARPES data shows mostly N-type domains, we
observed buckling of the sample surface which demonstrates
the presence of strain as shown in Fig. 4(e).

In summary, we have used ultrahigh resolution, tunable,
laser-based ARPES to study the electronic properties of WTe,,
a compound that was predicted to be a type-1I Weyl semimetal.
We found two different cleave types that have distinct
electronic structure. The first type is consistent with previous
studies, while the second type displays clear Fermi arcs that
connect the hole and electron pockets. The coexistence of
the trivial and topological domains is most likely due to the
presence of inhomogeneous strain, which can tune topological
properties of this material [24]. The Fermi arcs reported
here are long sought after signatures of the type-II Weyl
semimetallic state that were predicted by theory [24].

Note added. Recently, we become aware of results present-
ing ARPES data that are consistent with ours [47-49]. We
note that Bruno et al. [47] considers the observed surface state
topologically trivial and inconclusive to establish the presence
of a type-II Weyl state. While it is true that Weyl points in
WTe,; are too high above the E ¢ to be observed directly with
ARPES, given the rarity of Fermi arcs in solid state and good
agreement between data and theory prediction we argue that
our interpretation is a very reasonable one. We are not aware
of any other theory that could explain the presence of Fermi
arcs in a trivial material.
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