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Tungsten ditelluride (WTe,) is a transition metal dichalcogenide with novel electronic structures and unique
properties for application to next-generation devices. Defects in WTe, can impact its properties in both positive
and negative ways. Therefore, it urgently requires a precise classification to help understand the possible impacts.
Here we report on both geometric and electronic characteristics of the defects in WTe, identified by the
combination of scanning tunneling microscopy (STM) and density functional theory (DFT) calculation. We
found four types of defects derived from a missing Te atom; two of them are located at the topmost surface while
the others are under the surface. The former are imaged topographically and are ascribed to point vacancies
of surface Te atoms. The DFT calculations reveal the noncentrosymmetric displacements of atoms around the
defects and reasonably reproduce the STM images. Interestingly, the latter defects are hardly observed but they
are dressed with the noncentrosymmetric quasiparticle interference (QPI) fringes which enable us to identify
them. These findings demonstrate that STM-QPI can be a feasible method to characterize the defects in layered

materials.
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I. INTRODUCTION

Layered materials stacked up by van der Waals interaction
have gathered a lot of attention in more than a decade because
of their intriguing properties and extremely high potential in
electronics, optoelectronics, spintronics, and energy conver-
sion and storage. Among layered materials, transition metal
dichalcogenides (TMDs) occupy a significant share with the
variable combination of MX,, where M is a transition metal
atom and X is a chalcogen atom. More than graphene, TMDs
exhibit diverse properties such as tunable band gaps and light-
emitting and unconventional superconductivity [1-5].

Tungsten ditelluride (WTe;), a unique material of the TMD
family, has the Ty-phase structure in its natural ground state
and exhibits almost the largest spin-orbital coupling among
all TMDs [6]. Several exotic properties in WTe, have been
reported such as extremely large nonsaturating magnetoresis-
tance up to 60 T [7], pressure-induced superconductivity [8,9],
and a Lifshitz transition in Fermi surface topology [10]. WTe,
has also been predicted to be a type-II Weyl semimetal [11],
which boosts the competition to reveal the topological features
by using angle-resolved photoemission spectroscopy [12—-17]
and scanning tunneling microscopy (STM) [18-22]. Lin et al.
measured quasiparticle interference (QPI) by using STM to
visualize the Weyl points and Fermi arc surface states [18].
In addition, the few-layer WTe, shows spontaneous out-of-
plane electric polarization [23] and the surface dipole strongly
depends on the thickness [24].

Atomic-scale defects inevitably appear in TMDs even
when they are grown by molecular beam epitaxy [25]. It
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is widely agreed that defects will greatly affect the elec-
tronic, magnetic, transport, and optical properties of TMDs
[26-30], which play a key role in generating unexpected fea-
tures. However, our understanding of defects in WTe, is not
yet comprehensive. Early STM studies [31,32] were made
for WTe, cleaved in air and loaded into ultrahigh vacuum
(UHV), and reported the point defects which are tentatively
ascribed to vacancies of surface Te atoms. Recent STM stud-
ies [18-22] also report the defects, but these studies mainly
focus on the electronic structure relevant to Weyl semimetal
so that the details about the defects are not thoroughly scruti-
nized. A density functional theory (DFT) study [33] has been
performed for the vacancies of Te or W atoms, but the compar-
ison is not conducted between simulated and experimentally
observed STM images. Besides, the Te vacancies impact the
properties of semimetals. The Te vacancies in MoTe, make
17°- and T;-MoTe, become more metallic [34]. Moreover,
a very recent DFT calculation shows that Te vacancies in
monolayer WTe, strongly influence the band structure and
the topological property is destroyed at the nominal compo-
sition of WTej 97 [35]. The defects in WTe, still remain to be
explored.

In this study, we used STM and DFT calculations to
identify the defects in WTe,. We found four types of point va-
cancies formed by removing a Te atom on the topmost surface
and under the surface. These vacancies generate the distinc-
tive QPI fringes reflecting the noncentrosymmetric crystal
structure to identify them even when they are hardly imaged
topographically. These results indicate that STM-QPI is a
significant way to identify the defects.

©2022 American Physical Society
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FIG. 1. (a) Atomic model of 73-WTe,. (b) High resolution STM
image overlapped with the atomic model (V = 178 mV, I = 0.7nA).
(c) Line profile along the arrow in (b). (d) Topographic STM image
of in situ cleaved WTe, surface (V = —473mV, I = 0.8nA). The
image size is 28 x 28 nm?. The inset shows the line profile across
the two different defects.

II. METHODS

All the experiments were carried out in a UHV chamber.
The base pressure was kept under 2 x 107! torr. We used
high-quality 73-WTe, crystals from HQ Graphene Company,
The Netherlands. The crystal structure was once examined by
low-energy electron diffraction [36]. The STM images were
acquired at 5 K after in situ cleaving. dI/dV mapping was
obtained by a lock-in technique with modulation of 10 mV at
the frequency from 400 to 800 Hz.

All the DFT calculations were carried out using the Vi-
enna Ab Initio Simulation Package (VASP) [37,38] with the
projected augmented wave (PAW) method [39]. The exchange
and correlation functional was described at the level of a
generalized gradient approximation (GGA) parametrized by
Perdew et al. [40]. The cutoff energy of the plane wave
expansion used was 400 eV. To model the isolated defect in
the surface WTe; layer, we used a 9 x 9 supercell of bilayer
T4-WTe; (648 W and 1296 Te atoms were used to represent
the defect-free WTe, slab). A dipole correction and the spin-
orbit coupling were taken into account. The Brillouin zone
was sampled at the I" point alone because of the large dimen-
sion of the supercell. The atoms in the top three layers were
optimized without any constraint until the force on individual
atoms was less than 0.02eV A~

III. RESULTS

Bulk 73-WTe, crystal takes a layered structure in which
WTe, layers are piled up. Each WTe, layer consists of
three atomic layers as shown in Fig. 1(a). The top and

bottom layers are composed of nonequivalent Te atoms while
the middle layer consists of W atoms. Hereafter, we de-
note the nonequivalent Te atoms in the top (bottom) layer
as Tel and Te2 (Te3 and Te4), respectively. The Tel (Te4)
atoms in the top (bottom) layer are located at the outer
side with respect to the Te2 (Te3) atoms. Cleavage of bulk
crystal leads to a Te-terminated (001) surface as depicted in
Fig. 1(a).

Figure 1(b) shows an atomic resolution STM image of the
WrTe, surface after in situ cleaving. A pair of atomic rows
are aligned and the brighter ones are separated by 0.63 nm
along the black arrow as the height profile in Fig. 1(c) shows.
Thus, the brighter rows are relevant to Tel atoms and the
other rows consist of the Te2 atoms. The surface structure
in Fig. 1(b) well matches the superimposed atomic structure.
Additionally, two Te atomic rows can be confirmed by bias-
dependent measurement; see Supplemental Material Fig. S1
[41]. Figure 1(d) shows an image of a wider area. Bright
stripes and two types of dark depressions are observed which
are marked by red and blue circles, respectively. The depres-
sions are the defects. The line profiles across the two different
defects are shown in the inset of Fig. 1(d). Since the formation
energy of a single chalcogen element defect is the lowest
[42], we are more inclined to see the defect as a chalcogen
vacancy.

Figures 2(a) and 2(b) show the two types of defects ob-
served in Fig. 1(d). The defects appear as dark spots in the
images. The spot in Fig. 2(a) locates in the atomic row of the
Tel atoms, while that in Fig. 2(b) is in the row of the Te2
atoms. The size of each spot is comparable with that of a sin-
gle Te atom. These features indicate that the defect in Fig. 2(a)
[Fig. 2(b)] is ascribed to a vacancy of a Tel (Te2) atom. Here
we call these vacancies V-Tel and V-Te2, respectively.

Taking a look at the local contrasts around V-Tel and
V-Te2 in the topographic images, both sides of V-Tel are
symmetrically bright with respect to the [010] direction (i.e.,
vertical direction) while the contrast looks horizontally asym-
metrical. The lower part is slightly brighter than the upper
part. The contrast around V-Te2 looks symmetrical with re-
spect to the [010] direction and it slightly differs in between
the upper and lower parts. In addition, the dark hole can be
understood by overlapping the topographic images with the
corresponding atomic models (see Supplemental Material Fig.
S2 [41]).

The DFT calculations support that the defects are de-
rived from the vacancies of Tel and Te2 atoms. (A more
comprehensive categorization and discussion can be found
in Supplemental Material Fig. S3.) The simulated STM im-
ages for both V-Tel and V-Te2 are shown in Figs. 2(c) and
2(d) together with the atomic models in Figs. 2(e) and 2(f),
respectively. The symmetrical and asymmetrical features ob-
served for both V-Tel and V-Te2 are reasonably reproduced.
Although some detailed features in the simulated images are
difficult to be revealed by STM, the similarities in the main
features lead us to conclude our assignments of defects. In
Fig. 2(c), the Te atoms on both sides of V-Tel are bright. This
is matched with the local feature around V-Tel in Fig. 2(a).
The Te atoms at the upper side of V-Te2 are slightly brighter
in Fig. 2(d), which basically reproduces the asymmetrical
feature around V-Te2 in Fig. 2(b).
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FIG. 2. Two types of Te vacancy defect. (a), (b) High resolution STM images acquired for two types of intrinsic defects on the topmost
surface (V = —122mV,I = 0.76 nA and V = —127mV, I = 0.91 nA, respectively). (c), (d) Simulated STM images (V = —=50mV and V =
—50mV, respectively) of the defects in (a) and (b). (e), (f) Optimized atomic structures around the defects created by V-Tel and V-Te2,
respectively. (g), (h) The displacements of topmost Te atoms around the V-Tel and V-Te2, respectively. All images are horizontally aligned.

[010] and [100] directions can be found in both (g) and (h).

It is important to consider O substitution (i.e., a Te atom
is replaced by an O atom) because they often can be found
on the surface of TMD materials. From the simulated STM
images, both V-Te2 and O-Te2 (O replaces Te2; see Supple-
mental Material Fig. S4) show similar symmetry and a dark
hole in the center. However, a further experiment shows that
O substitution defects appear only after exposure to O, (see
Supplemental Material Fig. S5). Since we cleaved the sample
in a UHV chamber, those two types of defects in Fig. 2 are
strong candidates for Te vacancy, not O substitution. Note that
the defect of O substitution also causes noncentrosymmetric
characters to appear in the STM image, agreeing with the
DFT simulation. The previous DFT study has calculated V-
Tel and V-Te2 [33]. The current results are consistent with
the previous DFT results, which strengthens our assignments
of V-Tel and V-Te2.

Our DFT calculations also provide insights on the noncen-
trosymmetric features observed around V-Tel and V-Te2. The
atomic displacements around V-Tel and V-Te2 are shown in
Figs. 2(g) and 2(h), respectively. Each arrow represents the
direction and the magnitude of the atomic displacement. The
red dot is the position of the Te vacancy. The atomic displace-
ments around V-Tel and V-Te2 are mirror-symmetric with
respect to the [010] direction, whereas these are asymmetrical
with respect to the [100] direction. In the case of V-Tel, the
displacements at the upper side are larger than those at the
lower side; on the contrary, the displacements at the lower side
are larger around V-Te2. These noncentrosymmetric displace-
ments affect the electron distribution around both vacancies,
leading to the noncentrosymmetric features around V-Tel and
V-Te2 in the STM images.

In general, the defects on the topmost surface can be eas-
ily imaged and identified by STM, whereas it is difficult to
visualize the defects located below the surface. We performed
dl1/dV spectra measurements on the top defect, bottom defect,
and defect-free surface to characterize the electronic struc-
tures (see Supplemental Material Fig. S6). However, due to
the semimetal nature of the WTe,, the difference of dI/dV
spectra regarding three regions appears as neither specific
states nor noticeable changes as those for semiconducting
TMD materials [43]. On the contrary, the dI/dV mapping
provides a solution as it has been applied to probe the de-
fects and impurities under the surface [44,45]. Here, we have
demonstrated that the defects under the surface can be iden-
tified through the QPI fringes due to the defects measured by
the d1/dV mapping.

Figures 3(a) and 3(b) show the topographic and dI/dV
mapping images of the same area simultaneously taken at
V =200mV, respectively. In Fig. 3(a), V-Tel and V-Te2 are
observed as marked by blue and red circles, respectively. The
QPI fringes caused by V-Tel and V-Te2 are also observed
in Fig. 3(b) as shown by blue and red circles. In addition to
those fringes, other QPI fringes appear in Fig. 3(b) as high-
lighted by pink and green circles. Interestingly, topographic
features corresponding to these fringes are hardly observed in
Fig. 3(a). This implies that the defects other than V-Tel and
V-Te2 locate under the surface, giving rise to the QPI fringes.
These fringes are also observed at different sample voltages as
shown in Figs. 3(c)-3(f). The amplitudes are almost identical
over the voltages. This voltage dependence is similar to that
of the fringes derived from V-Tel and V-Te2. The former
indicates that the defects are likely in the same layer under
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FIG. 3. WTe, surface with several defects revealed by (a) typical topographic image and dI/dV mapping at the same area with (b) 200
mV, (c) 150 mV, (d) 50 mV, (e) —40 mV, and (f) —150 mV. V-Tel and V-Te2 are marked by red and blue circles. Additional two types of
defects observed in the dI/dV mapping are marked by pink and green circles.

the surface and the latter implies that the types of the defects
under the surface are similar to V-Tel and V-Te2. Since the
tungsten vacancies present a large noncentrosymmetric elec-
tronic depression on the surface, these defects are easier to
observe than Te vacancies at the bottom layer (see Supplemen-

FIG. 4. Magnified image of WTe, surface with four types of
fringe patterns revealed by dI/dV mapping (25 x 20nm?, V =
160 mV). The antinodes of respective fringes are depicted by blue,
red, green, and pink dashed lines for V-Tel, V-Te2, and vacancies
under the surface, respectively.

tal Material Fig. S2). In addition, chalcogen vacancies are the
most common point defects in TMDs [46], and usually these
defects can cause anisotropic and unique voltage-dependent
QPI fringes nearby [45]. Thus, it is highly possible that the
defects under the perfect surface are attributed to the point
vacancies relevant to Te3 or Te4 atom in the bottom Te layer
in the WTe; layer.

The QPI fringes derived from the Te vacancies show char-
acteristic asymmetricity which helps us distinguish them as
a fingerprint. Figure 4(a) is a magnified image of dI/dV
mapping. The fringes due to the four types of vacancies are
classified by their symmetries. The antinodes of respective
fringes are depicted by blue, red, green, and pink dashed lines
for V-Tel, V-Te2, and vacancies under the surface, respec-
tively. Each pair of lines are symmetric with respect to the
[010] direction, and the lines are tilted relative to the [010]
direction. The fringes of V-Tel and V-Te2 show opposite
asymmetries, i.e., they have parities. This reflects the symme-
try difference in scattering potential between V-Tel and V-Te2
and the noncentrosymmetric displacements of atoms around
V-Tel and V-Te2. This is true for the fringes of vacancies
under the surface as depicted by green and pink lines. These
fringes are classified by the similar parities. Considering that
the vacancies of Te3 and Te4 in the bottom atomic layer are
likely candidates for the defects, the parities of Te3 and Te4
vacancies should coincide with those of V-Te2 and V-Tel, re-
spectively, because the atomic structures of top and bottom Te
layers are inverted. Thus, we believe that the fringes marked
by green and pink lines are assigned to be the point vacancies
of Te4 and Te3 atoms.
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IV. CONCLUSION

To conclude, we have investigated the structural and elec-
tronic properties of defects in WTe, through STM and DFT
calculation. Four types of defects are found. Two of them are
topographically imaged and the other two are hardly visible.
The former are assigned to be point vacancies caused by
missing a Tel or Te2 atom on the topmost surface. The DFT
calculations reveal that the displacements of atoms around
these vacancies are noncentrosymmetric, leading to the asym-
metrical features around these vacancies observed by STM.
The latter defects are probed by measuring QPI fringes and we
ascribe them to the vacancies of Te atoms under the surface.
In addition, we found that the QPI fringes due to the vacancies
are uniquely reflecting the noncentrosymmetric crystal struc-
ture and can be a fingerprint to specify them. We demonstrate
that the combination of STM imaging and dI/dV mapping is
a useful method to probe defects not only at the surface but

also under the surface. Further explorations of defects with
this method on other layered materials are highly expected.
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