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ABSTRACT: Transition metal dichalcogenides (TMDs) are a class of
two-dimensional (2D) materials that have attracted growing interest
because of their unique electronic and optical properties. Under ambient
conditions, most TMDs generally exhibit 2H or 1T structures. Unlike
other group VIb TMDs, bulk crystals and powders of WTe2 exist in a
distorted 1T structure (Td) at room temperature and have semimetallic
properties. There is so far a lack of direct atom-by-atom visualization,
limiting our understanding of this distorted 2D layered material system.
We present herein atomic resolution images of Td structured WTe2. The
Td structure can be distinguished in the three major orientations along
the [100], [010], and [001] zone axes. Subtle structural distortions are
detected by atomic resolution imaging, which match well with the
optimized structure relaxed by ab initio calculations. The calculations also showed that both crystal field splitting and charge
density wave (CDW) interactions contribute to the stabilization of WTe2. However, the CDW interaction dominates and leads
the Td-WTe2 to be the most stable structure. The combined atomic resolution STEM and ab initio study on WTe2 provided the
basis for understanding the correlations between atomic structure and electronic properties in Td structured TMD materials.

■ INTRODUCTION

Transition metal dichalcogenides (TMDs) MX2, where M is a
transition metal (Mo, W, Hf, etc.) and X is a chalcogen (S, Se,
and Te), are a class of two-dimensional (2D) materials that
have attracted growing interest because of their unique
electronic and optical properties.1−3 Recent reports have
explored the crystal structures, syntheses, and electronic
properties of TMD systems using both experimental and
theoretical techniques.4 These studies suggest that the absence
of dangling bonds5 and the wide range of band gaps (from 3.5
to <1 eV)6 make TMD materials attractive in practical devices,
such as field effect transistors2,7,8 and photosensors.9,10

TMDs have layered structures with an X−M−X atomic
stacking sequence in each layer. When the M atoms are
coordinated by a trigonal prism of X atoms, the structure is
defined as the 2H phase,11 as shown in Figure 1a. There are
two X−M−X layers in each unit cell of the 2H structure. Group
VIb TMDs that adopt the 2H structure, such as MoS2 and WS2,
are usually semiconductors with band gaps between 1 and 2
eV.1,6 When one X layer is shifted such that the metal becomes
octahedrally coordinated, the structure is referred to as the 1T
phase,11 as shown in Figure 1b. In this case there is only one
X−M−X layer in the unit cell. The 1T structure TMDs cover a
broad spectrum of electrical properties, from insulators such as

HfS2, through semiconductors such as HfSe2, to metals such as
TiS2.

11 Under ambient conditions, most TMDs exist in 2H or
1T structures. Unlike other group VIb TMDs, bulk crystals and
powders of WTe2 are generally found in a distorted 1T
structure (Td, also called 1T′) at room temperature and have
semimetallic properties.12−18 Reports of the 2H (semiconduct-
ing) phase of WTe2 appear to be limited to the powder
synthesis work by Champion19 and have been summarized in
the review by Wilson and Yoffe.11 Ab initio calculations have
been used to investigate the electronic structure of WTe2, and it
has been found they exhibit semimetal properties which arise
from the small electron and hole pockets along the Γ−X
direction.15,20 Another possible explanation is that there is a 0.5
eV overlap of Te 5p and W 5d-like bands along Γ−Y, and the
low conductivity of WTe2 is due to the low density of states at
the Fermi level.21 Angle-resolved photoemission spectroscopy
(ARPES) was used to confirm the electronic structure of WTe2,
and it was found that carrier compensation would be the
primary source of formation of similar-sized electron and hole
pockets.22 Very recently, an extremely large positive magneto-
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resistance at low temperatures has been discovered in the
nonmagnetic Td structure WTe2.

20 Although electrical and
magnetic studies of WTe2 as a novel material system have been
carried out, there is so far a lack of direct atom-by-atom
visualization, limiting our understanding of this distorted 2D
layered material system. Moreover, the correlation between the
structure and electronic properties in WTe2 also has not been
well understood yet. Here we have combined atomic imaging
and ab initio calculations to reveal the atomic and electronic
structures of Td-WTe2. Furthermore, charge density wave
(CDW) is used to understand the atomic structure and
electronic property correlations in WTe2.

■ EXPERIMENTAL METHODS
Synthesis of WTe2 Flakes. WTe2 bulk crystals were

produced by the chemical vapor transport method using
bromine as the transport agent. The details of the synthetic
method can be found in the previous work.18 The X-ray
diffraction (XRD) patterns of the synthesized WTe2 flakes
confirmed the bulk WTe2 crystals are orthorhombic space
group Pmn21, with Td structure.18

Atomic Imaging and Image Simulations. Transmission
electron microscopic (TEM) cross-sectional samples were
made by using a FEI Nova 200 dual-beam focused ion beam
scanning electron microscope (FIB/SEM) by the lift-out
method. In the FIB, SiO2 and Pt layers were deposited to
protect the region of interest during focused ion beam milling.
Atomic high angle angular dark field scanning transmission
electron microscopy (HAADF-STEM) was performed in a
JEOL ARM200F microscope with a probe aberration corrector
(CEOS GmbH) operated at 200 kV. HAADF-STEM images
based on the optimized atomic structure were simulated using
the xHREM software package.
Ab Initio Calculations. The calculations were performed

by using the Vienna Ab initio Simulation Package (VASP).23

The projector-augmented wave (PAW) pseudopotential24 is
adopted, and the generalized gradient approximation (GGA) of
Perdew−Burke−Ernzerhof (PBE) functionals were used to
describe the exchange−correlation.25 Spin−orbit coupling is
included for the band structure calculations along high
symmetry points in the Brillouin zone (BZ).

In this work, the structures of all the TMDs studied were
optimized based on both 2H and 1T bulk crystal structures,
with the remnant force on each atom below 0.01 eV/Å as the
stopping criterion for ionic relaxation. The Grimme-D3
correction, to correct the van der Waals (vdW) interaction
between layers, is included in order to get a better optimized
crystal structure of bulk WTe2.

26,27 The Monkhorst−Pack k-
point sampling in BZ is Γ-centered with 6 × 12 × 4 and 24 ×
24 × 8 meshes in ionic and electronic optimization,
respectively.28 The energy cutoff is 500 eV. The electronic
optimization was stopped when the total energies of
neighboring loops differed by less than 10−4 eV.

■ RESULTS AND DISCUSSION
Figure 1 shows schematic models of WTe2 in the 2H, 1T, and
Td structures optimized by ab initio calculations in [11̅00]
([11 ̅0], [100]), [112 ̅0] ([110], [010]), and [0001] ([001],
[001]) orientations, respectively. The Td structure can be
clearly distinguished in its three major orientations. In these
layered TMD compounds, metal layers are sandwiched
between adjacent chalcogenide layers; this dichalogenide
sandwich stacks along the c-axis of the unit cell, with van der
Waals bonding between layers. Unlike the 1T and 2H
structures, Td-WTe2 contains noncoplanar atomic layers of
both W and Te. This puckering of layers is caused by an
additional structural distortion: tungsten chains are formed
within the tellurium layers along the b-axis of the orthorhombic
unit cell as shown in Figure 1c, [001] orientation.
Figure 2 shows the local bonding characteristics of 2H-, 1T-,

and Td-WTe2. In 2H-, 1T-, and Td-WTe2, the W atoms are all

covalently bonded with neighboring Te atoms forming a
sandwich-like trigonal prismatic structure. Comparing 2H with
1T, the upper triangle of the prism is rotated by about 60°,
which can be seen in Figure 2a,b. Two antiparallel equilateral
triangles are located above and below the W atom layer in the
1T structure, whereas in the 2H structure the two equilateral
triangles of Te are parallel. The W−Te bond lengths in 2H
structure are quite similar to those in the 1T structure, which
are marked by AI and BI in Table 1. The W−W bond lengths
are also very similar in the 1T and 2H structures, at 3.51 and
3.48 Å, respectively. The bond angles between W and two Te
atoms in the same layer are quite similar in the 1T and 2H

Figure 1. Schematic models of WTe2 with 2H, 1T, and Td structures
optimized by ab initio calculations in [11̅00] ([11 ̅0], [100]), [112̅0]
([110], [010]), and [0001] ([001], [001]) orientations, respectively.
Pink atoms represent tungsten and blue atoms tellurium.

Figure 2. Different local bonding characteristics in bulk 2H- (a, d), 1T-
(b, e), and Td-WTe2 (c, f). The bond angles in the 2H, 1T, and Td
structures are indicated by A1, B1−B3, and C1−C12. The bond lengths
in the 2H, 1T, and Td structures are indicated by AI, BI, and CI−CIV.
The dashed line triangle indicates the W−W bonding in bulk Td-
WTe2.
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structures (A1 80.25° and B1 78.80°). In contrast, the bond
angles between W and Te atoms in different layers are different
in the 2H and 1T structures because of the rotation of Te
triangles in the 1T structure (A2 is 83.82° and B2 is 101.20°). In
the Td structure, the W atoms are shifted from the center of the
prisms forming a zigzag chain along the b-axis which can be
seen in Figure 2f (black triangle). One pair of W−W bonds
becomes shorter while the other becomes longer because of the
existence of charge density wave distortion.29 The W−W bond
length is much shorter than that in the 2H and 1T structures, as
shown in Table 1. The length of one W−W bond (CII in Table
1, 2.71 Å) is close to that in tungsten metal (2.74 Å). Due to
the shift of W atoms, the bond lengths and bond angles of Td-
WTe2 are modified compared to the 1T structure. Three W−
Te bonds are shortened (CII), and the other three are stretched
(CI). The Te plane is crumpled due to the distortion and
forming a zigzag shape, as shown in Figure 1c. Because of the
displacement of W atoms from the center, the original
octahedral symmetry is broken and the octahedron formed
by W and its six neighboring Te’s are distorted causing the
random distribution of bond angles between W and Te atoms
(shown in Table 1).
The vertical shift along the c-axis of W and Te atoms is an

obvious feature in the [100] and [010] views of the structure, as
shown in Figure 1c. These atoms form zigzag-like planes,
especially the Te layers which form a buckled van der Waals
gap. We define the vertical displacement between the nearest
neighbor W and Te atoms as δ(W) and δ(Te), as indicated in
Figure 1c. The size of the buckled van der Waals gap (DvdW, in
Figure 1c) is expressed as the closest tellurium−tellurium
vertical distance. Dc denotes the lattice parameter of the unit
cell along the c-axis. We can obtain the relative vertical
displacement of nearest neighbor W and Te atoms in the Td
unit cell by using Δ(W) = δ(W)/Dc and Δ(Te) = δ(Te)/Dc. In
the relaxed Td structure, Dc = 14.06 Å, DvdW ∼ 3.47 Å, δ(W) ∼
0.21 Å, Δ(W) ∼ 1.5%, δ(Te) ∼ 0.63 Å, and Δ(Te) ∼ 4.5%.
These subtle structural distortions can be detected by atomic
high angle angular dark field (HAADF) scanning transmission
electron microscopy (STEM) imaging as shown below.
Figure 3 shows experimental HAADF-STEM atomic images

of chemical vapor transport (CVT) grown Td structure WTe2
in [100], [010], and [001] orientations. In order to reduce the
noise levels and to improve the accuracy of the image analysis, a
probe deconvolution algorithm based on maximum entropy
methods was applied to the images to remove the contribution
of the tails of the focused electron probe to the column
intensity.30 The raw images are shown in the Supporting
Information, Figure S1. The contrast in HAADF-STEM images
is approximately proportional to Z2, where Z is the atomic
number.31 The contrast provides a way to identify different

atomic species, in so-called Z-contrast imaging. Using HAADF,
the W and Te atomic columns are clearly distinguished, as
shown in Figure 3. In [100] (Figure 3a) and [010] (Figure 3b)
orientations, the Te−W−Te sandwich stacks can be discerned
clearly. All atomic columns along these two viewing directions
can be distinguished as pure W and Te columns. The bright
spots in the middle of the dichalogenide sandwich are W (Z =
74) atomic columns, and the dim spots are the Te (Z = 52)
columns. In the [001] orientation (Figure 3c), there are some
mixed atomic columns. In the [001] projection of the Td-WTe2
unit cell, as shown in the inset of Figure 3c and Figure 1, the
bottom left, top left, and middle right atomic columns contain
one W and one Te atom, and the other spots are occupied by
either one W or one Te atom. Therefore, the brightest spots in
Figure 3c, which form a zigzag chain, are the mixed W/Te
atomic columns. The second brightest spots are the pure W
atomic columns. Plan view STEM images of Td structure
TMDs are widely different from those of the 1T and 2H
structures with their hexagonal honeycomb patterns, as shown
in Figure 1.
The vertical displacement of W and Te atoms is clearly

observed in the [100] and [010] side view orientations as
shown in Figure 3a,b. The buckled Te layers with their obvious
vertical shift can be clearly seen. The zigzag of W layers directly
reflects the tiny displacement of W atoms in both Figure 3a and
3b. The relative vertical displacement of nearest neighbor W
and Te atoms in 20 unit cells, 10 cells each for [100] and [010]
orientations, were measured. Δ(W) = 2.0 ± 0.5%; Δ(Te) = 4.7
± 0.3%. These experimental measurements fit well with the
calculated results, 1.5 and 4.5%, respectively. The subtle atomic
distortions have been successfully captured by Cs-corrected
STEM imaging. The pair of bright spots in Figure 3b, i.e. the W
atomic columns, also indicates the horizontal off-center
distortion of W atoms. To further compare the calculated
structure with the experimental results, HAADF-STEM image

Table 1. Bond Angles and Bond Lengths in Bulk 2H-, 1T-, and Td-WTe2

bond angle (deg) 2H-WTe2 bond angle (deg) 1T-WTe2 bond angle (deg) Td-WTe2 bond angle (deg) Td-WTe2

A1 80.25 B1 78.80 C1 77.18 C7 117.35
A2 83.82 B2 101.20 C2 83.14 C8 79.41

C3 117.35 C9 98.53
C4 81.07 C10 77.13
C5 81.07 C11 75.69
C6 98.28 C12 83.36

bond length (Å) 2H-WTe2 bond length (Å) 1T-WTe2 bond length (Å) Td-WTe2 bond length (Å) Td-WTe2

AI 2.72 BI 2.74 CI 2.82 CIII 3.46
W−W 3.51 W−W 3.48 CII 2.71 CIV 2.84

Figure 3. Atomic resolution HAADF-STEM images of CVT grown
Td-WTe2 in the (a) [100], (b) [010], and (c) [001] orientations. The
images were probe-deconvoluted for improved visibility. The insets in
the red rectangles are the simulated STEM images based on the
optimized Td-WTe2 structure. The corresponding calculated atomic
models are inset as well.

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.6b01044
J. Phys. Chem. C 2016, 120, 8364−8369

8366

http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.6b01044/suppl_file/jp6b01044_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.6b01044/suppl_file/jp6b01044_si_001.pdf
http://dx.doi.org/10.1021/acs.jpcc.6b01044


simulations were carried out. HAADF-STEM images based on
the optimized Td atomic structure were simulated along the
[100], [010], and [001] zone axes, as shown in the insets with
red borders in Figure 3, respectively. The simulated images fit
well with experimental images, confirming the reliability of the
calculated structure of Td-WTe2, which also demonstrates that
the Grimme-D3 correction of vdW interaction works well in
such distorted layered TMD materials.
The good consistency between simulated image based on

DFT calculation and the experimental atomic resolution STEM
images establishes the bridge to correlate the atomic structure
and electronic properties in WTe2. To explain the structural
stability of the WTe2 system, two theories are introduced and
discussed to investigate the structure−property relation in
WTe2. One is the crystal field splitting (CFS), a model used to
describe the breaking of degeneracies of transition metal d
orbitals in terms of the distribution of surrounding anions. In
many TMDs, the conduction and valence bands close to the
Fermi level are mainly composed by metal d and chalcogen p
orbitals. In different metal−chalcogen coordination geometries,
various hybridizations of these states exist and thus different
crystal field splittings are generated. In the 1T structure in
which the metal is octahedrally coordinated, the d orbitals split
into the two energy levels t2g (dxy, dyz, dxz) and eg (dx2−y2 and
dz2). In the 2H structure, the metal is in trigonal prismatic
coordination, and the d orbitals split into three groups: dxz, dyz;
dx2−y2, dxy; and dz2. The dz2 orbital has the lowest energy in this
geometry, as shown in the Supporting Information, Figure S2.
The diverse electronic properties of TMDs originated from
filling metal d orbital electrons to different levels when the
transition metal varies from group IV to group X.4 In the 2H
structure of group VI TMDs, the dz2 orbital is filled and a gap of
∼0.75 eV exists between dz2 and the unoccupied upper levels
making it a semiconductor (shown in Figure 4a). The fully
occupied dz2 orbital stabilizes the 2H structure of WTe2 more
than the partially filled t2g orbital in the 1T structure.6 Our DFT
calculation shows the total energy of WTe2 was reduced by 0.56
eV in going from the 1T to the 2H structure.
The other significant mechanism is the existence of charge

density wave. A charge density wave is a periodic modulation of
electronic charge density, which is accompanied by a periodic
lattice distortion (PLD). Electronically driven PLDs have been
observed in several TMDs (including 1T-TaSe2, 1T-TaS2, and
NbSe2) at low temperatures.32−36 Because of the existence of
CDW, the W atoms are displaced from their ideal octahedral
sites along the a-axis and form zigzag chains along the b-axis.
This is comparable to the Peierls transition in a one-
dimensional metal chain in which a gap opening is observed
due to the dimerization of metal atoms and the periodicity
change.37 However, the band gap opening of one-dimensional
Peierls distortion along the b-axis in Td-WTe2 is suppressed

since it maintains the regular periodicity. Although the
distortion is not large enough to open a gap, it still results in
the reduction of density of states around the Fermi level (−0.5
to 0.5 eV) in Td-WTe2 compared to 1T-WTe2 (shown in
Figure 4b,c). The reduced density of states leads the Td-WTe2
to be semimetallic rather than metallic in 1T-WTe2. Band
structures of Td-, 2H-, and 1T-WTe2 were calculated and
shown in the Supporting Information, Figures S3, S4, and S5,
respectively. It can be observed that, close to the Fermi level (at
Γ and Z), only a few occupied bands cross the Fermi level
(Supporting Information, Figure S3). This is consistent with
the low density of states near the Fermi level supporting the
existence of the CDW.
Apart from the impact on the electronic properties, the

CDW distortion also affects the energetic stability of Td-WTe2.
The distortion can cause the increase in elastic energy, but this
energy increase can be compensated by the reduction of
electronic energy induced by the CDW. In other words, the
existence of CDW makes Td-WTe2 more stable than 1T-WTe2.
Ab initio calculations show that the energies of 2H-, 1T-, and
Td-WTe2 are in the sequence E1T (−18.88 eV) > E2H (−19.44
eV) > ETd (−19.52 eV). CDW induces an energy reduction of
0.64 eV in the Td structure with reference to the 1T structure
while the CFS only results in an energy reduction of 0.56 eV in
the 2H structure. This indicates that the CDW distortion
dominated energy reduction make the Td structure to be the
most stable. Furthermore, the small energy difference between
the Td and 2H structures of WTe2 shows its rich applications in
phase transition devices which is consistent with previous
works.38,39

■ CONCLUSIONS

In this work, we have reported directly visualized atomic images
of the distorted structural WTe2 for the first time. The Td
structure can be distinguished in the three major orientations,
along the [100], [010], and [001] zone axes. These subtle
structural distortions are clearly detected by atomic resolution
imaging, and match well with the optimized structure predicted
by ab initio calculations with vdW interaction correction. The
ab initio calculations also showed that both crystal field splitting
and charge density wave interactions contribute to the
stabilization of WTe2. However, the CDW interaction
dominates and leads Td-WTe2 to be the most stable structure.
The calculated density of states and band structure of Td-WTe2
show that it is semimetallic, and this property originates from
the CDW and accompanying period lattice distortion. The
combined atomic resolution STEM and ab initio study on
WTe2 provided direct proof of correlation between the atomic
structure and electronic structure in TMDs and pave the way to
the controlled phase engineering of desired structures and
electrical behaviors in future TMD device applications.

Figure 4. Density of states of d orbitals of W atoms in bulk (a) 2H-, (b) 1T-, and (c) Td-WTe2.
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