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The surface structure of the van der Waals faces of tungsten ditelluride (WTe,) and molybdenum
ditelluride (2H-MoTe,) have been studied with scanning tunneling microscopy (STM). The hexago-
nal symmetry observed on the 2H-MoTe, surface is similar to that observed previously on other
transition-metal dichalcogenides. On WTe,, which has a distorted layered structure due to the pair-
ing of the metal atoms, the scanning tunneling micrographs distinctly show the dominance of the
metal. Buckled, zig-zag chains of paired atomic rows, which are the signature of the tungsten layer,
are observed. These results show for the first time that subsurface atoms can be imaged with the
STM. The corrugated surface tellurium layer could not be identified unambiguously in two-
dimensional scans. These results are surprising because a first-principles pseudofunction calculation
of the surface-electronic charge density around the Fermi energy of the WTe, surface shows that
the calculated spatial distribution of the charge density at the surface has the characteristics of the
topmost Te atoms. The experimental observations suggest that, unlike the case of graphite images,
a direct comparison of the STM image of this surface with calculated surface charge density is not
possible. These observations further suggest that the hexagonal symmetry observed in MoTe, and
other transition-metal dichalcogenides is also due to the metal layer rather than the surface chal-

cogenides.

The layered transition-metal dichalcogenides have been
extensively studied because of their many novel proper-
ties, ranging from superconductivity to charge-density
waves.! The van der Waals surfaces of these compounds
have also recently been widely studied with scanning tun-
neling microscopy (STM). The flatness, the inertness
even in water,” and also the ease of ‘obtaining nearly
defect-free, atomically clean surfaces make these materi-
als extremely suitable for STM studies and applications.
The charge-density waves in several of these compounds,’
the surface structures of NbSez,4 and MoS, (Refs. 5-7)
have been imaged with atomic resolution. In all of these
STM studies, the surfaces have shown the expected bulk-
like hexagonal-close-packed structure, since the van der
Waals surface is fully bonded and does not reconstruct.
In spite of the lack of dangling bonds and surface recon-
structions which should simplify the interpretation of the
STM images, the interpretation of the hexagonal image
remains uncertain. In some of these studies, the observed
hexagonal symmetry has been attributed to the chal-
cogenide atoms since the chalcogenides are the top sur-
face layer. A faint, secondary hexagon in some of these
grey-scale micrographs has been assigned to be the atom-
ic positions of the subsurface metal atoms.*> In another
study,® the surface hexagonal symmetry was argued to be
due to the metal atoms as a result of the metal d,; orbit-
als protruding vertically to the surface to provide the
electronic states for electron tunneling. A scanning-
tunneling-spectroscopic study of the NbSe, surface in
ambient atmosphere concludes that both the Nb and Se
atoms can be observed depending on the bias voltage
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used.® This conclusion, however, is not consistent with
the observation of simultaneous bright and faint hexa-
gons at a single bias voltage. Since the surface chal-
cogenide layer and the second layer of metal atoms of
these compounds have the same hexagonal symmetry,
STM images of these surfaces cannot easily distinguish
the two chemically distinct layers.

In this paper we address the problem of whether the
surface chalcogenide layer or the subsurface metal layer
is imaged with the STM by studying two structurally
different compounds, WTe, and MoTe,. The structures
of these two compounds are shown in Fig. 1. Low-energy
electron-diffraction studies of the surfaces of these com-
pounds also show the patterns expected from their bulk
structures. Figure 1(a) shows the computer-generated
top-view structure of WTe,. The structural parameters
used in the construction of the model are from an x-ray-
diffraction study of the bulk WTe,.® This compound
differs from the other metal dichalcogenides studied to
date in that the metal atoms have a distorted octahedral
coordination. The distortion has the effect of shifting one
tungsten atom 0.95 A horizontally from the center of the
unit cell and also 0.21 A vertically from the remaining W
atoms. The result is that every two rows of W atoms pair
to form zig-zag and slightly buckled chains. Consequent-
ly, the tellurium layers become slightly corrugated, i.e‘;,
alternate rows of tellurium atoms are displaced 0.61 A
upward relative to the lower rows of tellurium atoms.
The surface unit cell is rectangular with dimensions of
6.3X3.5 A2 Figure 1(b) shows the side view of two
sandwich layers which highlight the buckling aspect of
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FIG. 1. (a) A computer model of the WTe, surface with sha-
dowing to highlight the corrugated nature of the Te atoms.
Dark balls, Te; light balls, W. Surface unit-cell vector @ =3.5
A, b=6.3 A. The zig-zag chains of tungsten atoms are denoted
by the dashed line. (b) A side view of two computer-generated
WTe, sandwich layers to show the buckling of the paired
tungsten rows and the corrugated Te surface layer. (c¢) The
atomic arrangement of the 2H-MoTe, surface. Open circle, sur-
face Te; solid circle, subsurface Mo. The nearest-neighbor dis-
tance is 3.5 A.

the structures. Since the surface and second layer in
WTe, have different structures, STM images should
differentiate the top layer from the second layer.

The MoTe, surface was chosen to study for compar-
ison. The structural symmetry of MoTe, in Fig. 1(c) is
similar to that of the widely studied 2H-MoS,. The lay-
ered structure is made up of Te-Mo-Te sandwiches with
the Mo atom having trigonal prismatic coordination.
The Te atoms of the van der Waals surfaces and the Mo
atoms in between both have hexagonal arrangements.
The nearest-neighbor distance within the Mo and the Te
layers is 3.5 A.

The experiment was carried out in ambient atmosphere
with two different scanning tunneling microscopes. The
first microscope is of our own design and has-been de-
scribed elsewhere.!® The second microscope is a commer-
cial instrument.'! A bench-top vibration-isolation plat-
form was used for building vibration isolation. An alumi-
num enclosure lined with vibration-damping sheets was
used for electrical and acoustic noise isolation. The tun-
neling images were obtained with the STM operating in
both the constant-current and constant-height modes.
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Tips used were either electrochemically etched tungsten
wires or mechanically sharpened platinum and/or iridi-
um wires. Results obtained from different operational
modes and different tips are essentially the same.

The WTe, and MoTe, samples were grown by iodine-
vapor transport. Flat, shiny, thin crystals were chosen
for these experiments. The MoTe, samples are n-doped
semiconductors with an indirect band gap of 0.9 eV. The
doping level has not been measured, but the conductivity
of the samples is such that the electrical connection from
the microscope has to be made directly on the sample
surface when a tunneling bias of ~1 V is used. WTe, is
metallic. X-ray-photoemission experiments demonstrate
that a freshly cleaved surface of MoTe, remains atomical-
ly clean for at least 24 h in air, whereas WTe, surfaces
show evidence for the onset of oxidation after only a few
minutes of exposure to air. The effect of oxygen on the
STM images of WTe, surfaces has also been observed.!'?
All results reported here were taken within 3 h of cleav-
ing a new surface and during this time, large clean areas
(over 1000 A?) were readily located.

Figure 2 shows two images obtained on the WTe, sur-
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FIG. 2. (a) A (20X25)-A” constant-height scan of the WTe,
surface. The surface unit cell is outlined. The dashed line
shows the location of the cross-section line scan shown in (b).
(b) The cross-section ligxg scan through the paired, zig-zag rows
in (a). (c) A (50X 50)-A" scan of the WTe, surface taken with a
constant current. Horizontal streaks along the x-scan direc-
tions indicate changes in the tip resolution. The zig-zag pattern
of the W layer is clearly observed at the lower part of the scan,
but no longer distinguishable toward the top of the scan. The
dark areas with atomic features superimposed on them on the
left of the scan are defects due to oxygen contamination.
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face. The features shown in these images are representa-
tive of the hundreds of images taken with different scan
directions and with a sample bias range of +0.8 V. Im-
ages taken with a negative sample bias show more dis-
tinct corrugations than those taken with a posmve sam-
ple bias. The periodicities of 6.3 and 3.5 A along the b
and a axes, respectively, are observed in all two-
dimensional (2D) scans. .

Figure 2(a) shows a (20X25)-A” scan taken with the
constant-height mode. The average current was 1.7 nA
and the sample bias was —0.13 V. There are three dis-
tinct corrugations in the unit cell. The white-grey pairing
due to buckling and the zig-zag pattern are exactly the
same as the W layer in the model in Fig. 1(a). The distor-
tion of the rectangular unit cell to a parallelogram is
probably due to the combined effects of drift and a slight
nonorthogonality of the scan axes. Figure 2(b) shows a
section through the zig-zag chains. The sectional line
scan shows more quantitatively the paired and buckled
nature of the tungsten chain. The separation between the
local maxima of the paired row is 2.9+0.1 A, which
agrees well with the 2.8-A separation between the palred
rows in the model. To demonstrate that the image in Fig.
2(a) requires exceptionally good tip resolution, Fig. 2(c) is
a (50X50)-A? scan that shows the paired, zig-zag
tungsten rows in the lower part of the picture and merged
rows towards the top. The sample bias was —0.4 V and
the tunneling current was constant at 0.3 nA:. Between
the two regions, there are horizontal streaks that were
caused by dc jumps in the feedback-loop electronics most
likely due to changes in the tip. Apparently, the changes
in the tip decrease its resolution during the scan such that
the zig-zag pattern can no longer be resolved. It should
be noted that observation of the fine structure of the zig-
zag chain requires an extremely demanding lateral resolu-
tion of about 1 A. .

Figure 3(a) shows an image of MoTe, in a (15X 15)-A*
scan taken with a sample bias of —0.67 V and a constant
tunneling current of 0.2 nA. In this grey-scale micro-
graph the hexagonal symmetry of the surface is readily
observed. The secondary hexagon attributed to a
different set of atoms is seen in some of our images. Such
an image is shown in Fig. 3(b). The scan area is 16X 16
A% The sample bias was +0.2 V and the current was
constant at 0.2 nA. However, in view of the problems
with the tip, it is difficult to rule out that the extra
features in those picture are due to an asymmetric tip.

The results from the WTe, surface clearly show the
paired zig-zag chains characteristic of the tungsten layer.
These results therefore unambiguously demonstrate for
the first time that it is possible for the STM to image sub-
surface atoms. Although there are some faint indications
of additional features in the images, the symmetrically
corrugated surface of the Te atoms cannot be unambigu-
ously identified in 2D scans.

Previous STM studies on transition-metal dichal-
cogenide surfaces sometimes invoked the bulk band cal-
culations® or the molecular-orbital bonding scheme® of
these compounds to interpret the STM images. Empiri-
cal tight-binding calculations!> on the bulk-electronic
properties of WTe, and MoTe, indicate that a substantial
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part of the density of states around the Fermi level is
indeed derived from the metal d electrons. However, the
covalent character of the tungsten-tellurium bond results
in heavy mixing of the metal d electrons with the telluri-
um p electrons, which then contribute considerably to the
density of states about the Fermi energy. A first-
principles pseudofunction calculation'* of the density of
states of WTe, also shows essentially the same features.
Thus the energy consideration of the density of states
alone cannot explain the observation of metal atoms rath-
er than the chalcogenide layer in the STM images. It has
been argued in the case of 2H-MoS, that the metal non-
bonding d , orbital, which occupies the top of the valence

band in the group-VI metal dichalcogenides, is responsi-
ble for providing the states for tunneling because the
shape of the d , orbital favors the extension of the elec-
tronic state beyond the air-surface interface.® The same
argument cannot be applied without caution to the WTe,
case because the splitting of the d orbitals of the distorted
octahedral coordination of the W atom is different from
that of the trigonal prismatic case. In WTe, the d_, orbit-
al is not singly degenerate as in the trigonal prismatic
coordination, but rather is triply degenerate with the
dxz_yz and d,, orbitals and therefore should mix with the

latter two orbitals. The component of the d_, state that

protrudes into the air-surface interface is perhaps not as
strong as in the trigonal prismatic coordination. More-
over, the d orbitals at the top of the valence band of

(a)

(b)

FIG. 3. STM images of the 2H-MoTe, surface taken with the
constant-current mode. (a) A (15X15)-A" scan 2showing the fa-
miliar hexagonal symmetry. (b) A (16X16)-A" scan showing
additional features attributable to atoms from a different layer.
A unit cell is drawn to show the position of the additional
feature.
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MoTe, and close to the Fermi energy of WTe, are more
heavily mixed with the tellurium p orbitals than the more
ionic dichalcogenide, 2H-MoS,.!>!* These considerations
point to the necessity of more detailed calculations in or-
der to understand why the tungsten atoms show clearly
in the STM results, whereas the Te layer is difficult to dis-
tinguish.

The calculated quantity most relevant to explain STM
images is the surface local density of states, or, in some
cases, the spatial distribution of the total valence charge
density at the surface. The surface local density of states,
and in systems where the Fermi surface is extended, the
total charge density, have been shown to be proportional
to the tunneling conductance.’® On another layered ma-
terial, highly oriented pyrolytic graphite, the influence of
subsurface atoms on STM images was previously justified
by the surface total charge-density calculations.!® The
tunneling images of graphite show only three atomic po-
sitions for the familiar surface hexagon. The interpreta-
tion is that only alternate C atoms in the hexagon have
neighbors in the layer directly underneath. The bonding
between the interlayer nearest neighbors affects the sur-
face charge density such that three of the six atoms ap-
pear to be higher.'®!” Using the same approach, we per-
form a first-principles pseudofunction calculation of the
spatial distribution of the surface charge density as a
function of distance from the surface. The pseudofunc-
tion method for electronic structures has been successful-
ly applied to several systems, including a surface-
adsorbate system!® and another layered compound, the
high-T, superconductor Bi,Sr,CaCu,04.!" The calcula-
tion was carried out using a slab containing two Te-W-Te
sandwiches. Figure 4 shows the spatial distribution of
the surface charge densityo at +0.45 eV with respect to
the Fermi energy and 1.6 A above the topmost Te plane.
It is clear that the surface charge density has a spatial
distribution centered around the topmost Te atoms.
Slices of the density-of-states plot taken with energy win-
dows of E=+40.45 eV and —0.45 eV at various dis-
tances above the Te atoms show essentially the same spa-
tial distribution. Comparing the experimental observa-
tions to these calculated results, it is obvious that a
straightforward interpretation of the results based on the
surface total charge density is not valid for this surface.
We also quantitatively rule out the highly improbable
(because of the fully bonded nature of the surface) possi-
bility of a gross surface reconstruction of the Te layer. A
total-energy calculation of the assumed structure of the
Te layer that would give rise to the observed image is less
stable than the unreconstructed surface by 1 eV. It is
possible that a detailed evaluation of the tunneling matrix
element, specifically a detailed knowledge of the wave
functions responsible for tunneling, is necessary for un-
derstanding the experimental observations.

The STM images observed in this experiment, though
not understood in terms of the conventional charge-
density picture, do allow us to make the following sugges-
tion. In the present case of WTe,, where the stronger co-
valency and less-well-defined d . characteristics should

favor the detection of the surface chalcogenide layer with
the STM, the subsurface metal layer still dominates. It is
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then reasonable to assert that the primary hexagons ob-
served in the more ionic MoTe, and MoS,, especially
when tunneling from the valence band, are also due to
the metal layer rather than the chalcogen layer. The
same argument should also apply to NbSe,, a metallic
compound where the Nb atom also has trigonal prismatic
coordination.

It is interesting at this point to compare the observa-
tions and interpretations of the STM images of the WTe,
and MoTe, surfaces to other heteroatomic surfaces. Re-
cently, Marchon et al. observed in their STM study of
the spatial distribution of the tunneling barrier heights
the hexagonally packed S atoms in the chemisorbed S lay-
er on a Mo(100) surface.’’ In another STM study of the
reconstructed As-terminated GaAs(001) surface, it is also
concluded that only the top As layer contributes to the
STM images.?! The bonding structures of these two ex-
amples are drastically differently from those of the
transition-metal dichalcogenide surfaces. It seems possi-
ble that the dominance of the second-layer atoms in STM
images is probably specific to the transition-metal dichal-
cogenides where the surface layer is fully bonded with the
bonding electrons mostly confined in and below the sur-
face. Indeed, the observation of bulklike o-bonding

states in STM has been extremely rare. The only example

is found in the image of the backbonds in Si(111)-7 X7 us-
22

ing the current-imaging techniques.
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FIG. 4. A total valence charge-density plot of WTe, czlculat-
ed with the pseudofunction method. The plot represents the
spatial distribution of the surface valence charge density 1.6 A
above the topmost Te plane at the energy £0.45 eV with respect
to the Fermi energy. The charge contours are in relative units.
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In conclusion, we have shown from the STM images of
WTe, that it is possible to image subsurface atoms. The
image obtained on this surface is not topographical in
origin. It appears that the subsurface W atoms have a
higher tunneling probability than the surface Te atoms
such that the characteristic zig-zag and slightly buckled
chains of W atoms show more clearly in the scanning
tunneling micrographs than the surface corrugated Te
layer. A first-principles pseudofunction calculation of the
surface total valence charge density of this compound
cannot explain the STM’s preference to image the subsur-
face atoms, even though similar calculations on the
graphite surface were adequate to explain the influence of
subsurface atoms on the STM images. A detailed

knowledge of the tunneling matrix element might be
necessary to explain the experimental observations. The
STM results on the WTe, suggest that the hexagonal
symmetry observed in other transition-metal dichal-
cogenides such as 2H-MoTe,, 2H-MoS,, and 2H-NbSe,
are likely due to the metal layer rather than the chal-
cogenide layer.
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FIG. 1. (a) A computer model of the WTe, surface with sha-
dowing to highlight the corrugated nature of the Te atoms.
Dark balls, Te; light balls, W. Surface unit-cell vector a =3.5
A,b=6.3A. The zig-zag chains of tungsten atoms are denoted
by the dashed line. (b) A side view of two computer-generated
WTe, sandwich layers to show the buckling of the paired
tungsten rows and the corrugated Te surface layer. (c) The
atomic arrangement of the 2H-MoTe, surface. Open circle, sur-
face Te; solid circle, subsurface Mo. The nearest-neighbor dis-
tance is 3.5 A.
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FIG. 2. (a) A (20X25)-A’ constant-height scan of the WTe,
surface. The surface unit cell is outlined. The dashed line
shows the location of the cross-section line scan shown in (b).
(b) The cross-section Iiong scan through the paired, zig-zag rows
in (a). (c) A (50X50)-A" scan of the WTe, surface taken with a
constant current. Horizontal streaks along the x-scan direc-
tions indicate changes in the tip resolution. The zig-zag pattern
of the W layer is clearly observed at the lower part of the scan,
but no longer distinguishable toward the top of the scan. The
dark areas with atomic features superimposed on them on the
left of the scan are defects due to oxygen contamination.



FIG. 3. STM images of the 2H-MoTe, gurface taken with the
constant-current mode. (a) A (15X 15)-A" scan showing the fa-
miliar hexagonal symmetry. (b) A (16X16)-A” scan showing
additional features attributable to atoms from a different layer.
A unit cell is drawn to show the position of the additional
feature.



