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ABSTRACT: Transition metal ditellurides exhibit structural and electronic properties
distinct from their selenide and sulfide counterparts, including the stabilization of
multiple charge density wave (CDW) phases. Within the niobium compound family,
notable differences in structure are also observed: bulk NbTe, crystallizes in the 1T
phase, distinguishing it from NbSe, and NbS,, which typically adopt both the 2H and 1T
structures. However, in this work, we report the unexpectedly successful synthesis of
two-dimensional (2D) islands of the metastable 1H-NbTe, phase via molecular beam
epitaxy on epitaxial graphene supported on Ir(111). The phase is identified by its characteristic hexagonal lattice in
combination with distinct spectroscopic features and the presence of mirror twin boundaries. A comprehensive analysis
combining scanning tunneling spectroscopy (STS), angle-resolved photoemission spectroscopy (ARPES), and density
functional theory (DFT) calculations confirms the metallic character and structural stability of the 1H-NbTe, phase.
Furthermore, low-temperature STS measurements reveal the formation of a 4 X 4 CDW modulation, which is explained based
on a phonon instability. These findings motivate the exploration of the complex phase behavior and electronic properties of
NbTe, in the 2D limit.

KEYWORDS: Transition metal dichalcogenides, tellurides, charge density wave, molecular beam epitaxy, scanning tunneling microscopy,
angle-resolved photoemission spectroscopy, density functional theory

B INTRODUCTION Within the family of group V TMDs, the ditellurides have
been demonstrated to behave in a remarkably different manner
from their disulfide and diselenide counterparts. For example,
bulk NbTe, only occurs as the 1T polymorph, where the
transition metal atom is octahedrally coordinated by the
chalcogen atoms, whereas its corresponding sulfide and
selenide—such as NbS, and NbSe,—occur also as the 2H
polymorph, where the coordination of the transition metal
atom (M) is trigonal prismatic.'” Another peculiarity is that
they exhibit a structure containing double zigzag chains in the
M sublattice and they also show significant differences in their
transport properties. For instance, bulk 1T-NbTe, exhibits the
coexistence of a 3 X 1 CDW and superconductivity with a
critical temperature of T, = 0.5—0.74 K, whereas NbS, and
NbSe, in the 2H phase show a single 3 X 3 CDW (latent in
bulk) along with superconductivity at higher critical temper-

Transition metal dichalcogenides (TMDs) have played a
pivotal role in the development of modern low-dimensional
physics. The experimental realization of charge density wave
(CDW) states and the observation of nonlinear conductivity in
some of these materials"” sparked tremendous theoretical and
experimental efforts. Groups IV and V TMDs™" along with the
Krogmann salts,” the blue bronze,° NbSe37 and molecular
conductors and superconductors of the TTF family,” provided
some of the first experimental platforms to observe the new
phenomena theoretically predicted by Peierls” and Frohlich'
for low-dimensional conductors.''~'* However, groups IV and
V TMDs soon came to be regarded as a distinct class among
low-dimensional materials.'"* While the novel phenomena
observed in many of the aforementioned systems could be
largely explained within Fermi surface-based frameworks (ie.,
weak-coupling approaches), this was not the case for group IV

and V TMDs. Instead, their behavior appeared to be more Received: April 15, 2026
accurately described by strong-coupling scenarios. The need to Revised:  July 30, 2026
understand the competition between commensurate and Accepted:  July 30, 2026
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phases, possible excitonic insulators, etc. in TMDs has fueled
ongoing debate for over 40 years.'>'¢
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Figure 1. (a) Large STM image where 55% of the sample is covered with NbTe, islands (V}, = 1 V and I, = 0.1 nA, 4.2 K, scale bar 40 nm).
Photoemission spectra of the (b) Nb 3d (c) Te 3d core levels of NbTe,. The spectra were recorded at photoemission takeoff angles between
0° (i.e., normal emission, shown in red) and 53° (i.e., grazing incidence, shown in black). (d) Ratio of the concentration of Te’~ to the
concentration of Nb** (red curve) and ratio of the concentration of Te>™ to the concentration of Te® (black curve), as a function of the

takeoff angle.

atures. These collective electronic properties and its competi-
tion have been the object of study since the late 60s.'*7>

A major breakthrough in this area came with the ability to
isolate layered materials as monolayers or few-layer structures,
where two-dimensional (2D) physics could fully manifest.'®*°
Similar to the bulk at the monolayer limit, NbSe, and NbS,
predominantly stabilize in the 1H phase, exhibiting a single
3 X 3 CDW together with superconductivity.””*® Recent
studies have also demonstrated that the 1T monolayer phase of
NbSe, can be stabilized by MBE growth, showing a
J13 X /13 David-star reconstruction.”’ In stark contrast,
2D ditellurides such as VTe,,*® NbTe,,*' ~** and TaTe,”* >’
present multiple competing CDW configurations, offering a
vast landscape to explore CDW physics. Although these
findings were initially surprising, they are not difficult to
rationalize. Because of the very diffuse orbitals of the Te atoms,
there is a substantial overlap between the top of the tellurium-
based valence bands and the bottom of the transition metal-
based conduction bands. Such overlap is thus associated with a
Te to M electron transfer.”® The main factor contributing to
the stabilization of the lattice under the CDW modulation is
the additional metal—metal bonding provided by the metal—
metal clustering, so that this electron transfer has a strong
control on the nature of the adopted CDW.*” Very recently,
the close connection between tellurium to M electron transfer
and the control of the structural landscape has been considered
in detail for TaTe, monolayers.”>" Therefore, group V
ditellurides hold a great promise as a very versatile platform for
studying the CDW modulation and are thus attracting a strong
attention.

27707

At the 2D regime, NbTe, monolayer has been the most
elusive of the Nb compounds.””** Only recently, epitaxial
growth of monolayer NbTe, has been achieved using
graphene/SiC as a substrate. Tuning the growth condition,
in particular the growth temperature, multiple CDW ;)hases of
its octahedral (1T) structure have been engineered. ® In this
context, the recent theoretical work by Jin et al. provides an
alternative interpretation for several of the experimentally
observed CDWs, proposing that different phases (17/1H)
may coexist in monolayer NbTe, and give rise to distinct
CDW patterns."" Surprisingly, at high growth temperatures, a
metallic V19 X /19 CDW, with an unusual star of David
(SoD) lattice distortion, has been reported in contrast to the
Mott insulating phase of its counterpart, 1T-NbSe, mono-
layer.*”

Here, we report the first successful growth of the unstable
1H-NbTe, phase on epitaxial graphene on Ir(111) (gr/
Ir(111)). We unequivocally identify this phase based on a
combination of scanning tunneling microscopy (STM), angle-
resolved photoemission spectroscopy (ARPES) and first-
principles calculations. By analyzing the topographic images,
we find an hexagonal lattice and the presence of mirror twin
boundaries (MTBs) which have not been reported for 1T
phases. At low temperatures, STS provides evidence of a 4 X 4
CDW accompanied by the opening of a pseudogap. The
comparison of the obtained topographic images with
simulations give a clear evidence that the 1H phase is that
present in our samples. Our calculations also allow for a
comprehensive understanding of the stability and formation of
the CDW as well as its metallic properties. Moreover, the
spectroscopic features align well with the band structure

https://doi.org/10.1021/acsnano.6c07014
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Figure 2. Direct comparison between ARPES curvature maps and DFT band structures of monolayer NbTe,. (a) High resolution STM image
of an island of NbTe, (V}, = 100 mV and I, = 0.3 nA, 77 K, scale bar 1 nm). (b) DFT band structure with SOC along the K—I'—M directions
for the 1H structure, showing a similar k-point range as in the ARPES measurements. Inset: the corresponding crystal structure. (c) ARPES
curvature map showing the electronic states A and B analyzed in the text. (d) DFT band structure with SOC along the K—I'—M directions
for the 1T structure, showing a similar k-point range as in the ARPES measurements. Inset: the corresponding crystal structure. The
calculated band structures must be rigidly shifted by ~—300 meV to match the experimental measurements, consistent with the charge

transfer expected from Te intercalation (see Figure S21).

obtained from ARPES, which matches better with that of the
calculated 1H structure than with that of the 1T one.

B RESULTS

The deposition of Nb and Te on a gr/Ir(111) substrate at
relative low temperatures (T = 423 K) results in well-defined
islands, see Figure 1(a). To get a clearer picture of the surface
of our sample, the angular dependence of the XPS spectra at
room temperature (RT) was investigated by changing the
photoemission angle between 0—53° with respect to the
surface normal. According to the Beer—Lambert law, the
detected photoelectron intensity decreases with increasing
angle, making measurements at higher angles more sensitive to
surface atoms. This approach allows us to unambiguously
determine which atomic species populate the surface versus the
bulk of the sample. The photoemission spectra of the Nb 3d
core-level (shown in Figure 1(b)) reveal the existence of Nb in
4* oxidation state, whereas the Te 3d core-level spectra (in
Figure 1(c)) show clear signatures of the presence of metallic
Te in addition to the expected Te*” 3d doublet (at lower
binding energy), Figure 1(c). In agreement with the existing
literature,** the Te 3d doublet appearing at the higher binding
energy is attributed to the formation of an Ir—Te intermetallic
alloy. Although the formation of such an intermetallic alloy was
not expected a priori, it does not come off as a total surprise
given that Te does intercalate during the growth of such
systems.” To gain further physical insights into the surface
structure of this system, angle-dependent changes in the Nb 3d
and Te 3d core-level spectra were monitored. Variations in the
ratio of concentration of Te?” to that of Nb* and ratio of
concentration of Te?™ to that of Te’ as a function of
photoemission takeoff angle, are plotted in Figure 1(d). The
red curve in this figure clearly demonstrates that the surface of
this system is dominated by Nb, and the black curve indicates
that Te? is closer to the surface than Te®, consistent with the
fact that Te intercalation can result in the formation of an Ir—
Te intermetallic alloy.

High-resolution STM images acquired at 77 K from the
islands shown in Figure 1(a) reveal the presence of a hexagonal

lattice with a periodicity of 3.77 + 0.04 A, together with the
appearance of MTBs, as shown in Figure 2(a). MTBs are a
natural consequence of the coalescence of two mirror grains
with a misalignment of the atomic lattices by 60°, commonly
observed in 1H-TMDs"" and recently reported in electro-
chemical exfoliated 1H-NbTe, flakes by atomic-resolution
scanning transmission electron microscopy (STEM).* The 1T
phase, on the other hand, possesses an octahedral coordination
with D;; symmetry and an intrinsic center of inversion.
Because of this centrosymmetry, mirror-related domains are
crystallographically equivalent, and thus the formation of
MTBs is not expected or energetically favorable. In 1T phases,
a hexagonal crystal structure with 60° rotational domains
corresponds to equivalent orientations of the same structure
rather than distinct mirror domains. The observation of a
hexagonal lattice, together with the appearance of MTBs,
therefore points to the conclusion that the observed structure
corresponds to the 1H-NbTe, phase.

As a second step in trying to put into a firm basis the 1H vs
1T nature of our samples we carried out ARPES measure-
ments. The distinction between the two electronic structures is
certainly a subtle one. A careful density functional theory
(DFT) study of the electronic structure of both NbTe, and
TaTe, showed a clear distinction (see Figures S9 and S13 of
the SM and the work by Feng and co-workers*®): while in the
1H case the first and second sets of bands at I' are
nondegenerate and degenerate, respectively, the opposite
situation holds for the 1T structure (see Figures S8 and S9
of the SM). This holds even in the case of the calculation with
SOC close to the center of the Brillouin zone, I', which is the
region explored by our ARPES measurements. In the 1H form
the Te atoms of one of the two sublayers lie just above those of
the other Te sublayer and this simple structural difference
leads to weaker Te---Te repulsions. Consequently, the upper
Te-based band is more strongly raised and crosses the lower
nondegenerate Nb-based band for the 1T form but not for the
1H one.

Thus, there is a key feature of the band structure near the I'
point allowing to distinguish between the two forms. Our RT

https://doi.org/10.1021/acsnano.6c07014
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Figure 3. (a) Comparative of the experimental and calculated STM images for filled (V;, = —0.2 V) and empty (V}, = 0.2 V) states. (b)
Schematic STM image for filled states, were the size of every circle is roughly proportional to the height of the Te atom. (c) Left panel:
Measured STS on a 1H-(4 X 4) island (orange) and graphene/Ir (gray). Inset: CDW pseudogap of the NbTe,. Right panel: Calculated STS
on top of a Te. (d) Calculated projected DOS of the p,_ orbitals for the different Te atoms.

ARPES spectra are shown in Figure 2, where we observe that
band A is nondegenerate, while band B splits into two
branches (B and B’), indicating a lifted degeneracy. This also
agreeséwith the TaTe, ARPES measurements reported by Feng
et al’

Note that, to establish a direct correspondence between the
ARPES spectra and the DFT calculations, it is necessary to
consider that our NbTe, samples are grown on a Gr/Ir(111)
substrate. Due to the growth conditions, Te atoms naturally
intercalate between graphene and Ir(111), modifying the
electronic environment of the heterostructure. As shown in
Section 6 (Figure S20) of the Supporting Information (SI), the
graphene Dirac cone is observed to be n-doped, with the Dirac
point located ~205 meV below the Fermi energy (Ep). Since
pristine graphene on Ir(111) is typically p-doped, with the
Dirac point lying ~100 meV above Ey,* this corresponds to an
overall energy shift of ~300 meV. This experimentally
determined value reflects the global charge redistribution in
the system and provides a physically motivated upper bound
for substrate-induced charge transfer effects. The DFT band
structure, which does not include substrate interactions, should
be therefore rigidly shifted by ~300 meV to enable a
meaningful comparison with the ARPES data. With this shift,
the agreement between experiment and theory improves,
particularly regarding the curvature and effective mass of the
bands and supporting the assignment of the 1H phase as the
structure present in our samples. The remaining discrepancies
can be attributed to the simplified free-standing model used in
the calculations, as well as to possible modifications of the
lattice parameters and interlayer distances associated with Te
and interface effects. A detailed analysis of these factors is
beyond the scope of the present work.

In addition, we found in our DFT calculations that the ideal
1H-NbTe, monolayer was slightly more stable than 1T-NbTe,

by 4.5 meV per formula unit (fu.) with a Nb—Nb distance of
3.648 A. The stability of the different structures does not
change when adding SOC to the calculation (see Section 4.5 of
the SI).

All in all, the finding of MTB, the features found in the
ARPES measurements at RT and the energetics point toward
the identification of the 1H phase as the one present in our
grown NbTe, islands.

We then acquired high-resolution images at low temperature
and in a region free of Te intercalation, such as Figure 3(a),
that reveal the emergence of a 4 X 4 superstructure together
with the hexagonal lattice previously observed at 77 K.

As we will see in the following, we are able to attribute this
structure to the formation of a 4 X 4 CDW of the 1H-NbTe,
phase unequivocally, in contradiction to the experimental data
reported by Bai and co-workers,”* which assigned this phase to
the 4 X 4 1T-NbTe,. This provides compelling evidence for
the identification of the 1H phase in our samples.

The experimental and calculated STM images for filled
(—0.2 V) and empty (+0.2 V) states are shown in Figure 3(a).
The calculated images for opposite bias voltages are clearly
different and exhibit the new periodicity. Importantly, they are
consistent with the experimental results obtained for the same
bias voltages. The results may be rationalized on the basis of
the structural (height of the Te atoms) and electronic (i.e.,
partial Density of States (PDOS) at the tip) features of the
4 X 4 CDW of Figure 4(a). The atomic orbitals governing the
shape of the STM images are the p, orbitals of the upper Te
atoms which are thus pointing outside the layer. There are five
different types of Te atoms in the 4 X 4 CDW (see Te, to Te;
in Figure 4(a)). However, in terms of their height, the different
Te atoms can be sorted into three groups. The three Te atoms
at the center of the cluster (Te;, z = 1.97 A) lie higher. Next,
there is a group of three deeper-lying Te atoms (Te,, Te;, and
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Figure 4. Crystal structure [Nb—Nb distances: a = 3.54 A (red bonds), b = 3.43 A (brown bonds), ¢ = 3.48 A (gray bonds), d = 3.53 A (cyan
bonds)] (a). Note that the different Nb and Te atoms are labeled with numbers and colors, respectively. Band structure (b) and Fermi
surface (c) for the 1H-(4 X 4) structure. Phonon band structure (d) and Fermi surface (e) for the 1H undistorted structure.

Te,, z = 1.87—1.89 A). Finally, the Te; atoms are located even
deeper (z = 1.78 A). Simply taking into account these
observations, a qualitative STM image for slightly negative
biases (i.e., the energy region where the Te lone pairs occur)
can be generated (see Figure 3b). This qualitative image,
where the size of every circle is roughly proportional to the
height of the Te atom, contains an hexagonal lattice of groups
of three very intense peaks due to the Te, atoms and another
hexagonal lattice of three considerably less intense peaks in the
holes of the former lattice due to the Tes atoms. The two
lattices are separated by three lines of intermediate intense
peaks due to the Te,, Te; and Te, atoms. This qualitative
picture exhibits the same pattern of the calculated and
experimental images for a —0.2 V bias voltage (i.e., the filled
states in Figure 3a). Thus, as expected, the image
corresponding to the filled states reflects the corrugation of
the upper Te layer induced by the 4 X 4 clustering of the Nb
atoms. The good agreement between the calculated and
experimental images provides firm support for the nature of the
modulation suggested by the DFT study (Figure 4a).

For a positive bias voltage of +0.2 V (empty states in Figure
3a) both the calculated and experimental images have changed.
The three lines due to the Te,, Te;, and Te, atoms are now the
more visible features. These three lines, mutually rotated by
60° intersect at the position of the Te, atoms, which is
associated with the more intense peak. To understand the
change in the image when going from negative (filled states) to
positive (empty states) bias voltages, we need to consider the
PDOS of the five different types of Te p, orbitals, ie., the
contribution of the p, orbital of each type of surface Te atom
to the DOS (see Figure 3d). The more striking observation of
this figure is the occurrence of an intense peak around 0.12 eV
wide around the Fermi level. This means that when going from
filled to empty states there is a strong increase of the
contribution of the Te, p, orbitals and consequently, this
position will become very brilliant. In contrast, the
contribution of the Te; p, become the smallest so that their
contribution to the empty states will considerably decrease and
these positions will be less bright. These two features, a direct
consequence of the Nb—Nb clustering and its effect in the
tellurium sublattice, connect the filled and empty states images.
This observation provides a simple rational for the variation of
the DFT and experimental STM images when changing the

sign of the bias voltage, thus providing additional support for
the nature of the proposed 4 X 4 structural modulation.

The dI/dV spectrum measured on the 1H-NbTe, at 4.2 K
reveals a pseudogap feature centered at the Fermi level, not
observed at 77 K (see Figure S4). The pseudogap (A) width is
around 12 + 1 mV, as shown in the inset of Figure 3(c). We
attribute it to the development of the 4 X 4 CDW. The
simulated STS spectrum is shown and compared with the
experimental one in Figure 3(c). Note that the calculation has
been carried out for an isolated monolayer. This spectrum
contains a strong peak centered at slightly positive values of the
bias voltage with quite small contributions for more negative
values. Essentially it is a somewhat shifted version (~0.12 V)
of the experimental one. The strong peak originates from the
Te p, content of the three bands just above the Fermi level in
Figure 4b from which the Te; contribution is just a minor
component, as expected from the STM analysis. As usual in
DFT calculations,”” the small but distinctive pseudogap at the
Fermi level associated with the CDW formation is not seen.

It is important to note that the orbitals probed in the
tunneling experiments are those having a non-negligible weight
at the tip, which are mostly the Te p, orbitals. However, these
orbitals are not necessarily the major components of the bands
in the energy range probed.”’ In the present case, the bands
around the Fermi level are dominated by the Nb d
contributions. As a matter of fact, these bands essentially
originate from the folding of the half-filled band of the ideal 1H
lattice when the BZ becomes 1/16-th smaller. As shown by the
fatbands in Figure S6 of the SI, the half-filled band in 1H-
NbTe, mostly originates for the Nb d;_p/d,, and Nb d2
orbitals. An intriguing feature of the band structure of the
4 X 4 CDW (Figure 4b) is the occurrence of a quite flat empty
band very near the Fermi level. If this band could be slightly
stabilized so as to cross the Fermi level, both delocalized and
localized states would occur at the Fermi level and it is possible
that interesting magnetic properties could be observed. The
origin of this peculiar band can be understood on the basis of a
fat band analysis for the 4 X 4 structure (Figure S7 in the SI
and Nb numbering in Figure 4a). The major components of
this band along the full BZ are the d? orbitals of the Nb; atoms.
Since the d? orbitals point along the direction perpendicular to
the Nb sublattice they are not effective in making Nb—Nb
bonding and hence the band is quite flat. In contrast, the two
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partially filled bands crossing the Fermi level although still have
a substantial participation of the d2 orbitals of the Nb; and Nb,
atoms, they also have a substantial participation (in fact
comparable for Nb;) of the do_/d,, orbitals of Nb; and Nb,
which are responsible for the delocalization and ensure the
band dispersion and metallic conductivity of the system. The
Te p, orbitals even if they have a small participation into these
orbitals they point directly toward the tip and determine the
STM and STS spectra through the deformation induced by the
Nb clustering. Importantly, topographic simulations of 1T-type
4 X 4 NbTe, CDWs do not agree with the features found in
the experimental measurements (see Section 4.7 of the SI).
Therefore, we conclude that the phase present in our samples
must be 1H.

B DISCUSSION

We report the growth and observation of NbTe, monolayer
islands in the 1H polytype that suffer a CDW transition to an
unpredicted 4 X 4 structure, different from those reported for
its analog 1H-TaTe,, thus confirming that substituting Nb for
Ta induces significant changes in the electronic and structural
properties of tellurium-based TMDs.

The formation of an H phase, which is not expected from
the bulk structure of NbTe,, is evidenced by several key
observations. First, ARPES measurements reveal weak band
dispersion. At the I" point, NbTe, exhibits a distinct hole-like
feature, indicating significant modifications in the electronic
band structure which matches with our DFT calculations.
Furthermore, the features of the experimental bands clearly
match with those of the 1H structure and not those found in
the 1T calculation. Moreover, when analyzing the STM
topographic images, we find that the material exhibits a
hexagonal lattice and 1D defects, which we attribute to the
presence of metallic MTBs features (see Figures 2 and S2 of
SI). However, MTBs are absent in the 1T phase as a
consequence of its centrosymmetric octahedral coordination,
which does not support mirror-related domains required for
MTB formation. These line defects act as unique structural
features, which can have a significant impact in the electronic
properties of the 2D TMD. In semiconducting TMD
monolayers, MTBs exhibit metallic characteristics and
introduce quantum confinement effects, leading to the
emergence of Tomonaga-Luttinger liquid behavior."*™>°
However, in the case of NbTe,, STS measurements reveal
no distinctive features associated with the MTBs (see Figure
S2 of the SI). This suggests that the electronic properties of
NbTe, are predominantly governed by its metallic nature and
the formation of the CDW, with the MTBs acting as passive
metallic defects that lack the capacity to host unconventional
quantum phenomena. The absence of unique electronic states
at the MTBs highlights a stark contrast with other 1H-
TMDs,**™° emphasizing the role of material-specific inter-
actions in determining the impact of such defects.

Additionally, at low temperatures we find a 4 X 4
reconstruction of the crystalline structure in the STM images
and an opening of a pseudogap is revealed in the STS
measurements at 4 K. Our calculations reveal a larger
stabilization of the 4 X 4 modulation compared to the others
explored (see below). Therefore, the combination of structural
and electronic differences suggest the stabilization of a 4 X 4
CDW in the 1H phase. Note that this structure is different
from that proposed by Jin and co-workers*' which is quite
asymmetric from a structural point of view. This is not the case

of the present 4 X 4 CDW, which is simply the result of three
tetramerizations along the main directions of the hexagonal
lattice in order to optimize the metal—metal bonding, in the
same way as the more stable 3 X 3 CDW of the 1T-TaTe,
lattice is the result of three trimerizations®” or the 2 X 2 CDW
of the 1H-TaTe,* lattice is the result of three dimerizations.
The present structure falls thus within a family of general n X n
CDWs resulting from three n-merizations along the main
directions of the hexagonal lattice which, according to the
present information, is a common modulation in MTe, group
V transition metal ditellurides.

Figure 4(a) shows the 4 X 4 CDW structure as given by the
DFT study. This structure is different from the several 4 X 4
CDWs and 3 X 3 CDW phases reported previously for its
counterpart compounds 1T-TaTe,”” and 1T-NbTe, (see
Section 4.9 in the SI). These differences can be attributed to
the underlying lattice symmetry and connectivity of the
transition metal coordination environments. In particular, the
1T and 1H polymorphs exhibit different structural frameworks:
in the 1T structure, the transition metal atoms are located at
the center of edge-sharing octahedra, whereas in the 1H
structure, the octahedra are face-sharing. This distinction has
important consequences for the lattice dynamics. The face-
sharing geometry in the 1H phase imposes significantly more
rigid structural constraints on the transition metal atoms
compared to the 1T phase, thereby limiting the range of
accessible CDW distortions. Consequently, the CDW
instabilities of the 1T lattices usually provide a larger
stabilization thus occurring at higher temperatures and are
structurally different from those of the H-type polymorphs.

In our calculations, we also located a v/19 X /19 phase
containing triangular Nb; clusters although slightly different
(see Figure SS in the SI) from that in 1H-TaTe,; see Figure
S18 in the SI. These results make clear the subtle differences
between Nb and Ta ditellurides. We also located 3 X 3 CDWs
similar to those reported for 1H-NbSe,”' (Figure S5) although
they are less stable. The energies per fu. of these phases
relative to the ideal 1H-NbTe, monolayer are —24.7 meV (4 X
4), —16.2 meV (4 X 1), —15.0 meV (3 X 3) and —10.5 meV (
V19 X \/19). The energy difference between the 4 X 4 and 4
X 1 CDWs increases when doping with both holes and
electrons. Interestingly, we were not able to find a 2 X 2 CDW
as recently reported for IH-TaTe, (see Figure S18 in the SI).*
In summary, our calculations covered the more frequent types
of supercells found in group V TMDs so that we tentatively
conclude that the 4 X 4 CDW is the most stable for the 1H-
NbTe,. Therefore, our theoretical results are in good
agreement with our experimental measurements.

As has long been discussed for the Nb and Ta disulfides and
diselenides,"® the modulation can be understood in terms of
either a Fermi surface nesting mechanism or a phonon-based
mechanism. The phonon dispersion and Fermi surface of the
ideal 1H-NbTe, are shown in Figure 4(d,e), respectively. The
Fermi surface contains rounded hexagons centered at I" and K.
Although there is some nesting due to the parallel sides of both
intra or inter rounded hexagons, the nesting vectors are not in
agreement with the occurrence of a commensurate 4 X 4 CDW
so that the Fermi surface nesting mechanism can be dismissed.
In the phonon dispersion, imaginary phonon modes with
minima around 1/4 in the I'-M line and a broad zone including

the (1//19, 1/4/19) point along I'-K are identified. We thus
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conclude that the 4 X 4 CDW most likely originates from a
phonon instability.

Regarding the electronic properties, the 4 X 4 CDW is found
to be metallic, exhibiting pseudocircular (i.e., strongly rounded
hexagonal) Fermi surfaces (Figure 4(c)). The Nb—Nb
distances within the 12 Nb cluster are calculated to be
between 3.42 and 3.56 A. This is a shortening of 0.228 and
0.098 A with respect to the distance in the ideal 1H phase, i.e.,
a Nb—NBb shortening in between 6 and 2.7%, respectively. As
expected, these shortenings are noticeably smaller than those
found in experimental and theoretical studies (~12%) of the 3
X 3 CDW in 1T-XTe, (X = Nb, Ta). As showed in a recent
study of 1T-TaTe, CDWs,”” a useful way to analyze the
chemical origin of the stabilization afforded by the periodic
lattice distortion is through the calculation of the so-called
crystal orbital overlap populations (COOP).>>* Compared
with the ideal 1H-NbTe,, a large increase of +40% in the Nb—
Nb overlap population per fu. in the 4 X 4 CDW largely
overrides the cost in Nb—Te bonding of —11.9%. In addition,
the Te:Te interaction is also better in the distorted form
(+7.4%). Clearly the optimization of the metal—metal bonding
is the driving force of the modulation. Looking deeply into the
structure there are both groups of three and single Nb atoms,
clearly separated from the clusters by distances comparable or
larger than in 1H-NbTe, (3.62—3.82 A). The three Nb atoms
in between the clusters are also left at distances (3.62 A)
similar to those of 1H-NbTe,. Within the Nb 12-atom clusters,
the b distances making the large triangle are the shorter, 3.43
A, whereas the a distances forming the inner, smaller triangle
are considerably larger, 3.54 A (see colored bonds in Figure
4a). The large triangle, is capped by pairs of triangles with
distances c of 3.48 A and d of 3.43—3.54 A. The gain in overlap
population per f. u. is completely dominated by the
contribution of the cluster, 94.9%. Note that within the cluster
the contributions of the b, ¢ and d bonds are very similar,
~30%. That of the inner a bonds is clearly smaller, 7.7%, even
taking into account that there are only three bonds. To the
best of our knowledge this type of clusters has not been
observed in other TMDs.

As mentioned, the Te to transition metal electron transfer
plays an important role in governing the kind of CDW adopted
by 1T-type tellurium-based TMDs. A fat band analysis of the
ideal 1H-NbTe, (Figure S6 in the SI) clearly shows that such
electron transfer does not occur in 1H-NbTe, monolayer. The
top of the Te bands does not cross the Fermi level so that the
lowest Nb-based d band is half-filled. This is also the case in
the 4 X 4 structure: the fat band analysis shows that the Te-
based bands do not cross the Fermi level, and consequently
there is no formal electron transfer. This is an important
difference with the 1T-NbTe, (see Figure S8 in the SI) and
1T-TaTe,”” monolayers suggesting that the Te--Te inter-
actions are weaker in the 1H structure. However, note that the
top of the Te band (occurring at M, see Figure S6 in the SI) is
not very far from the Fermi level, and thus it can not be
discarded that when the Te--Te interactions increase, as for
instance in bilayers, trilayers or bulk, or under a small
compression, the Te to M electron transfer can occur.

In bulk, the CDW transition temperature (Tcpyw) is closely
tied to structural distortions. The 1H phase resists distortion
more than the 1T phase, likely due to differences in metal
coordination and resulting, in general, in consistently lower
CDW transition temperatures. Our findings suggest that the
emergence of the 1H phase introduces fundamental changes in

both lattice symmetry and electronic behavior, providing new
insights into the phase stability and electronic correlations in
NbTe,.

B CONCLUSIONS

The combination of STM/STS, XPS, ARPES, and DFT
calculations has allowed us to identify the growth of the
unexpected 1H phase of NbTe,. STM imaging reveals a
hexagonal structure characterized by the presence of MTBs.
The qualitative agreement between the electronic band
structure obtained from ARPES and the DFT calculations
supports the assignment of this metallic phase to the 1H
structure.

Furthermore, low-temperature STM/STS measurements
reveal the emergence of a stable (4 X 4) CDW. Our theoretical
calculations explored the most common types of supercells
observed in group V TMDs, and we tentatively conclude that
the (4 X 4) CDW is the most stable configuration for
monolayer 1H-NbTe,, in excellent agreement with our
experimental observations. Notably, this phase is not stable
in bulk NbTe,, highlighting the crucial role of interlayer
interactions in determining the phases of TMDs and providing
a foundation for future studies exploring how doping, strain, or
boundary engineering may be leveraged to access correlated or
topological phases in this material.

B METHODS

NbTe, was grown by molecular beam epitaxy (MBE) on a gr/Ir(111)
sample. The base pressure during the experiments was 2 X 107'°
mbar. First, the Ir(111) single crystal was cleaned by repeated cycles
of Ar" sputtering and annealing at 1500 K. Subsequently, the
graphene was synthesized by chemical vapor decomposition (CVD)
of ethylene (33 L) with the Ir(111) substrate held at 1400 K. Then,
NbTe, was grown by coevaporation of elemental Nb (99.9+% purity)
and Te (99.999% purity) from an e-beam evaporator and Knudsen
cell, respectively, while maintaining the substrate at 423 K.

STM images were recorded in constant current mode and the
differential conductance (dI/dV) spectra were taken using a lock-in
amplifier (f = 763.7 Hz) at 77 and 4.2 K. The images were processed
using the WSxM** and Gwyddion software.

X-ray photoemission spectroscopy (XPS) and angle-resolved
photoemission spectroscopy (ARPES) measurements were carried
out at the Spin-ARPES Laboratory of IMDEA Nanociencia. XPS
spectra were acquired using a nonmonochromatized Al Ka X-ray
source (SPECS XR-50, hv = 1486.6 eV) and a SPECS Phoibos 150
hemispherical analyzer, providing an overall energy resolution of
approximately 1 eV under the experimental conditions. ARPES
experiments were performed with an UVS300 He discharge lamp
from SPECS (hv = 21.2 eV), yielding a spot size of ~ S00 ym on the
sample. The samples, previously characterized by STM, were
transferred to the ARPES chamber using a UHV suitcase, always
kept at pressures below 1 X 107 mbar. The analysis chamber
operated at room temperature (RT) with a base pressure better than 1
X 107! mbar. ARPES measurements were performed with angular
acceptance of +10° in Medium Angle Mode and +15° in Wide Angle
Mode, yielding an angular resolution better than 0.05° (0.002 A™")
and 0.075° (0.003 A™"), respectively, for short- and long-range energy
maps. The total energy resolution for ARPES at RT was
approximately 80 meV.

First-principles calculations were carried out using a numerical
atomic orbitals approach to density functional theory (DFT),*>°
which was developed for efficient calculations in large systems and
implemented in the SiEsta code.””** We have used the generalized
gradient approximation (GGA) and, in particular, the functional of
Perdew et al.>® Only the valence electrons are considered in the
calculation, with the core being replaced by norm-conserving scalar
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relativistic pseudopotentials®”®" factorized in the Kleinman-Bylander
form.”> The nonlinear core—valence exchange-correlation scheme®
was used for all elements. We have used a split-valence double-{ basis
set including polarization functions.”* The energy cutoff of the real
space integration mesh was set to 500 Ry. To build the charge density
and, from this, obtain the DFT total energy and atomic forces, the
Brillouin zone (BZ) was sampled with the Monkhorst—Pack scheme®®
using optimized grids. For the Fermi surface (FS), density of states
(DOS) and Crystal Orbital Overlap Population (COOP) calculations,
a finer grid was used. The forces and energies do not change
significantly with the finer grid, which confirms the appropriateness of
the grid for the relaxation as well as for the energies comparison. We
checked the possible influence of the spin—orbit coupling (SOC) by
performing SOC calculations as implemented in StesTa.°® Except for
the expected doubling and avoided crossings of some bands no major
effects were detected. In particular, we checked that none of the
specifically reported results would be affected by its explicit inclusion.
The details and results of these calculations are listed in the
Supporting Information. For each structure, we optimized the lattice
vectors as well as the atomic positions with a threshold of 0.01 eV/A.

The 1H phonon band structure calculation was performed with
phonopy®”®® using a (11 x 11 X 1) supercell. The STM images were
calculated using the Tersoff-Hamman aproximation and correspond
to constant current images, i.e, they are a map of the heights
producing a constant tip—surface current. They were plotted with
WSxM. Most of the structures and Fermi surfaces were plotted using
VESTA® and XCRYSDEN,”" respectively.

B ASSOCIATED CONTENT
© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsnano.6c07014.

Details on the growth of 1H-NbTe,, details on the
structure and spectroscopic charateristics of mirror twin
boundaries, the evolution of the CDW with temperature,
further DFT results such as other possible 1H structures,
orbital weight analysis for the 1H-(1 X 1) and 1H-
(4 X 4) structures, a comparison between the 1H and 1T
band structures, the effect of spin—orbit coupling in the
stability of the structures and the band structure, the
TaTe, band structures, STM/STS simulations in 17-
4 X 4 structures, the cross-section view of the 1H-4 X 4
structure and alternative 1T-NbTe, and 1H-TaTe,
structures as well as additional ARPES results, including
raw data, curvature and second-derivative band maps,
constant energy maps, and the full band dispersion from
I' to Kg,, highlighting the graphene Dirac cone and its
doping (PDF)
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