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ABSTRACT: Metallic transition-metal dichalcogenides (TMDs)
are rich material systems in which the interplay between strong
electron—electron and electron—phonon interactions often results
in a variety of collective electronic states, such as charge density
waves (CDWs) and superconductivity. While most metallic group
V TMDs exhibit coexisting superconducting and CDW phases,
2H-NbS, stands out with no charge ordering. Further, due to
strong interlayer interaction, the preparation of ultrathin samples
of 2H-NbS, has been challenging, limiting the exploration of
presumably rich quantum phenomena in reduced dimensionality.
Here, we demonstrate experimentally and theoretically that light
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substitutional doping of NbS, with heavy atoms is an effective
approach to modify both interlayer interaction and collective

electronic states in NbS,. Very low concentrations of Re dopants (<1%) make NbS, exfoliable (down to monolayer) while
maintaining its 2H crystal structure and superconducting behavior. In addition, first-principles calculations suggest that Re
dopants can stabilize some native CDW patterns that are not stable in pristine NbS,.
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platform to study a wide range of electronic systems in
1-9

T ransition metal dichalcogenides (TMDs) offer an ideal

two dimensions. In particular, the family of
superconducting TMDs, in which Cooper pair condensation
may coexists with charge density waves (CDWs), is of great
interest.'"”'" Within this group, 2H-NbS, is an intriguing
system where charge ordering is absent due to strong
anharmonic effects that stabilize the lattice and prevent the
CDW formation.''™"® Recently, the existence of an incom-
mensurate CDW stabilized by atomic impurities (such as
vacancies) has been reported in 2H-NbS,.'* NbS, has been
much less studied in the mono- and few-layer limits when
compared to other TMDs due to challenges in sample
preparation. Previous attempts to mechanically exfoliate bulk
NbDS, crystals using the scotch tape method to the monolayer
limit have not been successful. Owing to the strong interlayer
interaction in NbS,, such methods yield at best flakes several
nanometers thick."'® However, we recently showed that
strong alloying of NbS, with ReS, results in a 50—50 layered
semiconductor crystal, Nb,Re,sS,, that can be exfoliated
down to a monolayer.'”'®

© 2021 American Chemical Society
18297

< ACS Publications

Here, we study the NbS, system in the extremely low dopant
concentration regime and demonstrate that light substitutional
doping of NbS, with heavy Re atoms (Re < 1%) is an effective
route for modifying both interlayer interaction and collective
electronic states in NbS,. Lightly Re-doped NbS, (hereafter
referred to as Re-NbS,) can be easily exfoliated using the
common scotch tape method, much like pure ReS, or other
semiconducting TMDs (MoS,, WSe,) (see Figure SI).
Aberration-corrected annular dark-field scanning transmission
electron microscope (ADF-STEM) imaging combined with
STEM image simulation reveals the detailed atomic structure
and stacking order of Re-NbS,. Similar superconducting
behavior, as in pure NbS,, is experimentally observed in Re-
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Figure 1. Exfoliable Re-doped NbS,. Optical images of (a) NbS, and (b) Re-NbS, crystals exfoliated using the same approach (i.e., exfoliating
onto PDMS stamps). On the basis of the optical contrast, mono- and few-layer crystals can be seen in the Re-doped NbS, sample while the
exfoliated NbS, flake seems to be tens of nanometers thick. (c) Atomic-resolution ADF-STEM image of Re-NbS, showing both bilayer and
trilayer regions with the corresponding FFT (inset). (d) Higher magnification ADF-STEM image of the bilayer Re-NbS, crystal and (e) its
corresponding line scan intensity profile, showing the presence of a Re atom in the lattice. (f) Computed interlayer energy for Nb,_.Re,S, (0
< x < 1) in the 1H (violet) and 1T’ (distorted 1T) (navy) crystal structures, using the trivial stacking sequence. The vertical dashed line
denotes the phase transition between the 1H and 1T’ phases on the basis of their total energies in the monolayer. For each composition, all
low-energy configurations are included as separate data points. (g) Calculated interlayer energy for NbS, and Nbg sRe, S, in their stable
phase, as well as 2H—Nb,;,;4Re;/;4S,, which approximates the synthesized Re-NbS, crystal.

NbS,. In addition, first-principal calculations suggest that Re
dopants may stabilize CDW distortions in NbS, that are
otherwise not observed in the pristine crystal.

RESULTS AND DISCUSSION

We synthesized pure NbS, and lightly Re-doped NbS, using
chemical vapor transport. Using the scotch tape method, we
attempted to exfoliate the crystals; the results are presented in
Figure 1a,b. Consistent with previous studies,">'® we were able
to cleave NbS, to thicknesses of several nanometers, but no
thinner (Figure 1a). In sharp contrast, we readily cleaved Re-
NbS, to few-, bi-, or monolayer form (Figure 1b and Figures
S1b and S2).

Since NbS, crystals have been reported to be air
sensitive,'®'” we exfoliated and transferred Re-NbS, samples
for electron microscopy and transport studies in a glovebox.
Figure S2 shows an optical microscope image of a bilayer Re-
NbS, crystal transferred onto a transmission electron micro-
scope (TEM) grid. To identify the number of layers (i.c.
thickness), we used a focused electron beam to remove atoms
layer-by-layer and create a hole in the crystal. Figure S3 shows
a sequence of ADF-STEM images taken during the removal
process, which clearly confirms this suspended Re-NbS,
sample to be a bilayer crystal. Figure 1c shows an aberration-
corrected ADF-STEM image of the bilayer Re-NbS, crystal.
The fast Fourier transform of the ADF-STEM image in Figure

Ic (inset) reveals the hexagonal symmetry of the lattice. As
observed in the ADF-STEM image, some of the lattice sites for
metal atomic columns have a higher intensity. Owing to the Z-
contrast mechanism, the brighter spots in the ADF-STEM
image correspond to the atomic columns with heavier atoms
(ie, Re in this case). This can be seen in the higher
magnification ADF-STEM image of the bilayer Re-NbS, crystal
presented in Figure 1d. The corresponding line scan intensity
profile (Figure le) shows a greater intensity for the atom
marked by the light blue arrow, suggesting the presence of Re
atoms in the lattice of NbS,. In addition, ADF-STEM images
suggest that the concentration of Re dopants in Re-NDbS, is less
than 1%.

The observation that even a low concentration of Re
dopants enables the exfoliation of NbS, has important
implications for further experimental study and applications.
To understand how Re dopants can change the interlayer
interaction in NbS,, we turned to first-principles calculations.
We used a semiempirical van der Waals correction based on
two-body and three-body interactions (DFT-D3),*° which
leads to more accurate predictions than the more common
DFT-D2 van der Waals correction. In our previous study of the
NbgsRey S, alloy, we theoretically investigated intermediate
compositions of Nb,_,Re,S, in their monolayer form, where x
is between 0 and 1 and changes with a step size of 1/16."
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Figure 2. Atomic structure, stacking sequence, and phase of Re-NbS,. (a) Top-view and side-view atomic models of bilayer NbS, in the 2H1
phase. (b) Atomic-resolution ADF-STEM image of the exfoliated Re-NbS, crystal (bilayer) and (c) the simulated STEM image for bilayer
NbS, in the 2H1 crystal structure. (d) Line scan intensity profile comparison of the experimental image of bilayer Re-NbS, (orange) and
simulated STEM images of bilayer 2H-NbS, (blue) along the dashed boxes. (e¢) ADF-STEM image of a trilayer Re-NbS, crystal and (f) the
simulated STEM image for trilayer NbS, in the 2H1 phase. (g) Line scan intensity profile comparison of the experimental (orange) and
simulated (blue) STEM images along armchair directions indicated by the dashed boxes.

Here, we extended that study to many-layer (i.e., bulk)
properties in order to better understand exfoliation receptivity.

A few points are worth mentioning. First, since pristine NbS,
and ReS, adopt the 1H and 1T’ (distorted 1T) crystal
structures in the monolayer form, respectively, we investigated
both of these structures for all compositions. Second, for most
compositions, multiple doping configurations are possible on
the basis of the positions of the dopants in the lattice.
Therefore, we theoretically investigated all likely configurations
and eliminated those that did not lie within 0.5 eV (per 4 X 4
cell) of the ground state configuration for each composition.
Third, we must consider different stacking sequences. Pristine
NbS, has been observed in a 2H-type stacking'**"** that is
named 2HI in Figure S4. As will be shown later, 2H1 is also
the stacking type we observed for Re-NbS,. On the contrary,
Nb, sRej sS, has been reported to occur in a different 2H-type
stacking'”'® (named 2HO in Figure S4). For ReS,, no specific
stacking sequence has been observed because of the lower
crystal symmetry of the monolayer and the layers are able to
slide almost entirely freely,® which also agrees with our
calculations. Therefore, in order to reduce the computational
cost, we considered the trivial stacking sequence where the 1-
layer calculation cell simply repeats along the out-of-plane
direction, resulting in 1H and 1T’ stackings.

In Figure 1f, we show how the interlayer energy, defined as
the difference between the energy of a layer in bulk and the
energy of an isolated layer, changes as a function of
composition. The absolute value of the interlayer energy
corresponds to the energy required to separate a layer from the
bulk. We also demonstrate the optimized interlayer distance
for these configurations versus composition in Figure SS.
Multiple data points for a given composition correspond to
multiple dopant configurations within 0.5 eV (per 4 X 4 cell)
of the lowest-energy configuration. For the monolayer
Nb,_,Re,S,, we recently demonstrated that the 1H phase is

more stable when the Re concentration is less than 68% and
the 1T’ phase is more stable otherwise.” Therefore, a dashed
vertical line is printed on the plots to establish this transition
point. Best-fit lines are also included and fit the trend fairly
well. We found that interlayer energy and distance increase
nearly monotonically as the composition changes from NbS,
toward ReS,. For simplification, in Figure 1g, we only included
the calculated interlayer energies for 2H-NbS,'>'° and 2H—
Nb, ;ReysS,'”'® that have been reported experimentally
before, as well as 2H—Nb;, cRe;,;S,, which approximates
the synthesized Re-NbS, sample in this study. It is evident that
the layers of pristine NbS, attract each other the most, and as
Re is introduced into the lattice, this attraction diminishes,
enabling the exfoliation of layers from bulk. When we used a
nonlocal van der Waals density functional (optB86),”*> the
three values plotted in Figure 1g changed from (—0.223,—
0.217,—0.186) to (—0.285,—0.278,—0.236), demonstrating
that this trend is robust with respect to the treatment of van
der Waals interactions. This finding agrees well with the earlier
reports demonstrating the exfoliation of Nb,sRe, S, and pure
ReS, down to a monolayer.'”'%>¥2¢

To check whether these trends are independent of the
stacking sequence for Re-NbS,, we also computed the bulk
structures of NbS, and Nb,5,4Re, /145, in their high-symmetry
stacking sequences (Figure S4). Tables S1 and S2 list the
calculated total energy of each stacking sequence with respect
to 1H, the interlayer energy as defined above, and the
interlayer distance, for DFT-D3 and vdW DF (optB86),
respectively. It shows that, when Re is introduced into the
system, the interlayer energy and distance increase in most
stacking sequences and remain the same for the rest.

We also investigated the effect of substitutional Re dopants
on the electronic structure of NbS, and found that it is
minimally affected by ultralow concentrations of Re dopants.
Because Re has two more valence electrons than Nb, it acts as
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Figure 3. Superconductivity in Re-NbS,. (a) Optical microscope image of the Re-NbS, thin flake device capped with h-BN. (b) Temperature
dependence of R,, for the Re-NbS, sample with a thickness of ~14 nm (Figure S7) measured at various out-of-plane magnetic fields. The
superconducting transition temperature T (defined as the position corresponding to 50% of the normal state resistance) is at ~4.8 K. (c) R,
of the same device versus out-of-plane magnetic field measured at different temperatures.

an electron dopant and raises the Fermi energy by 0.04 eV with
respect to deep core levels in the case of 1/16 doping.
Additionally, as seen in the projected densities-of-state plots
for this composition presented in Figure S6, the states around
the Re atom do not significantly contribute to the DOS at the
Fermi level as opposed to the Nb atoms in the system.

In addition to the often observed 2H phase (here called
2H1), NbS, has another stable structure that can crystallize at
room temperature: the 3R phase. While the 2HI1 phase
consists of S—=Nb—S sandwich layers in which transition metals
are aligned with each other in the out-of-plane direction and
the surrounding chalcogens are aligned with the hollow sites of
the neighboring layers (Figure 2a), the 3R phase is formed by
stacking three monolayers with in-plane translation (Figure
S4f). Among the two polytypes, 2H-NbS, is superconduct-
ing.lf”27 Here, we combined atomic-resolution imaging with
STEM image simulations to unambiguously identify the
atomic-scale crystal structure and stacking order of the
synthesized Re-NbS, crystals. Parts b and ¢ of Figure 2
demonstrate an atomic-resolution ADF-STEM image of a
bilayer Re-NbS, crystal and a simulated STEM image of bilayer
NbS, in the 2H1 crystal structure, respectively. They show a
hexagonal structure with two distinct lattice sites with different
intensities. Figure 2d compares the line intensity profile along
the dashed boxes in the experimental (Figure 2b) and
simulated (Figure 2c) images. Similarly, we imaged a trilayer
Re-NbS, crystal and compared the atomic column intensity
ratios along the dashed box in the experimental ADF-STEM
image (Figure 2e) and that of the simulated STEM image of
trilayer NbS, in the 2H1 phase (Figure 2f) in Figure 2g. The
match between the experimental and simulated images for
both bilayer and trilayer crystals suggests that the Re-NbS,
crystal is in the 2H1 phase.

In order to determine if superconductivity, which is
observed in NbS,, persists in Re-NbS,, we measured using a
four-probe method, the temperature-dependent electrical
resistivity of Re-NbS,. Since superconductivity in few-nano-
meters thick 2H-NbS,'® is sensitive to oxidation-induced
disorder, we avoided air exposure of our Re-NbS, samples. We
transferred an exfoliated Re-NbS, flake onto a prepatterned
device with Cr/Pd bottom contacts in a glovebox and capped
the device with a hexagonal boron nitride (h-BN) crystal
(Figure 3a). Figure 3b shows temperature-dependent longi-

18300

tudinal resistance (R,,) for a Re-NbS, device with a thickness
of ~14 nm (Figure 3a and Figure S7) measured at various out-
of-plane magnetic fields. As evident in Figure 3b, R, begins to
decrease from the normal state resistance below ~6K at zero
magnetic field and drops sharply close to zero with T, ~ 4.8K
(midpoint). Under the application of out-of-plane magnetic
field B, the superconductivity is gradually suppressed and the
superconducting transition temperature decreases (Figure 3b).
Figure 3c shows the magnetoresistance of the same device
measured at different temperatures. The out-of-plane critical
magnetic field is estimated to be ~2 T, above which the
magnetoresistance saturates to normal state value. These
observations clearly confirm that Re-NbS, is superconducting
with a T, close to that of the pristine NbS, sample with a
similar thickness."®

Since thin flakes of NbS, have been reported to be severely
degraded after exposure to air,'"? we tested the air-stability of
Re-NbS, through imaging two bilayer samples, one fabricated
in a glovebox and the other prepared in ambient conditions
(Figure S8). While we noticed partial degradation of the
sample fabricated under ambient conditions (Figure S8a), it
appears that doping with Re lessens the degradation rate of
NbS, in air. For example, the bilayer Re-NbS, crystal was still
partially crystalline after several hours of exposure to air
(Figure S8a), while NbS, samples of 3 nm or thinner were
found to be fully oxidized and chemically transformed to an
amorphous mixture of NbO, and NbS, after exposure to air in
a similar time frame.'®

To understand the improved oxidation resistance of Re-
NbS,, we computed the adsorption energy of oxygen
molecules onto undoped and doped monolayers, since oxygen
gas is the main contaminant for NbS,.*' As there are no
dangling bonds in these layers, oxygen molecules are
physisorbed and not chemisorbed. We found the adsorption
energies of O, for NbS,, Nb,s,sRe;/14S; NbjsReysS,, and
ReS, to be —0.50, — 0.40, — 0.12, and —0.11 eV per O,
molecule, respectively. Here, more negative values indicate a
stronger adsorption. We observed that only modest Re doping
(6.25%) can reduce the absolute value of the adsorption
energy by 20%. This may be the main factor responsible for the
enhanced air stability of the doped material. This also agrees
with recent studies reporting Nb,Re;sS, and ReS, to be
highly air stable.'”'%*?
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We next turned to theoretical examinations of Re doping of
NbS, on charge ordering. Lattice dynamics calculations in the
harmonic approximation indicate that NbS, should possess
CDW configurations, primarily in 3 X 3 gatterns, which are
suppressed by anharmonic effects.'>'**>?**? On the contrary,
the closely related material, NbSe, exhibits robust CDW
configurations.*'>**** This is attributed to the fact that Se is
heavier than S, diminishing anharmonicity.”® It is also known
that the stability of CDWs in NbSe, is sensitive to small
changes made to the system. For example, computational
studies have indicated that Na-intercalation suppresses CDWs,
and the adsorptions of Co, Mn, K, and Ga unveil CDW
configurations not found in the pristine material.>>** Similarly,
experimental studies have shown that strain affects the relative
stability of various CDWs.*"** A recent study has also found
that impurities in NbS, may induce CDW patterns around
them, which may be incommensurate with the CDW patterns
around other impurities."*

Here, we computationally studied whether a small quantity
of Re dopants can stabilize CDWs in NbS,. We began by
determining to which CDW patterns pristine NbS, is
susceptible. We first computed the vibrational modes of
NbS, and NbSe, in the full Brillouin zone using density
functional perturbation theory, which results in imaginary
frequency modes in the vicinity of the g-point that is two-
thirds of the way from I' to M. This agrees with previous
studies and leads primarily to 3 X 3 CDW pat-
terns,*83%31337353774 Next, we used the frozen phonon
method to identify unstable distortions in the 3 X 3 supercells
in NbS, and NbSe,. We found six such modes and then
generated initial configurations by displacing the atoms in the
original structure in a way that is proportional to these modes.
By multiplying the modes by —1, we generated six additional
initial configurations. By fully relaxing the atoms and the cells
using stringent convergence parameters (see the Methods
section for details), we were able to find six distinct 3 X 3
CDW patterns for both NbS, and NbSe, (Figure S9 and
Figure 4b,c). The total energy of each pattern relative to the
original structure is also printed on the figure for NbS, and
given in the caption for NbSe, (Figure S9). It is clear that the
CDW patterns in NbSe, are more stable than their
counterparts in NbS, on the basis of their DFT total energies.

Among the CDW patterns presented in Figure S9, most of
them have been recognized in previous studies of NbSe,.
Without revealing their full atomic configurations, star, stripe,
and triangle CDWs have been detected experimen-
tally,' 3032335373841 pqditionally, computational studies
have described CDW 1, CDW 2, CDW 5, and CDW
6.3540%3% However, as mentioned above, in NbS,, these
configurations are typically suppressed by anharmonic effects
and therefore not observed experimentally.

Substituting a small percentage of Nb atoms by Re makes no
qualitative change to the crystal structure. However, because
the Re—Nb bonds are 2% shorter than the Nb—Nb bonds in
the lattice, local distortions around Re dopants are expected to
affect the stability of CDW patterns. To investigate this, we
first relaxed 6 X 6 supercells of Re-NbS, monolayers with 1 Nb
atom substituted by Re (i.e., 1/36 or 2.78% doping). Then, in
order to generate a reference structure without CDW patterns,
we fixed the lattice constants to the relaxed values and relaxed
the atoms from their original undistorted positions, allowing
only those in the vicinity of the Re dopant (6 Nb atoms and 12
S atoms) to relax. The resulting configuration (Figure 4d) has
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Figure 4. CDW patterns in monolayer NbS, with 3 X 3 periodicity
and monolayer Nb;;,3Re; 365, with 6 X 6 periodicity. NbS,: (a)
Configuration with no CDW pattern, (b) CDW 1 (hexagon) and
(c) CDW 2 (star). Nbs;,3Re; /36S,: (d) Configuration in which the
distortion caused by the introduction of Re is restricted to its
vicinity (6 Nb atoms and 12 S atoms), (e) lowest-energy
configuration, (f) CDW 1 (hexagon) and (d) CDW 2 (star). Nb,
violet; Re, navy; S, light yellow. Covalent bonds between Nb/Re
and S atoms are not shown to emphasize the Nb—Nb and Re—Nb
distances, which are represented by gray sticks. For each
configuration, its total energy relative to the no-CDW config-
uration (a for NbS, and d for Nby/;6Re,/56S,) is printed at the
bottom right corner, in the units of millielectronvolts per 3 X 3
(27-atom) cell.

a higher total energy than the ground state relaxed
configuration (Figure 4e). The energy difference divided by
four (to ease the comparison with the values in Figure S9) is
14.9 meV. By allowing the next set of atoms around the Re to
relax (12 more S atoms), the energy difference reduces to 14.6
meV. The next set of atoms (6 more Nb atoms) reduces the
difference to 14.1 meV. Thus, the presented structure provides
a reasonable reference structure for Re-NbS, in which CDWs
are suppressed.

The configuration presented in Figure 4e shows thata 6 X 6
pattern, not native to NbS, (it relaxes to the 3 X 3 CDW 2
pattern in Figure S9), can become stable via substitutional
doping. To check whether doping can also increase the
stability of native CDW patterns, we generated 6 X 6 supercell
structures from the six 3 X 3 CDW patterns in Figure S9 and
replaced 1 in 36 Nb atoms with Re. Most of these structures
relaxed to the one in Figure 4e. However, two of the patterns
survived in Re-NbS,: the metastable CDW 1 (hexagon) and
CDW 2 (star) patterns (Figure 4f,g). Relative to the structure
without a pattern, these configurations have total energies of
—4.2 and —2.5 meV (per 3 X 3 cell), respectively. Compared
to —0.4 meV, their relative total energy for pristine NbS,
(Figure 4b,c), they are significantly stabilized. Re dopants are
therefore expected to help stabilize CDWs in Re-NbS,. We
demonstrate the dynamical stability of these CDW patterns in
Figure S10. The relative total energies of these patterns are
comparable to the computed relative total energies of the
triangle CDW patterns in NbSe, (—1.8, —2.6 meV, cf. Figure
S9). These CDW patterns have been experimentally observed
up to 33 K in bulk NbSe *973% and may be stable up to 145 K
in ultrathin NbSe,.* Since NbS, closely resembles NbSe, in
terms of electronic and vibrational structure, it is reasonable to
expect the patterns in Figure 4f,g to also be stable up to similar
temperatures. We note that, although the structure in Figure 4e
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has the lowest energy in 6 X 6 supercells, it is not expected to
arise in a lower doping concentration where dopants are not
ordered in this specific way. However, since the patterns in
Figure 4f,g are also native to the pristine NbS,, they are likely
to occur in Re-NbS, at regions with a Re dopant at the center.
We also note it is unlikely that potential CDW patterns in Re-
NbS, play a significant role in easing the exfoliation of the
crystals, because these patterns only change M—M distances by
less than 2% (in our Nb;,sRe, ¢S, calculations, changing the
relative position of the dopants in adjacent layers modify the
interaction energy by less than 0.2 meV/MS,, which is much
less than the effect of doping alone, i.e., 6 meV/MS,).

CONCLUSIONS

In summary, we have demonstrated a promising avenue for
tuning interlayer interaction and electronic ordering in NbS,
through light substitutional doping with heavy atoms. We
showed that Re-NbS, (Re < 1%) can be easily exfoliated down
to mono- and few-layer crystals using the common mechanical
exfoliation method. Atomic-resolution microscopy verified the
presence of Re dopants in the lattice and the 2H stacking of
the synthesized Re-NbS, crystals. Temperature-dependent
electronic transport measurements indicated a superconduct-
ing T, of ~4.8 K for 2H Re-NbS,. Theoretical calculations
suggested that Re dopant atoms may induce CDW patterns
that are otherwise not observed in pristine NbS,. This report
represents an effective approach for isolation of mono- and
few-layer metallic TMDs with strong interlayer interactions,
enabling exploration of rich quantum phenomena in these
systems. It also motivates further experimental studies of CDW
phases around heavy dopant atoms.

METHODS
Growth of Re-Doped NbS, Crystals. Bulk crystals of the

rhenium-doped NbS, were grown using chemical vapor transport, in a
manner similar to our previous reports on the ReS,—NbS, alloy
system.”'18 Powdered rhenium (Aldrich, 99.995%), niobium (Alfa
Aesar, 99.8%), and sulfur (Alfa Aesar, 99.5%) were mixed and sealed
into a quartz tube (L = 20 cm, d = 1 cm) under high vacuum (107¢
Torr) along with 80 mg of iodine (Alfa Aesar, 99.5%), which acted as
a transport agent. The sealed tube was held in temperature gradient
(Tho= 960 °C, Teoq = 930 °C), for 21 days, before cooling naturally.
The resulting material was small (<1 mm), silvery platelets. The bulk
crystals were stored under a vacuum.

Scanning Transmission Electron Microscopy (STEM) Char-
acterization. Atomic-resolution STEM imaging was performed using
an aberration-corrected FEI Titan3 (60—300) operated at 80 kV.
ADF-STEM images were acquired using a camera length of 115 mm
and a beam current of approximately 50 pA.

STEM Image Simulation. We used MacTempas software for
STEM image simulations. Parameters similar to the experiments (i.c.,
a probe semiangle of 28.9 mrad, 0.05 A/pixel sampling, and 16 frozen
phonon calculations) were used for each simulation.

Device Fabrication and Transport Measurements. We
fabricated a four-terminal device using an ultrathin flake of Re-NbS,
obtained by mechanical exfoliation of the grown bulk crystal. The
crystal was exfoliated onto a polydimethylsiloxane (PDMS) film, and
the desired flake was identified under an optical microscope by optical
contrast. It was then transferred onto prepatterned Cr/Pd (S nm/20
nm) electrodes on a SiO,/Si substrate in a glovebox and capped with
h-BN. All transport measurements were performed using a Quantum
Design Physical Property Measurement System in a high-vacuum
mode with external Stanford Research Systems SR830 lock-in
amplifiers.

Theoretical Calculations. We computed atomic and electronic
structures using density functional theory (DFT) in the Perdew—
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Burke—Ernzerhof generalized gradient approximation (PBE GGA),*”
using the QUANTUM ESPRESSO software package.*® We employed
norm-conserving pseudopotentials with a 80 Ry plane-wave energy
cutoff.”” van der Waals interactions were included using the
semiemprical DFT-D3 method™ and repeated with the nonlocal
van der Waals density functional (optB86) for multilayer
calculations.”** In the case of 1 X 1 unit-cell calculations, we used
a 12 X 12 Monkhorst—Pack k-point mesh to sample the Brillouin
zone and adjusted the k-point mesh in the supercell cases.”® In two-
dimensional calculations, periodic copies of the layers were separated
by a distance of ~16 A. Coordinates of all the atoms were relaxed
until the forces are less than 10™* Ry/a, in all three Cartesian
directions (a,: Bohr radius). Also in two-dimensional calculations, a
self-consistent dipole correction was applied to prevent spurious
electrostatic interactions between periodic copies."” For charge-
density-wave (CDW) calculations, this cutoff was reduced to the
more stringent value of 107> Ry/a,. We determined the vibrational
modes in the full Brillouin zone in the harmonic approximation using
density functional perturbation theory (DFPT) with a 6 X 6 g-point
mesh.””*" Further investigation of vibrational modes in supercells of
interest was conducted using frozen phonon method with the help of
the PHONOPY software package.”
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