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ABSTRACT: As the field of exfoliated van der Waals electronics grows to
include complex heterostructures, the variety of available in-plane symmetries
and geometries becomes increasingly valuable. In this work, we present an
efficient chemical vapor transport synthesis of NbSe,I, with the triclinic space
group P1. This material contains Nb—Nb dimers and an in-plane
crystallographic angle y = 61.3°. We show that NbSe,I, can be exfoliated
down to few-layer and monolayer structures and use Raman spectroscopy to
test the preservation of the crystal structure of exfoliated thin films. The
crystal structure was verified by single-crystal and powder X-ray diffraction
methods. Density functional theory calculations show triclinic NbSe,I, to be a
semiconductor with a band gap of around 1 eV, with similar band structure
features for bulk and monolayer crystals. The physical properties of NbSe,I,
have been characterized by transport, thermal, optical, and magnetic
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measurements, demonstrating triclinic NbSe,l, to be a diamagnetic semiconductor that does not exhibit any phase transformation

below room temperature.

B INTRODUCTION

Since the discovery of monolayer graphene in 2004," the door
for the new families of exfoliable materials has been opened,
and the number of two-dimensional (2D) materials as well as
the attention they draw has seen exponential growth.”*
Materials that consist of 2D layers bonded by van der Waals
forces are of particular interest due to the wide variety of
complex electronic and spintronic phenomena that can be
engineered in thin-film devices. Graphene™ and hexagonal
boron nitride (h-BN)”* are canonical examples. More recently,
transition metal dichalcogenides (TMDCs)”'? such as MoS, "
and WTe,"” have come under intense studies because of their
shallow band gaps compared to the pure metallic behavior of
graphene. These TMDCs may host topological behavior'* with
the presence of strong spin—orbit coupling due to the existence
of 4d or 5d transition metal elements. Many 2D transition
metal chalcogenides have been discovered, including the
ternary MPX; compounds,'* where M is a transition metal
and X is a chalcogen ion. These materials are widely utilized
for their magnetic properties'>'® due to the well-defined
magnetic moment of 3d transition metal ions such as Mn** and
Fe™".

A chemically related but functionally distinct group of
compounds are the ternary transition metal chalcogenide
halides,'” such as (TaSe,),I'®"" and (NbSe,);;,I,>° both of
which host charge density wave (CDW) behavior. The halides
are quasi-one-dimensional materials with parallel (TaSe,), or
(NbSe,), chains intercalated by iodine ions, further pushing
down the dimensionality. Ta and Nb ions have alternating 4+
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and 5+ valence, thus leaving the (TaSe,), or (NbSe,), chains
with partially filled conducting d bands and resulting in
semiconducting behavior with shallow band gaps, which can
possibly be tuned.

There are many ways to synthesize these 2D materials,”'
including liquid exfoliation,”” chemical vapor deposition,” and
molecular beam epitaxy.”* A particularly versatile synthesis
method that does not require a substrate is chemical vapor
transport (CVT).>> CVT utilizes a reversible chemical reaction
that slowly deposits the target material as single crystals at a
temperature that favors solid deposition. For many 2D
materials, large crystals were first grown by CVT, such as
CrAs™ and TaSe,,”’ and it is a viable method to discover new
materials due to the straightforward setup and the large
number of tunable experimental variables. Iodine is the most
widely used transport agent, in addition to a large library of
possible transport agents,”® and this will especially lead to the
discovery of new iodine-containing compounds.”” The crystals
synthesized by CVT are bulky, but often they can be exfoliated
down to a few layers or monolayers if the planes are separated
by van der Waals interactions.
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Recently, pristine graphene came back under the spotlight
after breakthrough studies on twisted bilayer graphene (TBG)
in 2018.°>*" It has been shown that two graphene layers
twisted by a “magic angle” of around 1.1° can exhibit
superconductivity or insulating behavior. These studies,
together with the earlier studies on single-layer graphene on
hBN substrates,”> >* show that superlattices created from the
Moiré effect can intensely control the electronic properties of
the heterostructures. The Moiré effect can be caused by
twisting angles, as in the case of TBG, or a lattice mismatch, as
in the case of graphene on hBN. The plane hexagonal lattice is
very common among 2D materials; thus, an exfoliable material
with the in-plane crystallographic angle close to, but not
exactly, 60° would be a great candidate for exotic Moiré effects.

Here, we show how CVT reactions produce compounds in
the Nb—Se—I ternary system,”” and we present an exfoliable
two-dimensional compound NbSe,l,, which has the space
group of P1 at room temperature,”™’ with an in-plane
crystallographic angle y = 61.3°. First, an efficient synthesis of
NbSe,l, by CVT is reported. Next, the exfoliation of NbSe,I,
down to few-layer and monolayer structures is shown, and
Raman spectroscopy was utilized to study the difference
between bulk, few-layer, and monolayer NbSe,l, structures.
The electronic band structure calculated by density functional
theory (DFT), together with transport, thermal, optical, and
magnetic measurements, unveils the property of the exfoliable
transition metal chalcogenide NbSe,I,.

B METHODS

Synthesis. The CVT synthesis of NbSe,I, gained its insight from
the CVT synthesis of (TaSe,),I>* as well as the discovery of
(Nb,Se;sI,)L,.> Thin sheets of NbSe,], crystals were first discovered
from a trial CVT synthesis with the starting ingredients at 460 °C and
the crystals grown at a lower temperature of 420 °C. This unusual
CVT growth from higher temperature to lower temperature matched
with the published synthesis of many Nb—Se—I ternary compounds.*®
However, very few NbSe,], crystals were obtained, mixing with other
compounds, likely the binary compound between selenium and
iodine, and they were all smaller than 1 X 1 mm. Moreover, we found
that this synthesis was not easily reproducible and that (NbSe,);I
crystals occasionally grew instead of NbSe,I, crystals.

Here, we report an improved synthesis method that produces large
(around 2 X 2 mm) and abundant NbSe,], crystals, and the crystals
can be easily isolated from byproducts. Similar to the synthesis of
(Nb,Se;sI,)L,, the synthesis of NbSe,], is also highly dependent on
sample mass, stoichiometry, form (powder or wire) of ingredients,
temperature profile, etc.

The startin% ingredients were the same as those for the synthesis of
(Nb,Se;sI,)L,.” Elements were ground in an agate mortar with a
molar ratio of Nb (99.8%, powder):Se (99.999%, ground shots):I
(99.8%, crystalline solid) = 2:8:10.3. The excess 0.3 ratio of iodine
was intentionally added to compensate for the loss from sublimation,
and the ratio of iodine was larger than any known Nb—Se—I ternary
compounds to ensure enough iodine was available to act as the
transport agent. The total sample mass was about 0.9 g. After being
fully ground with a pestle, the mixture tended to form a porous,
loosely bound agglomerate, and Nb powder did not stick to the
surface of the mortar.

The powder mixture was loaded into a small fused quartz tube (9
mm outer diameter and 7 mm inner diameter) with one end always
open. Next, the small tube was loaded into a larger fused quartz tube
(12 mm outer diameter and 10 mm inner diameter). The large tube
was then sealed under vacuum, and the smaller tube was situated so
that the reagents lay near the middle of the larger tube. We used an
inner tube in an attempt to physically separate the nucleation location
of the transported product together with the vapor from the reagent
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by providing easy nucleation spots for (Nb,Se;sI,)I,, which grew in
the mid-lower temperature region (Figure S1). The double-tube
assembly was heated in a horizontal two-zone furnace with high- and
low-temperature sides at 480 and 280 °C, respectively, with the
starting ingredients at around 420 °C. The furnace was programmed
so that both sides reached their temperature set points simultaneously
after 10 h, and the assembly was held for 80 h before cooling
naturally. Figure S1 in Supporting Information®” shows the reaction
tube before and after the reaction.

After the reaction, dozens of single crystals in the form of thin
sheets were formed at the same location where the ingredients started.
These crystals were mixed with some (NbSe,);I powder byproducts,
and the crystals can be easily picked out. The typical dimensions of
these crystals can reach 2 X 2 X 0.1 mm. Additionally, a large number
of (Nb,Se;sI,)1, single crystals were also formed close to the opening
of the smaller tube in the temperature range of around 350—-300 °C,
matching the previously reported temperature range.”” The “empty”
high-temperature portion of the larger tube contained some residual
iodine after the reaction. A traditional single-tube CVT synthesis with
starting materials at 430 °C and low temperature at 300 °C was also
attempted, but NbSe,l, crystals did not form and only (NbSe,);I
powder was left at the high-temperature side.

NbSe,], crystals were stable when left in the air for several days, but
over a longer period of time, the surface tended to degrade and
became less shiny.

Structure Determination. We collected single-crystal X-ray
diffraction data on a Bruker D8 Venture Duo diffractometer at 299
K and applied an absorption correction using Bruker SADABS. We
then solved the structure using XPREP and the SHELX" intrinsic
phasing algorithm. While refining the structure with the SHELXL"'
least-squares algorithm in the program OLEX2,"> we applied an
extinction correction that improved the fit. The structure matched the
known Pl space group structure of NbSe,l,.>> Powder X-ray
diffraction (XRD) was performed on a Bruker D§ ADVANCE
instrument using crushed crystals. The result was refined by GSAS-
1" to verify the structure of NbSe,l,. Scanning electron microscopy
(SEM) was performed on a ThermoFisher Axia ChemiSEM.

Exfoliation, Raman Spectroscopy, and Atomic Force
Microscopy. The exfoliation of NbSe,I, single crystals was carried
out under ambient atmosphere. We used 3M Scotch tape to cleave a
crystal around 10 times and exfoliated the flake onto a 285 nm/550
um Si0,/Si wafer (Nova Inc.). After exfoliation, the sample was kept
in a N, glovebox until optical spectroscopy measurements. Raman
spectroscopy was carried out in a Nanophoton Raman 11
spectrometer under an ambient atmosphere with a 532 nm laser
and optical grating with 2400 lines per mm. The laser spot size was
estimated to be 0.7 ym, with an intensity of 0.1 mW and a 10 s count
time. After the raw spectra were obtained, a clean silicon wafer was
used to calibrate the spectra with the characteristic Raman resonance
peak of silicon at 520 cm™'. Atomic force microscopy (AFM) was
performed on an Oxford Instrument Cypher AFM setup. We used a
standard AFM tip with reflective coating to do the imaging in the
tapping mode, and the scan frequency was 0.8 Hz per line, with 512
lines per scan. The AFM image is shown in Figure S8,* which proves
that the exfoliated crystal was monolayered.

Band Structure Calculation. The calculations of band structures
using DFT were conducted with the VASP code.**** We employed
the VASP 5.4 PBE projector-augmented wave (PAW) pseudopoten-
tials and the optB88-vdW functions*® for band structure calculations.
The total valence electrons explicitly treated in the DFT calculations
consisted of Nb 4p®3s'4d*, Se 4s’4p*, and I S5s*Sp°, which were
described by a plane-wave basis set with a cutoff energy of 550 eV. We
performed self-consistent calculations with spin—orbit coupling on
the primitive P1 structure, allowing atom position relaxation, using all-
acute angles to be compatible with the standard k-path,*’ similar to
the cell definition in the Open Quantum Materials Database: "% g =
6993 A, b=7.136A,c="7768 A; a =67.994°, f = 66.801°, and y =
59.462°. To simulate the monolayer structure, the vacuum spacing
between the van der Waals layers was increased to 18 A, and the input
k-path of the two-dimensional 2D Brillouin zone for the single layer

https://doi.org/10.1021/acs.inorgchem.3c03493
Inorg. Chem. 2024, 63, 1119-1126


https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.3c03493/suppl_file/ic3c03493_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.3c03493/suppl_file/ic3c03493_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.3c03493/suppl_file/ic3c03493_si_001.pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.3c03493?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Inorganic Chemistry

pubs.acs.org/IC

calculation was selected using the VASPKIT code®® with the high
symmetry points being: I" (0, 0, 0), X (0.5, 0, 0), H1 (0.66, 0.32, 0), C
(0.5, 0.5, 0), H (0.34, 0.68, 0), and Y (0, 0.5, 0).

Resistivity, Magnetic, and Thermal Measurements. An in-
line, four-point resistivity measurement was carried out with a
quantum design physical property measurement system (PPMS). A
single crystal (about 2 X 2 X 0.1 mm) was chosen, and the contacts
were made using gold wires and silver epoxy on the flat plane of the
crystal. The crystal was approximately 2 mm wide and 0.1 mm thick
with two inner voltage leads having a distance of about 0.5 mm.

Another NbSe,], single crystal (about 1 X 1 X 0.1 mm) was loaded
into a quantum design magnetic property measurement system using
a quartz holder. The applied magnetic field was in the flat plane of the
crystal, and the moment was measured in vibrating sample
magnetometry mode.

Differential scanning calorimetry (DSC) measurement was
performed for a crystal weighing 2 mg on a TA Discovery 2500.
The sample was ramped from 30 to —140 °C (the lowest temperature
of the instrument) and then back to 30 °C. This process was repeated,
and only the data for the second cycle were taken. To study the
possible phase transformations at low temperatures, a crystal weighing
2 mg was loaded into the PPMS, and the heat capacity vs temperature
curve was measured from 8 K (base temperature) to 145 K (—128
°C).

No uncommon hazards were noted.

B RESULTS AND DISCUSSION

Crystal Structure of NbSe,l,. Figure 1 shows the optical
and SEM images of the NbSe,I, crystals. NbSe,I, crystals have
flat, dark (almost black) surfaces without a regular geometric
shape or obvious faceting angles. The SEM image reveals that
the crystals have terraced surfaces, which may indicate
exfoliable layers, and angles near 120° can be seen on multiple
facets of the crystal.

Single-crystal XRD was performed to unveil the crystallo-
graphic information on NbSe,l,, and the detailed information
is listed in Table 1 in Supporting Information.”” NbSe,l, is
triclinic at room temperature. It has a space group P1 (no. 2),
iso-structural to NbSe,Br,,”" and this matches the previously
published low-temperature (<199 °C) structure for NbSe,I,.*”

Above the transition temperature at around 199 °C, a
higher-symmetry monoclinic phase with a space group of C2/
m (no. 12) is more stable for NbSe,I,,** and it can be inferred
that the C2/m phase formed first during CVT growth and then
transformed into the P1 phase as the sample cooled naturally.
The transformation from the C2/m phase to the P1 phase can
be understood as a sliding of ab-plane sheets as well as a twist
of atoms in the ab-plane.

Figure 2 shows the crystal structure of triclinic NbSe,I,, and
Figure S2 in Supporting Information shows the crystal
structure of the monoclinic C2/m phase as a comparison.’”
In Figure 2a, it is obvious that the NbSe,], crystal has parallel
ab-plane sheets bonded by van der Waals interactions. Figure
2b shows the ab-plane of triclinic NbSe,I,. Here, it can be seen
that loops are formed in the ab-plane, which consists of 6 Nb**
ions in total. The iodine ions are all bonded to niobium, and
the Nb—I distance ranges from 2.9644 to 2.9764 A. This
distance range confirms the Nb—I bonding, which is seen in
some but not all Nb—Se—I compounds.”” Figure S3 in
Supporting Information shows the visualization of the Nb—I
distance comparison.z’9

All of the selenium ions are dimerized, forming Se,*~ dimers
between niobium ions. Given the fact that all iodine and
selenium ions have a 1— valence, we know from charge
counting that all the niobium ions have a valence of 4+, leaving
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Figure 1. (a) Photograph of NbSe,l, crystals obtained from CVT
growth; the background is in millimeter scale. (b) SEM of a small
NbSe,l, crystal on carbon tape.

one unpaired 4d electron for each Nb*'. Looking closer at the
ab-plane structure, it can be seen that the Nb—Nb distance
through two Se,*” dimers (2.947(2) A) is significantly shorter
than the Nb—Nb distance through two I~ (4.725(2) or
4.697(2) A), indicating that a Nb—Nb single bond is formed
between the closer neighbors, leaving no free electrons.

Considering the complicated triclinic crystal structure with
very low symmetry and the balanced charge without free
electrons for further modulation, especially one-dimensional
modulation, CDW is not expected for triclinic P1 NbSe,l,,
unlike materials with intermediate Ta*/5* or Nb*/5* valences,
such as (TaSe,),],*> (NbSe,),L,>* and (NbSe,); 331>

Figure 3 shows the Rietveld-refined powder XRD pattern for
ground triclinic NbSe,I, crystals, with R, = 7.955%. The peak
intensity is relatively low because limited crystals were ground,
and strain was introduced during grinding. Overall, all the
peaks are matched, and no impurity can be seen, and this
verifies the structure determined from single-crystal XRD.

One interesting feature of the crystal structure is the ab-
plane crystallographic angle y = 61.3°, which can be seen from
the unit cell in Figure 2b. This nonspecial number is, however,
very close to 60°, thus making the crystals look very much like
a hexagonal one with 120° angles, as shown in the bottom right
part of the SEM image in Figure 1b. If NbSe,l, crystals can be
exfoliated and if the exfoliated crystals can maintain environ-
mental stability, then they may be an excellent candidate for
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Figure 4a shows optical microscopy images of the resulting
exfoliated NbSe,l,. Due to thin film interferometry, the
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between them, while the Nb—Nb distance is longer when there are > 1500 - L
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1000 4 B Figure 4. (a) Optical microscopic images of exfoliated triclinic
S NbSe,], crystals, showing bulk (more than 20 layers), few-layer, and
a monolayer structures. The 10 ym scale bar applies to both images. (b)
@ Raman spectra of the exfoliated triclinic NbSe,I, bulk, few-layer, and
> monolayer regions. (c) Polarized Raman spectroscopy on few-layer
‘@ triclinic NbSe,I,, with incident light polarized along the a-axis or
..g perpendicular to the a-axis. The two red curves in (b,c) are identical.
04 o Y (i changes in color correspond with changes in the thickness of
the film. SiO, on the Si substrate is brown/tan (with different
EOHIEN T U IIIIIIlIIIlIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII1 colors in the different images due to changes in illumination
5 10 15 20 25 30 levels), the monolayer crystal appears as a light, translucent
260 (Mo Ka, °) purple color, while the few-layer crystal has a darker, opaque

purple color, and the bulk crystals are light blue. Raman
spectroscopy probes the phonon transitions in 2D materials,
making it a quick, nondestructive method to identify many
structural and electronic properties such as the layer

Figure 3. Rietveld refinement to the powder XRD pattern of NbSe,1,,
with R,, = 7.955%.

the construction of Moiré superlattice heterostructures with number,”>°¢ lattice symmetr 3758 edge termination,
hexagonal van der Waals materials.>* strain,>” doping,él’62 defects,®**° and magnetic order.®®*%”
Exfoliation and Raman Spectroscopy of NbSe,l,. The Figure 4b shows the Raman spectra of the bulk (more than 20
triclinic NbSe,I, has a van der Waals-layered structure, so it layers), few-layer, and monolayer crystals. The Raman modes
should be exfoliable down to few-layer flakes. We mechanically for the bulk and few-layer crystals match well, with only a
exfoliated NbSe,]l, single crystals with the established Scotch difference in intensity, suggesting the preservation of the
tape method onto a 285 nm-thick SiO, on Si wafer and crystal structure and the electronic levels after exfoliation. In
obtained flakes down to few-layer and monolayer thickness. contrast, the Raman spectrum of the monolayer flake shows
1122 https://doi.org/10.1021/acs.inorgchem.3c03493
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weak to no signal compared with that from thicker samples. 2.0
We attribute this to two possible scenarios. First, many 2D van 3
der Waals materials are reactive to air,”**” with the outer layers 1.5
oxidizing, thus making monolayers unstable. Second, even if
the crystal is stable, it may degrade due to thermal effects 1.0
during the intense laser excitation of Raman spectroscopy.”’
Next, in Figure 4c, we performed polarized Raman < 0.5
spectroscopy to probe the crystal structure. The two spectra 2 0.0
show the response for excitation polarized along (ZXXZ) and T
perpendicular to (ZYYZ), with the horizontal X axis aligned to w_o5
the long, cleaved edge of the few-layer sample in Figure 4. In
particular, during exfoliation, van der Waals crystals tend to 1.0
cleave along the low-symmetry axis,””*® which we assume to
be oriented along the a-axis. The two spectra show that some -1.5
of the Raman modes exist at both polarizations, while other
modes exist only at one polarization. This behavior is similar to -2.0
what is observed in other 2D materials with lower symmetry (a)
and can be used as a method for identifying lattice
orientation.”®”" Finally, in addition to Raman spectroscopy, 2.0 -
photoluminescence (PL) spectroscopy was performed to probe 15 )
the optical transitions. As shown in Figure S4," there were no '
distinct peaks observed, suggesting that the material has an 10k _
indirect band gap, which we show here subsequently. . e
Band Structure Calculations. To further study the S 0.5 "o NbT
electronic band structure of triclinic NbSe,l,, we employed ) s Se
the VASP 5.4 PBE PAW pseudopotentials and the optB88- w 0.0F o | |
vdW functions for band structure calculations for both bulk w) 05L—" e _ ]
and monolayer structures, as shown in Figure S. Figure Sa is . _—
for bulk triclinic NbSe,I, and Sb is for monolayer triclinic -1.0 buen., e Vn""w:g—-\...-"'"" ]
NbSe,l,. Both bulk and monolayer triclinic NbSe,l, are _//\/—j M
semiconductors, with an indirect band gap of 0.723 €V for bulk .50 - |
NbSe,I, and 0.795 eV for monolayer NbSe,1,. o _—.;:Dd?
For both bulk and monolayer structures, there is an isolated (b')z'o r X I-II 1 ? II-I - IY r

band at around —0.5 eV, corresponding to the 4d band of
niobium. The electronic band structures of bulk monoclinic
(C2/m) NbSe,], were also calculated, as shown in Figure SS in
the Supporting Information, and the monoclinic and triclinic
phases share the same general features.

Resistivity, Magnetic, and Thermal Properties of Bulk
Triclinic NbSe,l,. A four-point resistivity measurement was
performed on a bulk NbSe,l, single crystal where the current
was flowing in the ab-plane. Figure 6 shows both p versus T
and In (p) versus 1/T curves. The resistivity of NbSe,l,
increases on cooling, indicating semiconducting behavior.
Noise in the resistivity measurement likely arises from the
small sample size and the high resistance, near the maximum
measurable for the instrument, which goes out of range below
200 K. The resistivity has a weak temperature dependence,
which suggests a low activation energy, together with non-
negligible intrinsic resistance from crystal defects.

For semiconductors, the Arrhenius

Ea

p = poexp(kB—T) holds. The straight blue line fits part of the

equation

In (p) vs 1/T curve (red). From the slope of the blue line, the
activation energy E, was determined to be E, = 5.4 meV. This
is a very small number, much less than the PBE-DFT
calculated at 1 eV. Once again, this may suggest the existence
of defect electronic energy levels in the band gap. The
difference in the activation energy with the theoretical band
gap of our triclinic NbSe,], is Iarger than that of other van der
Waals materials, such as MoS,, % but it is also known that
degradation can considerably lower the activation energy, as in
the case of WTe,.””

1123

Figure 5. DFT-calculated band structures for (a) bulk NbSe,I, and
(b) monolayer NbSe,I,.
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Figure 6. Four-point resistivity of a bulk NbSe,I, crystal. The black
and red dots and lines show p vs T and In (p) vs 1/T, respectively.
The blue straight line fits part of the In (p) vs 1/T curve to determine
the Arrhenius activation energy E, = 5.4 meV.

Thermal measurements below room temperature were also
conducted, with DSC and PPMS heat capacities, with data
shown in Figure $6,%° and there were no phase transitions
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detected for NbSe,l,. Magnetic measurements verified that
triclinic NbSe,I, is indeed diamagnetic,” and the magnet-
ization (M) vs field (H) curves are shown in Figure S7.

B CONCLUSIONS

Single crystals of triclinic NbSe,I, have been grown by a
reliable two-tube CVT method that also produces quasi-one-
dimensional (Nb,Se;sI,)I,, and the P1 crystal structure has
been verified. The exfoliation of NbSe,I, down to few-layer
and monolayer structures was shown, and Raman spectroscopy
was conducted on bulk, few-layer, and monolayer samples.
Distinct Raman peaks are observed in the few-layer samples,
while monolayers may suffer from beam damage or environ-
mental degradation. Polarized Raman spectroscopy showed
different transitions for different orientations, corresponding
with the lattice symmetry of the crystal. NbSe,l, is a
semiconductor, which has been shown by PBE-DFT
calculations as well as resistivity measurements. It does not
undergo phase transformations below room temperature, and
it stays as a diamagnet. It remains to be seen whether strain can
be a factor to alter the electronic structure of NbSe,l, or to
change the transition temperature between the triclinic and
monoclinic phases. Furthermore, thin-film heterostructures are
also possibilities to tune the property of NbSe,l, or to utilize
NbSe,l, as a medium to introduce strain due to its triclinic to
monoclinic structural transition at around 200 °C. Moreover,
the in-plane angle y = 61.3° would make NbSe,]I, an incredible
substrate to tune other hexagonal van der Waals materials by
introducing strain and to potentially alter their electronic
properties by introducing Moiré superlattice.
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