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ABSTRACT: Designing novel 2D materials is crucial for advancing
next-generation optoelectronic technologies. This work introduces
and analyzes the 1T’-HfCl, monolayer, a novel low-symmetry variant
within the 2D transition metal dichloride family. Phonon dispersion
calculations reveal no imaginary frequencies, suggesting its dynamical
stability. 1T’-HfCI, exhibits semiconducting behavior with a direct
band gap of 1.52 eV, promising for optoelectronics. Strong excitonic
effects with a binding energy of 525 meV highlight significant
electron—hole interactions typical of 2D systems. Furthermore, the

monolayer achieves total reflection of linearly polarized light along the

¥ direction at photon energies above 2.5 eV, showcasing its potential as an optical polarizing filter. Raman spectra calculations also
reveal distinct peaks between 96.72 and 270.38 cm™'. The tunable excitonic and optical properties of 1T’-HfCl, highlight its
potential in future functional devices, paving the way for its integration into semiconducting and optoelectronic applications.

1. INTRODUCTION

With the rise of graphene in the early 21st century,”” a new
frontier in materials research emerged: the study of two-
dimensional (2D) materials and their novel properties arisin
from quantum confinement in the nonperiodic direction,”
which has unveiled a broad spectrum of their remarkable
properties and functionalities."” Due to their atomic thick-
ness, 2D materials can be patterned horizontally using
chemical and mechanical techniques,” allowing their mono-
layers to be combined into van der Waals (vdW)
heterojunctions for property tuning.'*~"*

2D materials properties, including high surface area,
mechanical flexibility, and tunable electronic and optical
properties, have garnered significant interest.">'* Researchers
are actively exploring new 2D materials to manipulate their
characteristics for applications in sensing and catalysis.'” The
ability to design and stack monolayers provides huge
possibilities for creating devices with customizable proper-
ties."® These properties can be fine-tuned to meet the needs of
emerging technologies, offering solutions to challenges across
various fields."”

Among 2D materials, transition metal dichalcogenides
(TMDs) have gained considerable attention for two
reasons,””'® due to their similarity with graphene, adopting
the honeycomb structure known as the 2H phase;’ and
semiconducting behavior.””> TMDs consist of a transition
metal (M) sandwiched between two chalcogens (X) with the
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formula MX,, forming layers with hexagonal symmetry. The
widely studied 2H phase,” TMDs can adopt 1T"” and the 1T"
phases.zo’21 For TMDs based on Mo and W, the 1T phase is
unstable in its free-standing form;'”** however, it can be
stabilized through a spontaneous Peierls distortion along the x
direction, forming a 2 X 1 X 1 distorted supercell known as
1T’ phase.”” This phase features one-dimensional (1D) zigzag
chains along the ¥ direction.””

The 1T’ phase has attracted attention due to its topological
properties and potential applications in electronic and
spintronic devices.””*' The transition phases between 1T
and 1T’ can be induced through methods such as chemical
doping and pressure,23'_25 providing a dynamic platform for
exploring new physical phenomena and pioneering advanced
technologies. For example, 1T" Mo and W based TMD
monolayers have been proposed as candidates for the quantum
spin Hall (QSH) effect due to the overlap of metal-d
conduction bands and chalcogenide-p valence bands.”®*°
This band localization across different layers allows topological
electronic properties to be controlled using an external electric
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field, which is highly desirable for vdW devices.”” While
Varsano and coworkers observed excitonic insulator behavior
in the 1T’ MoS, monolayer,”® Barbosa and coworkers found
traditional semiconductor behavior in the 1T’ WSe,
monolayer.””

Based on these findings, attention has shifted to transition
metal dihalides (TMDHs), driven by the discovery of materials
with properties similar to TMDs. TMDHs follow the chemical
formula MY,, where M is a transition metal and Y represents
halides such as Cl, Br, or 1.***° Previous studies have shown
that single-layer Pbl, is stable and exhibits remarkable
excitonic and spin—orbit coupling effects.”””" More recently,
interest has extended to 2D IVB-VIIA group transition metal
halides due to their novel electronic and topological properties,
including the quantum spin Hall effect and large nontrivial
band gaps.’” These features make them promising candidates
for advanced electronic, spintronic, and optoelectronic
applications. Apart from the 1T’ phase, and despite the
significant gap in the literature, Huang and coworkers made
important advancements in the field by proposing a series of
2D HfX, (X = Cl, Br, I) monolayers and related type-II van der
Waals (vdW) heterostructures. Using first-principles calcu-
lations, they demonstrated that HfY, monolayers are both
dynamically and thermodynamically stable, with band gaps
ranging from 0.9 to 1.7 eV, an ogtimal range for donor systems
in excitonic solar cells (XSCs).”® These materials also exhibit
high visible light absorption (10° cm™") and notable power
conversion efficiencies (PCEs) of 17.150%, 21.438%, and
20.439% in type-II vdW heterostructures, highlighting their
potential for solar energy conversion.”® While the 1T” phase is
considered stable, further systematic investigations are
necessary to identify other possible phases and evaluate their
energetic stability.

Despite these advancements, little attention has been given
to the 1T’ phase of TMDHs involving group IV transition
metals, such as Ti, Zr, and Hf This gap presents an
opportunity to explore the 1T’ HIfCIl, monolayer, focusing
on its electronic, vibrational, optical, and excitonic properties.
By using density functional theory (DFT), we characterize the
material’s structural and electronic properties. We aim to
deepen our understanding of this low-dimensional material,
uncovering new opportunities for its application in emerging
technologies. We first perform phonon dispersion calculations
to assess the dynamical stability of the 1T’-HfCl, monolayer.
The Raman and infrared (IR) spectra provide further insights
into its structural and vibrational properties. We then
investigate its electronic properties using the Perdew—
Burke—Ernzerhof (PBE) and Heyd—Scuseria—Ernzerhof
(HSE06) exchange-correlation functionals, considering spin—
orbit coupling (SOC) effects. Finally, we evaluate the optical
properties, such as the absorption coefficient, refractive index,
and reflectivity, within the Independent Particle Approxima-
tion (IPA) and account for excitonic effects using the Bethe—
Salpeter Equation (BSE).”*

2. METHODOLOGY AND COMPUTATIONAL DETAILS

First-principles calculations were performed using the Vienna
AD Initio Simulation Package (VASP) within the framework of
DFT,‘?’S’36 to investigate the structural, electronic, vibrational,
and optical properties of the 1T’ HfCl, monolayer.””*® To
analyze the electronic and structural properties, we employed
the Perdew—Burke—Ernzerhof (PBE) functional,” a semilocal
exchange-correlation functional based on the Generalized

Gradient Approximation (GGA).” PBE has been shown to
offer a good balance between computational efficiency and
accuracy in predicting crystalline structures when compared
with experimental data.*' However, it is well-documented that
semilocal functionals tend to underestimate the band gap due
to self-interaction errors.”””* To mitigate this issue, we
employed the Heyd—Scuseria—Ernzerhof (HSE06) hybrid
functional,””** which provides a more accurate prediction of
the fundamental band gap.

The Kohn—Sham (KS) equations were solved using the
projector augmented-wave (PAW) method.*”*® Structural
optimizations were carried out by minimizing the interatomic
forces, with a plane-wave cutoff energy of 463.55 eV. The
convergence criterion for the atomic forces was set to less than
0.010 eV A™!) and the self-consistent field (SCF) calculations
used an energy convergence threshold of 107° eV. For
Brillouin zone (BZ) integrations, a k-mesh of 6 X 14 X 1
was employed for all electronic and vibrational properties,
except for the density of states (DOS), for which a 12 X 28 X 1
k-mesh was used. Phonon and thermodynamic properties were
computed using the Phonopy package in conjunction with
VASP. Phonon dispersion was determined using density
functional perturbation theory (DFPT),”” with a 2 X 2 X 1
supercell and a 3 X 7 X 1 q (phonon)-mesh. A vacuum
thickness of 18.63 A was added along the z-axis to avoid
interactions with adjacent monolayer images.

The excitonic and optical properties within the independent
particle approximation (IPA) and Bethe—Salpeter equation
(BSE),** were computed using the WanTiBEXOS code.”
Single-particle electronic levels were determined through a
maximally localized Wannier functions scheme obtained from
the HSE06 calculations using the Wannier90 (W90) pack-
age,”* focusing on the Hf d-orbitals and Cl p-orbitals. The BSE
was solved with a 2D Truncated Coulomb Potential
(V2DT),” considering the 9 lowest conduction bands and
the 6 highest valence bands, utilizing a k-mesh of 19 X 41 X 1
and a smearing value of 0.01 eV to ensure result precision.

Raman spectra were calculated using the QERaman code*®
interfaced with Quantum Espresso (QE).”’ ™ An electronic
grid of 8 X 16 X 1 was used to achieve converged electron-
photon and electron—phonon matrix elements necessary for
determining the Raman intensities.

3. RESULTS AND DISCUSSION

3.1. Structural Stability and Thermodynamical Prop-
erties. The HfCl, monolayer under investigation features a
distorted 1T crystal structure comprising 2 Hf and 4 Cl atoms.
This structure belongs to the triclinic P, space group and
exhibits a C; point group symmetry. The 1T -crystalline phase
is characterized by a Peierls-distorted octahedral coordination,
akin to the 1T-crystalline phase, resulting in varying Hf—Cl
bond lengths within the same unit cell. Figure 1 illustrates the
crystalline structure, with (a) showing the top view and (b) the
side view of the 1T'-phase of the HfCl, monolayer. The unit
cell is defined by a triclinic Bravais lattice, with lattice
parameters a, = 6.97 A and b, = 3.27 A in the (xy)-plane,
forming an intervector angle of 118°. The lattice parameter
along the z-axis is ¢, = 18.63 A, which ensures sufficient
vacuum in the nonperiodic direction of the 2D material to
minimize interactions between adjacent periodic images.

The phonon dispersion curve, depicted in Figure 2a,
confirms the dynamical stability of the HfCl, monolayer.
The absence of imaginary frequencies across all high-symmetry
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Figure 1. (a) Top and (b) side views of the 1T’-HfCl, monolayer
crystal structure. The Hf atoms are depicted as red spheres, while CI
atoms are represented by blue spheres.

Free energy (kJ/mol]
== Entropy [J/K/mol]
j——C, [J/K/mol]

0 200 400 600 800 1000
Temperature [K]

Figure 2. (a) Phonon dispersion and (b) thermodynamic properties:
Gibbs free energy, entropy, and heat capacity at constant volume of
the 1T’-HfCl, monolayer.

paths (Y—='-R—X-T) indicates that the material is free from
vibrational instabilities, thus suggesting its capability to
maintain structural integrity under finite-temperature con-
ditions.

Thermodynamic properties are illustrated in Figure 2b. The
entropy (red line) shows an approximately linear increase with
temperature up to 300 K, followed by a slower, nonlinear
growth. This behavior reflects the increasing disorder and the
contribution of high-energy phonon modes at elevated
temperatures. The heat capacity (Cy, blue line) exhibits the
expected T® dependence at low temperatures, consistent with
predictions from the Debye model. As the temperature rises,
the heat capacity approaches the Dulong—Petit limit of around
400 K, indicating that all vibrational modes are thoroughly
excited.

The Gibbs free energy (black line) decreases steadily with
increasing temperature, becoming negative around 300 K. This
observation implies that the HfCl, monolayer is thermody-
namically favorable at room temperature, positioning it as a
promising candidate for experimental synthesis. The negative

free energy at ambient temperatures further supports the
material’s anticipated stability under standard environmental
conditions.

The system exhibits 18 vibrational modes: 3 acoustic modes,
characterized by coherent atomic vibrations in the same
direction, and 15 optical modes, representing more complex
vibrational patterns involving varying relative motions among
the atoms. Figure 3 shows the optical vibration modes of the
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Figure 3. Optical vibrational modes of the 1T'-HfCl, monolayer at
the I point. The Hf (Cl) atomic species are represented by red (blue)
spheres.

1T’-HfCl, monolayer at the I" point of the first BZ. In these
visualizations, Hf atoms are represented by red spheres, while
Cl atoms are denoted by blue spheres. Each mode corresponds
to specific atomic displacements characterized by distinct
motions between the Hf and ClI atoms.

These optical modes highlight potential phonon—phonon
interactions, which are critical for predicting thermal transport
properties in this 2D material.

Low-frequency optical modes mainly involve coordinated
movements between heavier Hf and lighter Cl atoms, which
typically result in out-of-phase oscillations. Due to the larger
mass of Hf atoms, these modes manifest at lower frequencies.
In contrast, high-frequency optical modes are dominated by
oscillations of lighter Cl atoms, which exhibit faster vibrations
due to their smaller mass. These modes reflect localized
vibrational patterns in which Cl atoms move more vigorously
than the Hf atoms. The optical modes at the I'-point are
crucial for understanding the material’s infrared and Raman
spectra, as they determine how the system interacts with
external electromagnetic fields and light scattering. Some of
these modes are expected to be IR- or Raman-active, providing
valuable information for experimental validation of the
monolayer, as will be discussed in the following section.
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Figure 4. Raman spectra of the 1T’-HfCl, monolayer at various laser energy (E,,.,) values for both linearly (XX and YY) and circularly polarized

light.

3.2. Vibrational Raman and Infrared Spectra. In
principle, the irreducible optical phonon modes of the P,
space group at the I" high symmetry point decompose into:

I'=9A, @ 6A,

where the gerade (Ag) symmetries are Raman active and all
ungerade (A,) modes are infrared active.

The evolution of the Raman (R) active modes for several
laser energies (Ej,,) within the infrared to visible regime is
illustrated in Figure 4. The intensity of a peak located at
~96.72 cm™" increases as we traverse the infrared region but
subsequently decreases within the visible range, only to
reemerge at Ej,, = 2.87 eV. In general, seven Raman peaks
can be identified at the following frequencies: 96.72 cm™’,
121.69 cm™, 144.09 cm™, 177.41 cm™, 208.28 cm™, 241.60
cm™!, and 270.38 cm™". These correspond to optical modes 4,
S, 6, 10, 14, 16, and 17 depicted in Figure 3. The remaining
two modes at 172.36 cm™" and 188.00 cm™" are less intense
peaks, merged with the 177.41 cm™ sharp peak. They can be
easily detected on a smaller scale graph for a 0.3 eV laser
energy (Figure 5a).

Furthermore, our calculations reveal that the following
optical modes are infrared active: mode 7 in 160.12 cm™,
mode 9 at 168.63 cm™, mode 12 at 190.14 cm™', mode 13 at
193.89 cm™!, mode 15 at 233.00 cm™), and mode 18 at 299.63
cm™'. The intensities of these IR-active modes are presented in
Figure Sb. Table 1 summarizes the above results.

This analysis underscores the distinct vibrational character-
istics of the 1T’-HfCl, monolayer, revealing how its optical
properties change with varying laser energies. The coexistence
of both Raman-active and infrared-active modes emphasizes
the material’s versatility for potential applications in optoelec-
tronic devices and advanced sensing technologies, where
understanding the vibrational modes is crucial for tailoring its
performance.

For laser energy of 2.33 eV, Figure 6 presents polar plots
illustrating the intensity of the R-active modes, explicitly

13125
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Figure S. (a) Raman spectra for a 0.3 eV laser energy showing all nine
modes including the "hidden” 161.85 cm™ and 180.83 cm™' modes,
labeled as D and F (in violet). (b) IR spectra of the 1T’-HfCl,
monolayer. Peaks A, B, C, D, E, and F correspond to the IR
frequencies 160.12 cm™, 168.63 cm™, 190.14 cm™, 193.89 cm™,
233.00 cm™, and 299.63 cm™}, respectively.

detailing how the intensity varies as a function of direction
within the monolayer. The intensity variation exhibits a similar
pattern for modes 4, 6, 10, 14, 16, and 17, with intensity
maxima occurring at angles 117.94° and 297.94°. In contrast,
mode 5 reaches its maximum intensity at an angle of 339.76°,
with the second highest intensity observed at 78.33°. None of
the modes display their highest intensity along the X or the ¥
directions, indicating that the vibrational characteristics of
these modes are anisotropic and depend significantly on the
angle of observation.

This directional dependence of the Raman intensity
highlights the complex interplay between the lattice symmetry

https://doi.org/10.1021/acsomega.4c10560
ACS Omega 2025, 10, 13122-13130


https://pubs.acs.org/doi/10.1021/acsomega.4c10560?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c10560?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c10560?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c10560?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c10560?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c10560?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c10560?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c10560?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c10560?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

Table 1. Frequencies, in cm™', and Symmetries of Raman
and IR Vibrational Active Modes in 1T’-HfCl, Monolayer”

Frequency (cm™) Raman IR
96.72 'A,
121.69 *A,
144.09 A,
160.12 1A,
168.63 A,
172.35 A,
177.41 °A,
188.00 A,
190.14 A,
193.89 ‘A,
208.28 A,
233.00 A,
241.60 *A
270.28 °A,
299.63 A,

“The symmetry of Raman or IR inactive modes is left blank.

and the vibrational modes in the 1T’-HfCl, monolayer,
suggesting that the material’s optical properties can be
precisely tuned by adjusting the orientation of the incident
light. Understanding these variations is crucial for potential
applications in sensors and photonic devices, where orientation
and polarization of light play critical roles in performance.
3.3. Electronic Properties. From the orbital-projected
band structure depicted in Figure 7a, it is evident that the 1T"-
HfCl, monolayer exhibits a semiconductor behavior, charac-
terized by a band gap present between the high-symmetry
points ' and X (and also between Y and TI'). The orbital-
projected density of states shown in Figure 7b indicates that,
near the Fermi level, the predominant contributions originate
from the Hf d-orbitals and Cl p-orbitals. This observation
aligns with Figure 7a), where the Hf orbitals are primarily
responsible for the electronic states close to the Fermi level.
A comparison of the PBE and PBE + SOC electronic band
structures, illustrated in Figure 7c, reveals that including SOC
does not significantly influence the electronic band gap.

- O =~ N W s

Energy(eV)

|
|
—— PBE 1
—— PBE+SOC |
—— HSE06 |

I

-1

|
|
1
Y r R X r

Figure 7. (a) Electronic band structure and (b) projected density of
states (DOS) of the 1T’-HfCl, monolayer at the PBE level. (c¢) PBE
calculation of the band structures with and without SOC. (d)
Comparison between the PBE and HSE06 band structures of 1T'-
HfCl,. The Fermi level is set at 0 eV.

However, SOC does lead to band splitting at the X high-
symmetry point within the conduction states. We will,
therefore, neglect the SOC effects in the subsequent HSE06
calculations. A comparison between the PBE and HSE06
electronic band structures, as shown in Figure 7d, indicates
that the HSEO06 functional significantly enhances the electronic
band gap. The calculations yield a fundamental band gap of
1.45 eV and a direct band gap of 1.52 eV in the HSEQ6 results,
representing an increase of 0.5 eV compared to the
fundamental band gap obtained using the PBE functional.
This enhancement in the band gap is crucial for applications in
electronic and optoelectronic devices, suggesting that the
HSEO06 functional provides a more accurate description of the
electronic properties of the 1T'-HfCl, monolayer.
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Figure 6. Polar intensity plots of the Raman modes for circularly polarized light at E.. = 2.33 eV.
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3.4. Optical and Excitonic Properties. The excitonic
band structure depicted in Figure 8 reveals both direct (at I')

Exciton Energy(eV)

Figure 8. Exciton band structure of the IT’-HfCl, monolayer,
obtained using the MLWEF-TB + BSE at the HSE06 parametrization
level.

and indirect (at any other k-point) excitonic states, derived
from the solution of the BSE. In contrast to the electronic band
structure, this representation does not allow for a straightfor-
ward classification of the exciton bands into conduction and
valence states. This is because the excitonic levels arise from
the energy differences between conduction and valence states
and the Coulomb interaction potential that binds the
electron—hole pairs.

Our findings indicate that the exciton ground state is
indirect, with an energy value of 0.93 eV, leading to an exciton
binding energy of 525 meV. This value differs between the
fundamental electronic band gap and the exciton ground state
energy. This binding energy is slightly higher than the typical
range observed for 2D materials, which is usually between 100
and 500 meV.”*" This exciton binding energy is comparable to
or slightly higher than those observed in other 2D materials
commonly explored for similar applications. For example,
monolayer MoS,, a well-studied transition metal dichalcoge-
nide, exhibits exciton binding energies around 450 meV, while
hexagonal boron nitride (hBN) demonstrates a quasiFrenkel
character, with strongi;er excitonic effects and binding energies
exceeding 700 meV.®" The value reported for 1T'-HfCl, places
it in a range where excitonic effects significantly influence the
optical properties, indicating its potential for optoelectronic
applications that benefit from enhanced light-matter inter-
actions.

In addition, the direct excitonic ground state, which
corresponds to the optical band gap of the system, is measured
at 1.52 eV. This is in contrast with the behavior observed in the
1T’-MoS, material, classified as an excitonic insulator,26 where
the exciton binding energy exceeds the electronic band gap.®”
In fact, the 1T’-HfCl, monolayer behaves as a semiconductor,
akin to the 1T’-WSe, monolayer.”” This distinction is pivotal
for elucidating the material’s electronic properties and
informing its prospective applications in optoelectronic
devices.

Figure 9 depicts the linear optical response of the 1T’-HfCl,
monolayer, highlighting the differences between the results
obtained with and without excitonic effects. In panel (a), a
pronounced optical anisotropy is evident in the absorption
spectrum, characterized by higher absorption coeflicients along
the y polarization direction. This behavior is attributed to the
significant exciton binding energy of 525 meV, significantly

@, (BSE)
@), ,(BSE)

S50 Toen
A

© o oA, (IPA)

@, ,(BSE)

o 1 2 3 4
Photon energy(eV)

Figure 9. Optical properties of the 1T’-HfCl, monolayer: (a)
absorption coefficient, (b) refractive index, and (c) reflectivity,
calculated at the BSE (represented by solid blue and red curves) and
the IPA levels (represented by blue and red dotted curves). These
properties are evaluated for light polarized in the & (blue curves) and ¥
directions (red curves).

altering the optical band gap. More specifically, the optical
band gap is approximately 1.5 eV at the IPA level and around
0.9 eV when incorporating excitonic effects through the BSE.

Figure 9b,c presents the refractive index and reflectivity,
respectively. The refractive index reaches a maximum value of
4.5 at the BSE level when light is polarized along the ¥
direction at an energy near 0.9 eV. Conversely, at the same
energy, the refractive index is measured to be 2.5 for light
polarized along the % direction. A similar trend is observed at
the IPA level, albeit with the peak refractive index blue-shifted
to 1.5 eV. Optical excitations exceeding 1.0 eV, including
excitonic effects, result in a lower refractive index than the IPA
predictions.

The optical anisotropy seen in both the absorption
coeflicient and the refractive index is further corroborated by
the reflectivity plot in Figure 9c. At the BSE level, the
reflectivity remains at 100% for photon energies in the ranges
of 1.15—1.50 eV and 2.60—3.90 eV when polarized along the
direction. Subsequently, the reflectivity experiences a sharp
drop to O beyond this range. This linear optical response
indicates that the 1T’-HfCl, monolayer holds promise as a
highly effective polarizing filter. Its capability to reflect light in
the ¥ direction within the ultraviolet range and a small segment
of the infrared spectrum positions it as a potential candidate
for applications in photonic devices that require selective
polarization control.

4. CONCLUSION

This study presents a detailed analysis of the structural,
electronic, vibrational, optical, and excitonic properties of the
1T’-HfCl, monolayer. The unit cell exhibits equilibrium lattice
constants of a, = 6.97 A and by = 3.27 A, characteristic of its
structural properties. The absence of imaginary frequencies in
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the phonon dispersion spectrum confirms that the system is
stable thermodynamically. Additionally, the Gibbs free energy,
which becomes negative near room temperature, indicates the
feasibility of experimental synthesis.

The 1T’-HfCl, monolayer behaves as a direct band gap
semiconductor with a band gap of 1.52 eV, accurately
determined using the hybrid HSE06 functional. The primary
contributions to the electronic states around the Fermi level
stem from the Hf d-orbitals and the Cl orbitals present only at
lower valence states. Raman spectra reveal seven distinct peaks,
with the lowest occurring at 96.72 cm™ and the highest at
270.38 cm™". Under reasonable experimental conditions, the
intensity of these Raman active modes reaches its maximum at
approximately 120° within the monolayer plane.

Regarding excitonic and optical properties, we conclude that
the 1T'-HfCl, monolayer does not function as an excitonic
insulator, as seen in the 1T'-MoS, system. Instead, it behaves
as a conventional semiconductor with significant excitonic
effects, including an exciton binding energy of 525 meV and an
optical band gap of 0.93 eV when quasi-particle effects are
considered. The system also exhibits optical anisotropy for
linearly polarized light, particularly for the refractive index,
which favors the ) polarization direction except for photon
energies exceeding 3.05 eV, where the X polarization
dominates. This anisotropic behavior extends to the reflectivity
graphs, suggesting potential applications of this material as a
polarizing filter due to its strong reflectivity along the ¥
direction.

The remarkable characteristics of the 1T’-HfCl, monolayer
underline its immense potential in nanoelectronics and
optoelectronics, making it a strong contender for groundbreak-
ing technological advancements. This study opens the door for
exploring novel applications for this fascinating 2D material.

B AUTHOR INFORMATION

Corresponding Author
Alexandre Cavalheiro Dias — Institute of Physics and
International Center of Physics, University of Brasilia,
Brasilia 70919-970 Federal District, Brazil; © orcid.org/
0000-0001-5934-8528; Email: alexandre.dias@unb.br

Authors

Celso Alves Do Nascimento Junior — Institute of Physics,
University of Brasilia, Brasilia, Federal District 70919-970,
Brazil; © orcid.org/0000-0002-5457-1816

Elie Albert Moujaes — Physics Department, Federal University
of Rondonia, Porto Velho 76801-974, Brazil; Institute of
Physics, Solid State Physics Department, Federal University of
Bahia, Salvador, Bahia 40170-115, Brazil; ©® orcid.org/
0000-0002-2203-2770

Mauricio Jeomar Piotrowski — Department of Physics,
Federal University of Pelotas, Pelotas, Rio Grande do Sul
96010-900, Brazil; © orcid.org/0000-0003-3477-4437

Celso Ricardo Caldeira Rego — Karlsruhe Institute of
Technology (KIT), Institute of Nanotechnology, Eggenstein-
Leopoldshafen 76344, Germany; ® orcid.org/0000-0003-
1861-2438

Diego Guedes-Sobrinho — Chemistry Department, Federal
University of Parand, Curitiba CEP 81531-980, Brazil;

orcid.org/0000-0002-3313-2822

Luiz Antonio Ribeiro Janior — Institute of Physics, University
of Brasilia, Brasilia, Federal District 70919-970, Brazil;
Computational Materials Laboratory, LCCMat, Institute of

Physics, University of Brasilia, Brasilia 70910-900, Brazil;
orcid.org/0000-0001-7468-2946
Teldo Anderson da Silva Pereira — Physics Graduate
Program, Institute of Physics, Federal University of Mato
Grosso, Cuiabd, Mato Grosso 78060-900, Brazil; National
Institute of Science and Technology on Materials Informatics,
Campinas 13083-100, Brazil

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsomega.4c10560

Funding

The Article Processing Charge for the publication of this
research was funded by the Coordenacao de Aperfeicoamento
de Pessoal de Nivel Superior (CAPES), Brazil (ROR identifier:
00x0ma614).

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

The authors gratefully acknowledge financial support from the
National Council for Scientific and Technological Develop-
ment (CNPgq, grant numbers 307345/2021-1, 444431/2024-1,
408144/2022-0, 305174/2023-1, 315324/2023-6, and
444069/2024-0), the Federal District Research Support
Foundation (FAPDF, grant numbers 00193-00001817/2023-
43 and 00193-00002073/2023-84), and the Rio Grande do Sul
Research Foundation (FAPERGS, grant number 24/2551-
0001551-5). The authors thank the Atos and Ogun Computer
at CIMATEC SENAI (Salvador — BA) and SINAPAD —
LNCC system for the SDumont supercomputer (project
241412), as well as the Cenapad-SP (projects 570, 897, and
909) and Lobo Carneiro HPC (projects 133 and 135) for
providing computational resources. C.A.N.J. acknowledges
financial support from CAPES (grant number
88887.911153/2023-00). A.C.D. and L.A.R]J also acknowledge
support from the PDPG-FAPDF-CAPES Centro-Oeste pro-
gram (grant number 00193-00000867/2024-94). CR.C.R.
thanks the German Federal Ministry of Education and
Research (BMBF) for financial support of the project
Innovation-Platform MaterialDigital (www.materialdigital.de)
through project funding FKZ number: 13XP5094A. This paper
was published under the CC BY Open Access license through
the ACS-CAPES agreement. The authors gratefully acknowl-
edge CAPES for the financial support provided for the
publication of this work under the ACS-CAPES agreement.

B REFERENCES

(1) Novoselov, K. S.; Geim, A. K; Morozov, S. V.; Jiang, D.; Zhang,
Y.; Dubonos, S. V.; Grigorieva, I. V.; Firsov, A. A. Electric Field Effect
in Atomically Thin Carbon Films. Science 2004, 306, 666—669.

(2) Geim, A. K.; Novoselov, K. S. The rise of graphene. Nat. Mater.
2007, 6, 183—191.

(3) Wang, Q. H,; Kalantar-Zadeh, K; Kis, A; Coleman, J. N;
Strano, M. S. Electronics and optoelectronics of two-dimensional
transition metal dichalcogenides. Nat. Nanotechnol. 2012, 7, 699—712.

(4) Correa, J. H; Dias, A. C.; Villegas-Lelovsky, L.; Fu, J.; Chico, L.;
Qu, F. Anisotropy of the spin-polarized edge current in monolayer
transition metal dichalcogenide zigzag nanoribbons. Phys. Rev. B
2020, 101, 195422.

(5) Riche, F,; Braganca, H;; Qu, F.; Lopez-Richard, V.; Xie, S. J;
Dias, A. C.; Marques, G. E. Robust room temperature emissions of
trion in darkish WSe2 monolayers: effects of dark neutral and charged
excitonic states. J. Phys.: Condens. Matter 2020, 32, 365702.

https://doi.org/10.1021/acsomega.4c10560
ACS Omega 2025, 10, 13122-13130


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alexandre+Cavalheiro+Dias"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-5934-8528
https://orcid.org/0000-0001-5934-8528
mailto:alexandre.dias@unb.br
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Celso+Alves+Do+Nascimento+Ju%CC%81nior"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-5457-1816
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Elie+Albert+Moujaes"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-2203-2770
https://orcid.org/0000-0002-2203-2770
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mauri%CC%81cio+Jeomar+Piotrowski"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-3477-4437
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Celso+Ricardo+Caldeira+Re%CC%82go"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-1861-2438
https://orcid.org/0000-0003-1861-2438
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Diego+Guedes-Sobrinho"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-3313-2822
https://orcid.org/0000-0002-3313-2822
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Luiz+Anto%CC%82nio+Ribeiro+Ju%CC%81nior"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-7468-2946
https://orcid.org/0000-0001-7468-2946
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Teldo+Anderson+da+Silva+Pereira"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c10560?ref=pdf
www.materialdigital.de
https://doi.org/10.1126/science.1102896
https://doi.org/10.1126/science.1102896
https://doi.org/10.1038/nmat1849
https://doi.org/10.1038/nnano.2012.193
https://doi.org/10.1038/nnano.2012.193
https://doi.org/10.1103/PhysRevB.101.195422
https://doi.org/10.1103/PhysRevB.101.195422
https://doi.org/10.1088/1361-648X/ab8fd4
https://doi.org/10.1088/1361-648X/ab8fd4
https://doi.org/10.1088/1361-648X/ab8fd4
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c10560?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

(6) Dias, A. C.; Qu, F,; Azevedo, D. L.; Fu, J. Band structure of
monolayer transition-metal dichalcogenides and topological proper-
ties of their nanoribbons: Next-nearest-neighbor hopping. Phys. Rev. B
2018, 98, 075202.

(7) Dias, A. C.; Braganga, H.; de Mendonga, J. P. A.; Da Silva, J. L. F.
Excitonic Effects on Two-Dimensional Transition-Metal Dichalcoge-
nide Monolayers: Impact on Solar Cell Efficiency. ACS Appl. Energy
Mater. 2021, 4, 3265—3278.

(8) Dias, A. C,; Braganga, H.; Lima, M. P.; Da Silva, ]J. L. F. First-
principles investigation of the role of Cr in the electronic properties of
the two-dimensional Mo,Cr,_,Se2 and W,Cr,_,Se2 alloys. Phys. Rev.
Mater. 2022, 6, 054001.

(9) Kim, K. S;; Zhao, Y.; Jang, H,; Lee, S. Y,; Kim, J. M,; Kim, K. S.;
Ahn, J-H; Kim, P; Choi, J.-Y,; Hong, B. H. Large-scale pattern
growth of graphene films for stretchable transparent electrodes.
Nature 2009, 457, 706—710.

(10) Besse, R;; Silveira, J. F. R. V,; Jiang, Z.; West, D.; Zhang, S.; Da
Silva, J. L. F. Beyond the Anderson rule: Importance of interfacial
dipole and hybridization in van der Waals heterostructures. 2D Mater.
2021, 8, 041002.

(11) Silveira, J. F. R. V.; Besse, R.; Da Silva, J. L. F. Stacking Order
Effects on the Electronic and Optical Properties of Graphene/
Transition Metal Dichalcogenide Van der Waals Heterostructures.
ACS Appl. Electron. Mater. 2021, 3, 1671—1680.

(12) Silveira, J. F. R. V.; Besse, R.; Dias, A. C.; Caturello, N. A. M. S.;
Da Silva, J. L. F. Tailoring Excitonic and Optoelectronic Properties of
Transition Metal Dichalcogenide Bilayers. J. Phys. Chem. C 2022, 126,
9173-9184.

(13) Hu, J; Dong, M. Recent advances in two-dimensional
nanomaterials for sustainable wearable electronic devices. J. Nano-
biotechnol. 2024, 22, 63.

(14) Kumar, S.; Kumari, N.; Seo, Y. MXenes: Versatile 2D materials
with tailored surface chemistry and diverse applications. ]. Energy
Chem. 2024, 90, 253—293.

(15) Kumbhakar, P.; Jayan, J. S; Sreedevi Madhavikutty, A;
Sreeram, P.; Saritha, A.; Ito, T.; Tiwary, C. S. Prospective applications
of two-dimensional materials beyond laboratory frontiers: A review.
iScience 2023, 26, 106671.

(16) Pham, P. V; Bodepudi, S. C.; Shehzad, K.; Liu, Y,; Xu, Y.; Yu,
B.; Duan, X. 2D Heterostructures for Ubiquitous Electronics and
Optoelectronics: Principles, Opportunities, and Challenges. Chem.
Rev. 2022, 122, 6514—6613.

(17) Huang, X; Liu, C.; Zhou, P. 2D semiconductors for specific
electronic applications: From device to system. Npj 2D Mater. Appl.
2022, 6, 5.

(18) Bastos, C. M. O.; Besse, R.; Da Silva, J. L. F.; Sipahi, G. M. Ab
initio investigation of structural stability and exfoliation energies in
transition metal dichalcogenides based on Ti-, V-, and Mo-group
elements. Phys. Rev. Mater. 2019, 3, 044002.

(19) Ataca, C.; Sahin, H.; Ciraci, S. Stable, Single-Layer MX2
Transition-Metal Oxides and Dichalcogenides in a Honeycomb-Like
Structure. J. Phys. Chem. C 2012, 116, 8983—8999.

(20) Qian, X; Liy, J.; Fu, L.; Li, J. Quantum spin Hall effect in two-
dimensional transition metal dichalcogenides. Science 2014, 346,
1344—1347.

(21) Griffith, M.; Rufo, S.; Dias, A. C; Da Silva, J. L. Enhancing
topological Weyl Semimetals by Janus transition-metal dichalcoge-
nides structures. Comput. Mater. Sci. 2023, 218, 112004.

(22) Eda, G; Fujita, T.; Yamaguchi, H.; Voiry, D.; Chen, M,;
Chhowalla, M. Coherent Atomic and Electronic Heterostructures of
Single-Layer MoS2. ACS Nano 2012, 6, 7311-7317.

(23) Kim, J. H; Sung, H.; Lee, G.-H. Phase Engineering of Two-
Dimensional Transition Metal Dichalcogenides. Small Sci. 2024, 4,
2300093.

(24) Meng, L; Ma, Y,; Si, K; Xu, S,; Wang, J.; Gong, Y. Recent
advances of phase engineering in group VI transition metal
dichalcogenides. Tungsten 2019, 1, 46—58.

(25) Wang, Y.; Xiao, J.; Zhu, H.; Li, Y.; Alsaid, Y.; Fong, K. Y.; Zhou,
Y.; Wang, S; Shi, W,; Wang, Y.; Zettl, A.; Reed, E. J; Zhang, X.

Structural phase transition in monolayer MoTe2 driven by electro-
static doping. Nature 2017, 550, 487—491.

(26) Varsano, D.; Palummo, M.; Molinari, E.; Rontani, M. A
monolayer transition-metal dichalcogenide as a topological excitonic
insulator. Nat. Nanotechnol. 2020, 1S5, 367—372.

(27) Barbosa, R. S.; Do Nascimento Janior, C. A; Santos, A. S.;
Piotrowski, M. J; Caldeira Rego, C. R, Guedes-Sobrinho, D,;
Azevedo, D. L.; Cavalheiro Dias, A. Unveiling the Role of Electronic,
Vibrational, and Optical Features of the 1T WSe2Monolayer. ACS
Omega 2024, 9, 44689—44696.

(28) Batista, A. L. D. O.; Palheta, J. M. T.; Piotrowski, M. J.; Régo,
C. R. C,; Guedes-Sobrinho, D.; Dias, A. C. Promising TMDC-like
optical and excitonic properties of the TiBr2 2H monolayer. Dalton
Trans. 2024, 53, 746—752.

(29) Qi, R; You, Y; Grzeszczyk, M; Jyothilal, H.; Bera, A;
Laverock, J.; Natera-Cordero, N.; Huang, P.; Nam, G.-H.; Kravets, V.
G.; Burrow, D.; Toscano Figueroa, J. C; Ho, Y. W,; Fox, N. A;
Grigorenko, A. N.; Vera-Marun, L J; Keerthi, A,; Koperski, M.;
Radha, B. Versatile Method for Preparing Two-Dimensional Metal
Dihalides. ACS Nano 2024, 18, 22034—22044.

(30) Zhou, M.; Duan, W.; Chen, Y.; Du, A. Single layer lead iodide:
Computational exploration of structural, electronic and optical
properties, strain induced band modulation and the role of spin-
orbital-coupling. Nanoscale 2015, 7, 15168—15174.

(31) Toulouse, A. S.; Isaacoff, B. P.; Shi, G.; Matuchovi, M,;
Kioupakis, E.; Merlin, R. Frenkel-like Wannier-Mott excitons in few-
layer Pbl,. Phys. Rev. B 2015, 91, 165308.

(32) Zhou, L;; Kou, L.; Sun, Y,; Felser, C.; Huy, F; Shan, G.; Smith,
S. C; Yan, B.; Frauenheim, T. New Family of Quantum Spin Hall
Insulators in Two-dimensional Transition-Metal Halide with Large
Nontrivial Band Gaps. Nano Lett. 2018, 15, 7867—7872.

(33) Huang, X.; Zhou, L.; Yan, L.; Wang, Y.; Zhang, W.; Xie, X.; Xu,
Q.;; Song, H-Z. HfX2 (X= Cl, Br, I) monolayer and type II
heterostructures with promising photovoltaic Characteristics. Chin.
Phys. Lett. 2020, 37, 127101.

(34) Salpeter, E. E.; Bethe, H. A. A Relativistic Equation for Bound-
State Problems. Phys. Rev. 1951, 84, 1232—1242.

(35) Hohenberg, P.; Kohn, W. Inhomogeneous Electron Gas. Phys.
Rev. 1964, 136, B864—B871.

(36) Kohn, W.; Sham, L. J. Self-Consistent Equations Including
Exchange and Correlation Effects. Phys. Rev. 1965, 140, A1133—
Al1138.

(37) Kresse, G.; Hafner, J. Ab initio Molecular Dynamics for Open-
Shell Transition Metals. Phys. Rev. B 1993, 48, 13115—13118.

(38) Kresse, G.; Furthmiiller, J. Efficient Iterative Schemes For Ab
Initio Total-Energy Calculations Using a Plane-Wave Basis set. Phys.
Rev. B 1996, 54, 11169—11186.

(39) Perdew, J. P.; Burke, K; Ernzerhof, M. Generalized Gradient
Approximation Made Simple. Phys. Rev. Lett. 1996, 77, 3865—3868.

(40) Perdew, J. P.; Chevary, J. A; Vosko, S. H,; Jackson, K. A
Pederson, M. R; Singh, D. ].; Fiolhais, C. Atoms, Molecules, Solids,
and Surfaces: Applications of the Generalized Gradient Approx-
imation for Exchange and Correlation. Phys. Rev. B 1992, 46, 6671—
6687.

(41) Vetere, V.; Adamo, C.; Maldivi, P. Performance of
the’parameter free” PBEO functional for the modeling of molecular
properties of heavy metals. Chem. Phys. Lett. 2000, 325, 99—105.

(42) Cohen, A. J.; Mori-Sanchez, P.; Yang, W. Fractional charge
perspective on the band gap in density-functional theory. Phys. Rev. B
2008, 77, 115123.

(43) Crowley, J. M.; Tahir-Kheli, J.; Goddard, W. A. Resolution of
the Band Gap Prediction Problem for Materials Design. J. Phys. Chem.
Lett. 2016, 7, 1198—1203.

(44) Régo, C. R. C; Oliveira, L. N.; Tereshchuk, P.; Da Silva, J. L. F.
Comparative Study of van der Waals Corrections to the Bulk
Properties of Graphite. J. Phys.: Condens. Matter 20185, 27, 415502.

(45) Régo, C. R. C; Oliveira, L. N.; Tereshchuk, P.; Da Silva, J. L. F.
Corrigendum: Comparative Study of van der Waals Corrections to

https://doi.org/10.1021/acsomega.4c10560
ACS Omega 2025, 10, 13122-13130


https://doi.org/10.1103/PhysRevB.98.075202
https://doi.org/10.1103/PhysRevB.98.075202
https://doi.org/10.1103/PhysRevB.98.075202
https://doi.org/10.1021/acsaem.0c03039?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsaem.0c03039?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevMaterials.6.054001
https://doi.org/10.1103/PhysRevMaterials.6.054001
https://doi.org/10.1103/PhysRevMaterials.6.054001
https://doi.org/10.1038/nature07719
https://doi.org/10.1038/nature07719
https://doi.org/10.1088/2053-1583/ac1902
https://doi.org/10.1088/2053-1583/ac1902
https://doi.org/10.1021/acsaelm.1c00009?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsaelm.1c00009?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsaelm.1c00009?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.2c02023?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.2c02023?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1186/s12951-023-02274-7
https://doi.org/10.1186/s12951-023-02274-7
https://doi.org/10.1016/j.jechem.2023.11.031
https://doi.org/10.1016/j.jechem.2023.11.031
https://doi.org/10.1016/j.isci.2023.106671
https://doi.org/10.1016/j.isci.2023.106671
https://doi.org/10.1021/acs.chemrev.1c00735?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.1c00735?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41699-022-00327-3
https://doi.org/10.1038/s41699-022-00327-3
https://doi.org/10.1103/PhysRevMaterials.3.044002
https://doi.org/10.1103/PhysRevMaterials.3.044002
https://doi.org/10.1103/PhysRevMaterials.3.044002
https://doi.org/10.1103/PhysRevMaterials.3.044002
https://doi.org/10.1021/jp212558p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp212558p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp212558p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.1256815
https://doi.org/10.1126/science.1256815
https://doi.org/10.1016/j.commatsci.2022.112004
https://doi.org/10.1016/j.commatsci.2022.112004
https://doi.org/10.1016/j.commatsci.2022.112004
https://doi.org/10.1021/nn302422x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn302422x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/smsc.202300093
https://doi.org/10.1002/smsc.202300093
https://doi.org/10.1007/s42864-019-00012-x
https://doi.org/10.1007/s42864-019-00012-x
https://doi.org/10.1007/s42864-019-00012-x
https://doi.org/10.1038/nature24043
https://doi.org/10.1038/nature24043
https://doi.org/10.1038/s41565-020-0650-4
https://doi.org/10.1038/s41565-020-0650-4
https://doi.org/10.1038/s41565-020-0650-4
https://doi.org/10.1021/acsomega.4c07519?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.4c07519?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D3DT03133K
https://doi.org/10.1039/D3DT03133K
https://doi.org/10.1021/acsnano.4c04397?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.4c04397?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C5NR04431F
https://doi.org/10.1039/C5NR04431F
https://doi.org/10.1039/C5NR04431F
https://doi.org/10.1039/C5NR04431F
https://doi.org/10.1103/PhysRevB.91.165308
https://doi.org/10.1103/PhysRevB.91.165308
https://doi.org/10.1021/acs.nanolett.5b02617?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.5b02617?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.5b02617?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1088/0256-307X/37/12/127101
https://doi.org/10.1088/0256-307X/37/12/127101
https://doi.org/10.1103/PhysRev.84.1232
https://doi.org/10.1103/PhysRev.84.1232
https://doi.org/10.1103/PhysRev.136.B864
https://doi.org/10.1103/PhysRev.140.A1133
https://doi.org/10.1103/PhysRev.140.A1133
https://doi.org/10.1103/PhysRevB.48.13115
https://doi.org/10.1103/PhysRevB.48.13115
https://doi.org/10.1103/PhysRevB.54.11169
https://doi.org/10.1103/PhysRevB.54.11169
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevB.46.6671
https://doi.org/10.1103/PhysRevB.46.6671
https://doi.org/10.1103/PhysRevB.46.6671
https://doi.org/10.1016/S0009-2614(00)00657-6
https://doi.org/10.1016/S0009-2614(00)00657-6
https://doi.org/10.1016/S0009-2614(00)00657-6
https://doi.org/10.1103/PhysRevB.77.115123
https://doi.org/10.1103/PhysRevB.77.115123
https://doi.org/10.1021/acs.jpclett.5b02870?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.5b02870?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1088/0953-8984/27/41/415502
https://doi.org/10.1088/0953-8984/27/41/415502
https://doi.org/10.1088/0953-8984/28/12/129501
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c10560?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

the Bulk Properties of Graphite (2015 JPhys.: Condens. Matter 27
415502. J. Phys.: Condens. Matter 2016, 28, 129501.

(46) Régo, C. R. C.; Tereshchuk, P.; Oliveira, L. N.; Da Silva, J. L. F.
Graphene-supported Small Transition-metal Clusters: A Density
Functional Theory Investigation Within van der Waals Corrections.
Phys. Rev. B 2017, 95, 235422.

(47) Heyd, J.; Scuseria, G. E. Efficient hybrid density functional
calculations in solids: Assessment of the Heyd—Scuseria—Ernzerhof
screened Coulomb hybrid functional. J. Chem. Phys. 2004, 121, 1187—
1192.

(48) Hummer, K; Harl, J; Kresse, G. Heyd-Scuseria-Ernzerhof
hybrid functional for calculating the lattice dynamics of semi-
conductors. Phys. Rev. B 2009, 80, 115205.

(49) Blschl, P. E. Projector Augmented-Wave Method. Phys. Rev. B
1994, 50, 17953—17979.

(50) Kresse, G.; Joubert, D. From Ultrasoft Pseudopotentials to the
Projector Augmented-Wave Method. Phys. Rev. B 1999, 59, 1758—
1778S.

(51) Togo, A.; Tanaka, I First principles phonon calculations in
materials science. Scr. Mater. 2015, 108, 1-S.

(52) Gajdos, M.; Hummer, K; Kresse, G.; Furthmiiller, J.;
Bechstedt, F. Linear optical properties in the projector-augmented
wave methodology. Phys. Rev. B 2006, 73, 045112.

(53) Dias, A. C,; Silveira, J. F.; Qu, F. WanTiBEXOS: A Wannier
based Tight Binding code for electronic band structure, excitonic and
optoelectronic properties of solids. Comput. Phys. Commun. 2023,
285, 108636.

(54) Mostofi, A. A; Yates, J. R; Lee, Y.-S.; Souza, 1; Vanderbilt, D.;
Marzari, N. wannier90: A tool for obtaining maximally-localised
Wannier functions. Comput. Phys. Commun. 2008, 178, 685—699.

(55) Rozzi, C. A.; Varsano, D.; Marini, A.; Gross, E. K. U.; Rubio, A.
Exact Coulomb cutoff technique for supercell calculations. Phys. Rev.
B 2006, 73, 205119.

(56) Hung, N. T.,; Huang, J; Tatsumi, Y.; Yang, T, Saito, R.
QERaman: An open-source program for calculating resonance Raman
spectra based on Quantum ESPRESSO. Comput. Phys. Commun.
2024, 295, 108967.

(57) Giannozzi, P.; Baroni, S.; Bonini, N.; Calandra, M.; Car, R;;
Cavazzoni, C.; Ceresoli, D.; Chiarotti, G. L.; Cococcioni, M.; Dabo,
L; Dal Corso, A.; de Gironcoli, S.; Fabris, S.; Fratesi, G.; Gebauer, R;;
Gerstmann, U,; Gougoussis, C.; Kokalj, A.; Lazzeri, M.; Martin-
Samos, L.; Marzari, N.; Mauri, F.; Mazzarello, R,; Paolini, S.;
Pasquarello, A.; Paulatto, L.; Sbraccia, C.; Scandolo, S.; Sclauzero, G.;
Seitsonen, A. P.; Smogunov, A.; Umari, P.; Wentzcovitch, R. M.
QUANTUM ESPRESSO: A modular and open-source software
project for quantum simulations of materials. J. Phys.: Condens. Matter
2009, 21, 395502.

(58) Giannozzi, P.; Andreussi, O.; Brumme, T.; Bunau, O.;
Buongiorno Nardelli, M.; Calandra, M,; Car, R; Cavazzoni, C,;
Ceresoli, D.; Cococcioni, M.; Colonna, N.; Carnimeo, I.; Dal Corso,
A.; de Gironcoli, S.; Delugas, P.; DiStasio, R. A.; Ferretti, A.; Floris,
A.; Fratesi, G.; Fugallo, G.; Gebauer, R,; Gerstmann, U.; Giustino, F.;
Gorni, T.; Jia, J.; Kawamura, M.; Ko, H.-Y.; Kokalj, A.; Kiigiikbenli, E.;
Lazzeri, M.; Marsili, M; Marzari, N.; Mauri, F,; Nguyen, N. L,;
Nguyen, H.-V,; Otero-de-la Roza, A.; Paulatto, L.; Poncé, S.; Rocca,
D.; Sabatini, R.; Santra, B.; Schlipf, M.; Seitsonen, A. P.; Smogunov,
A.; Timrov, I.; Thonhauser, T.; Umari, P.; Vast, N.; Wu, X,; Baroni, S.
Advanced capabilities for materials modelling with Quantum
ESPRESSO. J. Phys.: Condens. Matter 2017, 29, 465901.

(59) Giannozzi, P.; Baseggio, O.; Bonf4, P.; Brunato, D.; Car, R;;
Carnimeo, I; Cavazzoni, C.; de Gironcoli, S.; Delugas, P.; Ferrari
Ruffino, F.; et al. Quantum ESPRESSO toward the exascale. J. Chem.
Phys. 2020, 152, 1541085.

(60) Cavalheiro Dias, A.; Almeida Cornélio, C. D.; Piotrowski, M. J.;
Ribeiro Junior, L. A.; de Oliveira Bastos, C. M.; Caldeira Rego, C. R;
Guedes-Sobrinho, D. Can 2D Carbon Allotropes Be Used as
Photovoltaic Absorbers in Solar Harvesting Devices? ACS Appl
Energy Mater. 2024, 7, 8572.

(61) Wang, G.; Chernikov, A,; Glazov, M. M.; Heinz, T. F.; Marie,
X.; Amand, T.; Urbaszek, B. Colloquium: Excitons in atomically thin
transition metal dichalcogenides. Rev. Mod. Phys. 2018, 90, 021001.

(62) Jérome, D.; Rice, T. M.; Kohn, W. Excitonic Insulator. Phys.
Rev. 1967, 158, 462—475.

CAS BIOFINDER DISCOVERY PLATFORM™

ELIMINATE DATA
SILOS. FIND
WHAT YOU
NEED, WHEN
YOU NEED IT.

A single platform for relevant,
high-quality biological and
toxicology research

Streamline your R&ED

S

https://doi.org/10.1021/acsomega.4c10560
ACS Omega 2025, 10, 13122-13130


https://doi.org/10.1088/0953-8984/28/12/129501
https://doi.org/10.1088/0953-8984/28/12/129501
https://doi.org/10.1103/PhysRevB.95.235422
https://doi.org/10.1103/PhysRevB.95.235422
https://doi.org/10.1063/1.1760074
https://doi.org/10.1063/1.1760074
https://doi.org/10.1063/1.1760074
https://doi.org/10.1103/PhysRevB.80.115205
https://doi.org/10.1103/PhysRevB.80.115205
https://doi.org/10.1103/PhysRevB.80.115205
https://doi.org/10.1103/PhysRevB.50.17953
https://doi.org/10.1103/PhysRevB.59.1758
https://doi.org/10.1103/PhysRevB.59.1758
https://doi.org/10.1016/j.scriptamat.2015.07.021
https://doi.org/10.1016/j.scriptamat.2015.07.021
https://doi.org/10.1103/PhysRevB.73.045112
https://doi.org/10.1103/PhysRevB.73.045112
https://doi.org/10.1016/j.cpc.2022.108636
https://doi.org/10.1016/j.cpc.2022.108636
https://doi.org/10.1016/j.cpc.2022.108636
https://doi.org/10.1016/j.cpc.2007.11.016
https://doi.org/10.1016/j.cpc.2007.11.016
https://doi.org/10.1103/PhysRevB.73.205119
https://doi.org/10.1016/j.cpc.2023.108967
https://doi.org/10.1016/j.cpc.2023.108967
https://doi.org/10.1088/0953-8984/21/39/395502
https://doi.org/10.1088/0953-8984/21/39/395502
https://doi.org/10.1088/1361-648X/aa8f79
https://doi.org/10.1088/1361-648X/aa8f79
https://doi.org/10.1063/5.0005082
https://doi.org/10.1021/acsaem.4c01544?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsaem.4c01544?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/RevModPhys.90.021001
https://doi.org/10.1103/RevModPhys.90.021001
https://doi.org/10.1103/PhysRev.158.462
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c10560?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.cas.org/solutions/biofinder-discovery-platform?utm_campaign=GLO_ACD_STH_BDP_AWS&utm_medium=DSP_CAS_PAD&utm_source=Publication_ACSPubs

