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A first-principles theoretical study on two-
dimensional MX and MX2 metal halides: bandgap
engineering, magnetism, and catalytic descriptors

Yu-Hsiu Lin, a Daniel Maldonado-Lopez a and Jose L. Mendoza-Cortes *ab

Metal halides, particularly MX and MX2 compounds (where M represents metal elements and X = F, Cl,

Br, I), have attracted significant interest due to their diverse electronic and optoelectronic properties.

However, a comprehensive understanding of their structural and electronic behavior, particularly the

evolution of these properties from bulk to low-dimensional forms, remains limited. To address this gap,

we performed first-principles calculations to develop a database of 60 MX and MX2 metal halides,

detailing their structural and electronic properties in both bulk and slab configurations. Calculations

were performed using the advanced HSE06-D3 hybrid functional for density functional theory (DFT),

ensuring high precision in predicting material properties despite the associated computational cost. The

results reveal that these materials are predominantly semiconductors, but their bandgaps range from 0

to 9 eV. A detailed analysis of the transition from bulk to slab structures highlights notable shifts in

electronic properties, including bandgap modifications. Upon dimensional reduction, 9 materials exhibit

an indirect-to-direct bandgap transition, enhancing their potential for energy conversion. Beyond

structural dimensionality, the influence of chemical composition on bandgap variations was also

examined. To further assess their practical applicability, the catalytic and magnetic properties of these

metal halides were systematically evaluated. These findings not only illuminate previously underexplored

MX and MX2 metal halides but also identify promising candidates for electronic, optoelectronic, catalytic

and spintronic applications. This database serves as a valuable resource for guiding future research and

technology development in low-dimensional materials.

1 Introduction

Since the groundbreaking exfoliation of graphene from
graphite,1 two-dimensional (2D) materials have become a focal
point of research due to their unique properties and potential
applications.2–4 These materials often exhibit distinct charac-
teristics compared to their bulk counterparts, making them
valuable for various technological applications.5,6 However, the
vast diversity of 2D materials has left many of them under-
explored. Among these, pristine MX and MX2 metal halides
represent a significant yet understudied class of 2D materials,
with limited comprehensive experimental and computational
investigations.7,8 Previous studies on MX and MX2 metal
halides often focus on specific elements or small subsets of
the periodic table, leaving a substantial portion of this material
class unexplored.9 Despite this, the potential of these materials

in applications such as optoelectronics,10–16 spintronics,17–19

thermoelectrics,20 energy storage,21 and magnetism22–26 has
been increasingly recognized. In addition, in existing theore-
tical studies, the accuracy of the prediction still has room for
refinement. This highlights the need for a comprehensive and
precise database that consolidates the structural and electronic
properties of MX and MX2 metal halides.

Theoretical studies of metal halides have predominantly
employed density functional theory (DFT) with generalized gra-
dient approximation (GGA) functionals, such as PBE, for both
geometric optimizations and property calculations.26–28 While
these methods offer high computational efficiency, they often
yield significant deviations in key properties, such as bandgap
underestimation. For example, calculations on monolayer MX2

metal iodides have shown that bandgaps computed using the
HSE hybrid functional are 0.33–1.27 eV higher than those
obtained with PBE.29 In some studies, hybrid functionals have
been employed solely for property calculations, while structural
information is derived from GGA-level optimizations.13,16,20,25

However, inaccuracies in GGA-optimized geometries can propa-
gate to electronic property predictions. Specifically, discrepancies
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in lattice constants between PBE and hybrid functionals have
been reported, with average errors of 7.6 pm for PBE compared
to 3.5 pm for hybrid functionals.29 These geometric differences,
though seemingly minor, can have a noticeable impact on
electronic properties, underscoring the importance of using
consistent and accurate methods for both geometry and prop-
erty calculations. In this work, we address these limitations by
employing DFT with the HSE06 hybrid functional, supplemen-
ted by Grimme’s three-body dispersion correction (HSE06-D3),
for both structural optimizations and property calculations.
This approach ensures a higher level of accuracy in predicting
the characteristics of MX and MX2 metal halides, providing
reliable data.

The properties of both 2D and bulk structures of MX and
MX2 metal halides were systematically calculated, as significant
changes in properties between these structural forms can offer
valuable insights. Such differences, particularly in electronic
properties, highlight the potential to tune the characteristics of
the material by varying the number of layers, making dimen-
sional reduction a viable strategy for achieving desirable prop-
erties for specific applications. With the high accuracy provided
by the HSE06-D3 functional, particular attention was given to
identifying shifts in electronic properties during the transition
from bulk to slab structures, such as indirect-to-direct bandgap
transitions. These findings underscore the potential of MX and
MX2 metal halides as candidates for targeted electronic and
optoelectronic applications. To further explore other potential
applicability, detailed calculations and analyses were con-
ducted to investigate their catalytic and magnetic characteris-
tics from the perspective of dimensionality. In addition, trends
and correlations between characteristics within the database
were analyzed. For example, the influence of varying atomic

numbers of halogens on the properties of MX and MX2 com-
pounds was explored, providing a deeper understanding of the
factors governing their behavior. This comprehensive investi-
gation not only addresses existing ambiguities surrounding MX
and MX2 metal halides but also contributes valuable data to the
broader field of 2D materials, paving the way for further
exploration and utilization.

2 Results and discussion

The transformation of bulk materials into isolated 2D mono-
layers offers a pathway to explore and exploit unique properties
that arise from reduced dimensionality. As shown in Fig. 1, the
process involves extracting monolayer slabs from bulk structures,
followed by ab initio optimization to stabilize their geometry. This
dimensional reduction induces significant changes in electronic,
catalytic, and spintronic characteristics due to electron confine-
ment effects. The figure also highlights examples of metal halides
with optimized bulk and monolayer crystal structures, providing
a visual representation of the diversity of materials studied and
the atomic compositions involved. These transformations form
the foundation for understanding the potential applications of
2D metal halides across various technological domains. Although
this work will mainly focus on electronic, optical, catalytic, and
magnetic properties, we also analyze the exfoliation energy of our
metal halides and—for a subset of these—we verify their stability
via vibrational calculations. These analyses can be found in the
SI. The relationship between electronic and optical properties is
crucial in identifying materials suitable for optoelectronic appli-
cations. Leveraging this correlation allows for the efficient screen-
ing of candidates from the compiled database. A key example is
the conversion of electronic bandgaps into their corresponding
wavelengths, as shown in Fig. 2, which illustrates the distribution
of bandgaps for the 2D monolayer semiconductors within the
database. Among the 60 2D materials analyzed, 57 exhibit non-
zero bandgaps, classifying them as semiconductors or insulators,
while the remaining materials display metallic behavior. Of the
semiconducting materials, 15 possess bandgaps corresponding
to wavelengths within the visible (VIS) range, 7 in the infrared
(IR), and 35 in the ultraviolet (UV). These findings hold particular
significance for applications in energy harvesting, as over 90% of
the solar energy reaching Earth’s surface consists of visible and
infrared light. Materials with direct bandgaps aligned with these
wavelengths have the potential to act as efficient solar energy
harvesters. Notably, two materials from the database meet these
criteria (VIS: CoI2; IR: BiI). While 2D materials with bandgaps in
the UV range are less suitable for solar energy applications, they
offer promise as UV detectors due to their ability to absorb high-
energy photons. Specifically, eleven materials (CdCl2, CoBr2,
CuBr, CuF2, CuI, FeCl2, MgCl2, PbF2, RbCl, SnCl2, VI2) were
identified with direct bandgaps spanning a broad UV range,
from 140 nm to 330 nm. Beyond light absorption, Fig. 2 also
provides insights into potential light-emitting applications, offer-
ing a preliminary understanding of these materials as emitters at
specific wavelengths.
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The exfoliation of graphite into graphene has sparked sig-
nificant interest in exploring the 2D counterparts of various
layered materials. While experimental approaches to synthesiz-
ing and characterizing these materials are often labor-intensive
and time-consuming, advancements in computational techni-
ques have provided an efficient alternative for predicting and
analyzing their properties. Fig. 3 offers computational insights
into the potential benefits of exfoliating bulk materials into
their 2D forms, focusing on changes in electronic properties. In

Fig. 3, the data points represent the bandgap values of both 2D
and bulk materials, along with their bandgap types (direct or
indirect). Generally, the bandgap tends to increase slightly as
the structure transitions from bulk to monolayer. However,
four materials (BiI, VI2, YCl, ZrCl) exhibit a notable decrease in
bandgap upon this transformation. These findings highlight
the potential to fine-tune electronic properties by modulating
the number of layers in layered materials. Furthermore, transi-
tions in bandgap types, such as from indirect to direct, are

Fig. 1 Prediction of isolated 2D monolayers derived from bulk counterparts. (a) Slab-cut monolayers from bulk structures and optimized through ab
initio calculations, exhibiting distinct electronic, catalytic, and spintronic properties due to electron confinement effects. (b) Examples of optimized bulk
and monolayer crystal structures, with spheres representing different elements: Ag (gray), Au (gold), Br (brown), Cl (fluorescent green), Co (dark blue), Cu
(blue), F (light blue), Fe (dark yellow), I (dark purple), Mn (light purple), Ni (silver), Ti (aqua blue), and V (red). Bulk structures are shown in top view;
monolayers are shown in both side and top views.
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observed, which have significant implications for energy effi-
ciency and optoelectronic applications. Specifically, nine mate-
rials (CdCl2, CoBr2, CuF2, CuI, FeCl2, PbF2, RbCl, SnCl2, VI2)
undergo an indirect-to-direct bandgap transition during the
bulk-to-slab transformation, enhancing their potential for effi-
cient light emission and absorption. Conversely, some materi-
als experience other types of transitions: BiI, CoI2, CuBr, and
MgCl2 remain direct bandgaps, LaBr2 and LaI2 keep zero
bandgaps, while six others (CrBr2, CrI2, GeI2, NdI2, PbI2, SrI2)
exhibit direct-to-indirect transitions. More extremely, ScCl and
YCl can shift between a semiconductor and a conductor with a
zero bandgap by undergoing the dimensional transformation.
These results demonstrate that both the magnitude and type of
bandgap are influenced by the number of layers, underscoring
the versatility of these materials for tailored applications in
electronic and optoelectronic devices. Apart from the bandgap,
the crystal structures are affected fundamentally. The mean
bond distance between metal and halide atoms is shown in Fig.
S2 (see SI), which quantifies how elemental and dimensional
factors impact geometry.

Fig. 4 illustrates the relationship between the bandgaps of
MX2 metal halides and the halogen element (X). A general trend
emerges in which the bandgap decreases as the atomic number
of the halogen increases. This observation is consistent with the
differences in electronegativity among halogens (Cl 4 Br 4 I).
Lower electronegativity weakens the bonding between the metal
and halogen atoms, reducing the localization of electronic states
and resulting in narrower bandgaps.30 These findings highlight
the potential for tuning the electronic properties of metal halides
by manipulating the strength and nature of their bonding. Such
trends are not unique to the HSE06-D3 calculations used in this
study but have also been observed in prior computational works
employing GGA and LDA functionals, such as those investigating
monolayer alkaline earth and transition metal halides,31 and

Fig. 2 Optoelectronic properties of 2D monolayer semiconductors: solid
markers indicate materials with direct bandgaps, while hollow markers
denote those with indirect bandgaps.

Fig. 3 Bandgap transitions between bulk and 2D monolayer materials in
the database: solid markers represent direct bandgaps, hollow markers
denote indirect bandgaps, and metallic materials are indicated by solid
markers at 0 eV. Dashed lines indicate an increase in bandgap values as
materials transition from bulk to monolayer structures.
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organometallic halide perovskites.32 This alignment underscores
the robustness of the observed trends and provides a qualitative
and quantitative framework for understanding the electronic
behavior of metal halides.

Fig. 5 presents the band edge alignments relative to the
vacuum level for spin-polarized monolayers in the database.
The spin-up and spin-down bands are plotted separately, enabling
the identification of materials with potential spintronic applica-
tions. Specifically, these monolayers exhibit spin-split band struc-
tures, where the spin-up and spin-down electrons have distinct
bandgap values. Among these monolayers, the MX2 metal halides,
in which M = Co, Cu, and Ni, are more likely to induce high spin-
polarization. Notably, CrI2 demonstrates characteristics of a half
semiconductor. These materials behave as semiconductors (band-
gap o3 eV) in a spin channel while acting as insulators (bandgap
43 eV) in the other. This unique behavior arises because of
distinct band edges in the two spin channels. Consequently, upon
thermal or optical excitation, these materials can generate spin-
polarized electrons or holes, a property desirable for spintronic
devices. Furthermore, AgF2, CuCl2, and NiI2 stand out as potential
bipolar magnetic semiconductors. In these materials, the VBM is
fully polarized in the spin-up channel, while the CBM is fully
polarized in the spin-down channel. This configuration makes it
possible to achieve fully spin-polarized currents by applying an
external gate voltage. For example, AgF2 under zero gate voltage
behaves as a conventional semiconductor. However, when a
negative gate voltage is applied, the Fermi level shifts down,
enabling a conductive spin-up electron channel while maintain-
ing a semiconducting spin-down channel. Conversely, a positive
gate voltage raises the Fermi level, resulting in a conductive spin-
down channel and an insulating spin-up channel. This ability to
control spin orientation and polarization through gate voltage

modulation positions materials as promising candidates for
next-generation spintronic applications. The tunability of spin-
dependent electronic properties in these materials highlights
their potential for developing efficient and versatile spintronic
devices.

The potential catalytic activity of the materials can also be
assessed using Fig. 5, which includes energy references for two
key catalytic reactions: hydrogen reduction (H+/H2) and oxygen
evolution (O2/H2O). These reactions are represented by the
standard hydrogen electrode (SHE) and standard oxygen elec-
trode (SOE) energy levels, plotted as blue and red dashed lines,
respectively. A semiconductor with a CBM positioned above the
SHE level can supply excited electrons with sufficient energy for
hydrogen reduction, making it a viable candidate for this reac-
tion. Conversely, a material with a VBM below the SOE level can
facilitate oxygen evolution by providing holes at appropriate
energy levels. Given the growing demand for sustainable energy
solutions, identifying materials capable of catalyzing both hydro-
gen reduction and oxygen evolution is critical for efficiently
producing hydrogen from water. For a material to be classified
as a potential water-splitting photocatalyst, it must meet three
criteria: (1) the CBM should be above the SHE level to enable
hydrogen reduction, (2) the VBM should be below the SOE level to
support oxygen evolution, and (3) the bandgap should fall within
the main solar spectrum (1.2–2.8 eV) to harness sunlight effec-
tively for charge carrier generation.33 Among these spin-polarized
monolayers, two materials satisfy these requirements: CrI2 with a
bandgap of 1.91 eV in the a-electron channel and NiI2 with a
bandgap of 2.24 eV in the b-electron channel, indicating their
potential for photocatalytic applications.

Fig. 4 Compositional dependence of bandgap values on halogen elements
in MX2 monolayer compounds. (a) An example of optimized NiX2 where X is
exchanged among Cl, Br, and I. (b) Dependence of bandgap values.

Fig. 5 Absolute band edge alignment for spin-polarized monolayer
halides. a (spin-up) and b (spin-down) electronic bands were plotted in
green and yellow, respectively. Energy reference with respect to vacuum is
positioned on the left scale and energy reference with respect to a
standard hydrogen electrode (�4.44 eV w.r.t. vacuum) is positioned on
the right scale. White spaces between the bands indicate the spin-
polarized bandgap for each material. The vacuum, standard hydrogen
electrode, and standard oxygen electrode reference levels were plotted as
horizontal solid black, dashed blue, and red lines, respectively.
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The distribution of spin not only governs the magnetic proper-
ties of materials but also plays a critical role in determining their
structural stability. To account for this, different initial spin
configurations were applied during the design phase prior to
geometric optimization. The most stable spin configuration for
each material was identified as the one corresponding to the
lowest total energy after optimization. To systematically analyze
the influence of dimensionality on magnetic properties, the types
of magnetism, ferromagnetic (FM) or antiferromagnetic (AFM),
were determined for both bulk and 2D monolayer forms. Fig. 6(a)

illustrates the methodology used to define the magnetic states of
the 60 metal halides. Initially, bulk structures were optimized
both with and without assigned spins corresponding to the FM
state. The more stable ground state was then selected between
these two configurations. For materials that stabilized in the FM
state, an additional optimization was performed with spins
assigned to an AFM configuration. Since this reassignment
disrupted the original symmetry, a re-symmetrization process
was applied, mapping the structure onto a different space group.
A second round of energy comparisons between FM and AFM

Fig. 6 Investigation on magnetic property. (a) Procedure to define the magnetic feature of each bulk and monolayer metal halide. (b) Illustrations of
magnetic states in the case of TmI2, including the forms of bulk and monolayer with different spin arrangements. Visualized geometry of each
combination consists of a perspective view and a side view. Green and red arrows denote spin-up and spin-down electrons, respectively. Black boxes
represent unit cells.
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states was conducted to determine the final magnetic states of
the bulk structures. Subsequently, the most stable bulk structures
were cleaved to construct the initial monolayer models. Before
optimization, each monolayer was assigned spin configurations
corresponding to FM, AFM, and a non-magnetic state. The final
magnetic states of the monolayers were determined based on the
lowest-energy configuration among these possibilities. The
energy difference of material structures with varied spin assign-
ments is plotted in Fig. S3 (see SI). The variation in spin
configurations between bulk and monolayer structures further
highlights the effects of electron confinement induced by
reduced dimensionality. Fig. 6(b) provides a visual representation
of the assigned spin states in both bulk and monolayer forms.
Notably, inter-plane AFM ordering is exclusively observed in bulk
structures, as the interlayer interactions necessary to sustain this
configuration are absent in monolayers.

Within the database, 25 metal halides were found to exhibit
magnetic behavior, as summarized in Table 1. Among the 25
magnetic materials, 12 retain the same type of magnetism when
transitioning from bulk to monolayer structures. Interestingly, 10
materials (AgF2, CoBr2, CoCl2, CrI2, CuCl2, CuF2, NiBr2, NiCl2,
NiI2, and YCl) undergo a magnetic transition from antiferromag-
netic in the bulk to ferromagnetic in their 2D monolayer form,
and one material (VI2) undergoes an opposite ferromagnetic-to-
antiferromagnetic transition. In addition, the magnetic feature
disappears in two materials (AuBr2 and ScCl) under a bulk-to-2D
transformation. This dimensional transition in magnetic beha-
vior aligns with trends observed in experimentally studied metal
halides and provides valuable insights into unexplored materials
within the database. These findings highlight the potential of 2D
metal halides for applications in spintronics and other magnetic
technologies, emphasizing the importance of structural dimen-
sions in tailoring magnetic properties.

3 Methods

The calculations were carried out using unrestricted hybrid DFT
with the Heyd–Scuseria–Ernzerhof (HSE06) exchange–correla-
tion functional,34,35 as implemented in the CRYSTAL23 ab initio
solid-state chemistry modeling software.36,37 The HSE06 func-
tional was chosen for its proven accuracy in predicting both
structural and electronic properties.29 CRYSTAL23 employs
Gaussian-type orbitals (GTOs), which facilitate efficient imple-
mentation of advanced methods such as hybrid functionals and
post-Hartree–Fock approaches. The structural optimizations
were performed using triple-zeta with polarization quality
(TZVP) Gaussian basis sets for all elements,38 ensuring high
precision. Additionally, the Grimme-D3 dispersion correction
was incorporated to account for van der Waals interactions.39

The initial bulk structures of metal halides were provided by
inorganic crystal structure database (ICSD)40 and Heine et al.41

Materials were first optimized in their bulk form using the
HSE06 functional. Then, preliminary monolayer structures
were derived from these optimized bulk counterparts by cleav-
ing the slabs along the main crystallographic plane. To avoid

self-interactions due to periodic boundary conditions, a
vacuum of 500 Å was applied in the [001] direction, a default
value in CRYSTAL23 for slab calculations. The use of GTOs instead
of plane waves mitigates the computational challenges typically
associated with adding large vacuum spaces. GTOs are localized
and do not extend throughout vacuum, allowing the calculation of
large vacuum unit cells without increasing the computational cost.
The convergence thresholds of energies were set at 10�7 a.u. for all
geometry optimization and single point energy calculations. The
reciprocal space was sampled using a G-centered Monkhorst–Pack
grid with a resolution of approximately 2p � 1/60 Å�1.42 All
structures were optimized under full relaxation of cell parameters
and atom positions with applicable symmetries found from
FINDSYM.43 For frequency calculations at G, the single point
energy and between-geometry energy thresholds were set to stricter
values, at 10�11 a.u., to avoid numerical errors. Furthermore, for
the geometry optimizations prior to frequency calculations, the
root mean squared (RMS) gradient, maximum gradient, RMS
atomic displacements, and maximum atomic displacements were
set to 3 � 10�5 a.u., 4.5 � 10�5, 1.2 � 10�4 a.u., and 1.2 � 10�4

respectively (one order of magnitude stricter than default optimi-
zation tolerances). The magnetic properties of the materials were
analyzed by initially assigning polarized spin configurations
corresponding to ferromagnetic and antiferromagnetic alignments
during structural optimization. A material was classified as mag-
netic if the assigned spin configuration persisted after optimiza-
tion and resulted in a more stable ground state compared to non-
magnetic configurations. The electronic band structures were
calculated along k-paths selected based on the crystal symmetry.

Table 1 Summary of magnetic metal halides, detailing the types of
magnetism observed in both 2D monolayer and bulk structures. FM and
AFM denote ferromagnetic and antiferromagnetic, respectively. The state
of AFM is further specified by inter-plane (Inter) and in-plane (In) spin
arrangement

Material Magnetism (bulk) Magnetism (slab)

AgF2 (Inter) AFM FM
AuBr2 (Inter) AFM —
CoBr2 (Inter) AFM FM
CoCl2 (Inter) AFM FM
CoI2 (Inter) AFM (In) AFM
CrBr2 (In) AFM (In) AFM
CrI2 (In) AFM FM
CuCl2 (Inter) AFM FM
CuF2 (Inter) AFM FM
FeCl2 (In) AFM (In) AFM
FeI2 (In) AFM (In) AFM
MnBr2 (In) AFM (In) AFM
MnCl2 (In) AFM (In) AFM
MnI2 (Inter) AFM (In) AFM
NiBr2 (Inter) AFM FM
NiCl2 (Inter) AFM FM
NiI2 (Inter) AFM FM
ScCl FM —
TiBr2 (In) AFM (In) AFM
TiCl2 (In) AFM (In) AFM
TmI2 FM FM
VBr2 (In) AFM (In) AFM
VCl2 (In) AFM (In) AFM
VI2 FM (In) AFM
YCl (Inter) AFM FM
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Apart from bandgap values, the band alignment relative to
vacuum is crucial for determining the practical applications of
spin-polarized 2D metal halides. To achieve this, we calculated
the work function, defined as the energy difference between an
electron at infinity and the Fermi energy level. We adopted a
single-point calculation approach, following the CRYSTAL tutor-
ials website,37 as illustrated in Fig. S1 (see SI), to obtain a better
description of the electrostatic potential at vacuum. Specifically,
two ghost layers providing electronic states were placed above
and below the optimized monolayer metal halides to induce
nonzero electrostatic potentials at positive and negative values,
sufficiently far away from the slab. In this case, the electrostatic
potential was measured at 100 a.u. (E53 Å) from the monolayer.
Band alignment was performed by shifting the bands according
to the electrostatic potential, with the vacuum energy level set to
0 eV. The separation distance between the monolayers and ghost
layers was adjusted for each compound, ensuring an observable
but minimal electron population—typically below 0.01—to
achieve an accurate vacuum description without compromising
the material’s electronic structure. The electrostatic potential was
determined as the average of the absolute potentials at positive
and negative infinity. This approach addresses the limitations of
Gaussian-based DFT calculations, which primarily focus on
localized electron density around the material structure.

4 Conclusions

This study comprehensively examines the structural, electronic,
and magnetic properties of MX and MX2 metal halides in both
bulk and 2D forms using high-accuracy hybrid density functional
theory (HSE06-D3). Transformations from bulk to monolayer
structures were shown to significantly affect material properties,
including bandgap values and types, with indirect-to-direct transi-
tions identified in nine compounds. Such findings highlight the
potential of these materials for optoelectronic applications, parti-
cularly in solar energy harvesting and ultraviolet detection. The
study also identifies promising candidates for spintronic and
catalytic applications. Materials like AgF2, NiI2 exhibit spin-
polarized electronic properties, while CrI2 and NiI2 show potential
for photocatalytic water splitting due to their favorable band
alignment and bandgap characteristics. Additionally, magnetic
behavior analysis revealed dimensionality-driven transitions
between antiferromagnetic and ferromagnetic states in select
materials, offering insights for spintronic device design. In sum-
mary, this work provides a detailed database and theoretical
framework for MX and MX2 metal halides, paving the way for
experimental validation and future material optimization. These
findings underscore the versatility of metal halides for diverse
technological applications, from energy harvesting to spintronics.
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