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ABSTRACT: Two-dimensional (2D) materials have garnered significant
attention due to their unique properties and broad application potential.
Building on the success of goldene, a monolayer lattice of gold atoms, we
explore its proposed silver and copper analogues, silverene and copperene,
using density functional theory calculations. Our findings reveal that silverene
and copperene are energetically stable, with formation energies of −2.3 and
−3.1 eV/atom, respectively, closely matching goldene’s −2.9 eV/atom.
Phonon dispersion and ab initio molecular dynamics simulations confirm
their structural and dynamical stability at room temperature, showing no
bond breaking or structural reconfiguration. Mechanical analyses indicate
isotropy, with Young’s moduli of 73, 44, and 59 N/m for goldene, silverene,
and copperene, respectively, alongside Poisson’s ratios of 0.46, 0.42, and 0.41.
These results suggest comparable rigidity and deformation characteristics. Electronic band structure analysis highlights their metallic
nature with variations in the band profiles at negative energy levels. Despite their metallic character, these materials exhibit optical
properties akin to those of semiconductors, pointing to potential applications in optoelectronics.

■ INTRODUCTION
Two-dimensional (2D) materials have revolutionized nano-
science, offering unparalleled properties and applications across
electronics,1 photonics,2 catalysis,3 and energy storage.4

Graphene,5 for instance, opened avenues for exploring other
2D systems, such as borophene,6 phosphorene,7 and silicene,8

each exhibiting unique mechanical, electronic, and optical
characteristics. Among metallic 2D materials, goldene, a single-
atom-thick monolayer of gold, has emerged as a significant
breakthrough, demonstrating good structural stability with
roughly 9% lattice contraction compared to bulk gold.9−11

Goldene was initially synthesized using various approaches,
including thermal dewetting of thin gold films and exfoliation
from Au-intercalated MAX (Ti3SiC2) phases.9 These techni-
ques established the material’s energetic, structural, and
dynamic stability. Computational studies revealed goldene’s
robust metallic properties, unique optical band gap, and
flexibility.12−18

A recent study has further highlighted the remarkable
conductivity of goldene, emphasizing its potential as a high-
performance 2D conductor.19 It was demonstrated through
first-principles calculations that goldene exhibits intrinsic
electrical conductivity on par with lightly doped graphene,
significantly surpassing other 2D metallic materials, including
MXenes and MBenes.12 This outstanding conductivity is
attributed to goldene’s large Fermi velocity and simple
electronic structure with a prominent single energy band

crossing the Fermi level. Furthermore, goldene displays high
thermal conductivity, adhering closely to the Wiedemann−
Franz law, which underscores its suitability for applications in
next-generation nanoelectronics.13

Beyond its intrinsic properties as a 2D material, goldene
exhibits versatility by serving as a precursor to one-dimensional
(1D) systems such as goldene nanotubes.20 Recent studies
have demonstrated that rolling goldene into nanotube
geometries produces goldene nanotubes (GNTs) with
distinctive electronic and mechanical properties. GNTs retain
the metallic nature of goldene while exhibiting unique
electronic features such as nearly flat bands near the Fermi
level for specific chirality indices. These insights into the
electronic and structural properties of goldene strengthen the
case for exploring analogous materials, such as silverene and
copperene, which could exhibit comparable or superior
properties.

Building on this success, the present work explores two
closely related 2D materials, silverene and copperene,
proposed as 2D analogues of goldene. Copper and silver
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were selected as analogues of gold due to their similar
electronic configurations and chemical properties in the same
periodic table group. This choice provides a natural
progression from golden to silverene and copperene,
facilitating a direct comparison of their structural, electronic,
and mechanical properties in the 2D limit. While goldene has
been previously studied using DFT, as mentioned above, the
silverene and copperene monolayers are novel and have not
been systematically investigated. This study aims to fill this gap
by performing first-principles calculations to analyze these
materials’ stability, electronic behavior, and mechanical
properties.

Goldene was theoretically studied, including its mechanical,
electronic, and thermal properties. For instance, Mortazavi12

performed comprehensive first-principles calculations, reveal-
ing the remarkable stability and rigidity of goldene, along with
its low lattice thermal conductivity. This study highlighted the
anisotropic mechanical properties and the potential of goldene
for practical applications, demonstrating its stability at elevated
temperatures up to 700 K and confirming the metallic nature
of the monolayer even under large tensile strains.12 In contrast
to this previous study, we systematically explore the 2D
analogues of goldene (silverene and copperene) to investigate
their structural, mechanical, electronic, and optical properties.
In this way, comparing these materials with goldene can show
how a similar lattice topology composed of distinct chemical
species affects their behavior, particularly regarding the
mechanical strength and electronic properties.

It is worth mentioning that silverene and copperene
monolayers can be synthesized using approaches similar to
those employed to synthesize goldene. Three research groups
successfully synthesized this material using various methods,
including chemical vapor deposition (CVD), exfoliation from
MAX-phase materials, and wet-chemical etching processes.9−11

Based on the structural and bonding similarities among
goldene, silverene, and copperene, we anticipate that these
same techniques could be adapted to synthesize silverene and
copperene. Specifically, CVD could grow ultrathin metal films
followed by high-temperature annealing to promote monolayer
formation. Alternatively, exfoliation from metal-intercalated
MAX-phase compounds, a method used for goldene, could be
adapted for silverene and copperene by etching away the
intercalated layers.

Herein, we propose and computationally investigate the 2D
analogues of goldene, named silverene and copperene. Using
density functional theory (DFT) calculations, we explore their
structural, mechanical, electronic, and optical properties. We
establish their energetic and dynamic stabilities through
formation energy calculations, phonon dispersions, and ab
initio molecular dynamics simulations. Additionally, we
evaluate their isotropic mechanical characteristics, including
Young’s modulus and Poisson’s ratio, and analyze their
electronic band structures to highlight similarities and
differences with goldene. Despite their metallic nature,
goldene, silverene, and copperene exhibit optical properties
akin to semiconductors, indicating a potential for optoelec-
tronic applications.

■ METHODOLOGY
This study used density functional theory (DFT) calculations
to investigate the structural, electronic, and optical properties
of copperene, goldene, and silverene monolayers. These
calculations were performed using the Vienna ab initio

simulation package (VASP),21,22 employing the generalized
gradient approximation (GGA) with the Perdew−Burke−
Ernzerhof (PBE) exchange−correlation functional.23 The
Kohn−Sham equations were solved using the plane-wave
basis set in combination with the projector augmented wave
(PAW) method,24,25 which ensures accurate treatment of core
and valence electron interactions.

Geometric optimizations were performed by minimizing the
stress tensor and atomic forces, utilizing a plane-wave cutoff
energy of 500 eV; for the density of states, electronic band
structure, phonon dispersion, and ab initio molecular dynamics
(AIMD), we used a cutoff energy of 300 eV. The self-
consistency cycle adopted a total energy convergence criterion
of 10−6 eV, while equilibrium structures were confirmed when
the residual interatomic forces were below 0.01 eV Å−1. To
eliminate spurious interactions between the monolayers and
their periodic images along the nonperiodic z-direction, a
vacuum spacing of 15 Å was introduced in the unit cells. For
the structural optimization and electronic properties, we used a
k-mesh of 28 × 16 × 1, generated using the Monkhorst−Pack
method.26

The dynamical stability was investigated through phonon
dispersion, combining the VASP and Phonopy packages,27

using density functional perturbation theory (DFPT);28 these
calculations were formed using a 7 × 7 × 1 supercell with a 2 ×
2 × 1 k-points mesh. The thermodynamic properties were
obtained from phonon dispersions with a 48 × 48 × 1 k-points
mesh. The thermodynamic stability was investigated through
AIMD, using the NVT ensemble with a Langevin thermo-
stat,29,30 at 300 K with a time step of 1 fs for a simulation time
of 10 ps. These simulations were conducted with a 6 × 6 × 1
supercell, considering only the Γ k-point.

The linear optical response was investigated at independent
particle approximation (IPA) and Bethe−Salpeter equation
(BSE)31 levels of theory via WanTiBEXOS code.32 The single-
particle electron and hole energy levels were directly obtained
by a maximally localized Wannier function tight binding
(MLWF-TB) Hamiltonian, directly obtained from DFT
calculations, using the Heyd−Scuseria−Ernzerhof (HSE06)
hybrid exchange−correlation function,33 for a more accurate
description of the interband separations, through the
Wannier90 package.34 These calculations were done using a
44 × 25 × 1 k-points mesh, considering the following number
of conduction (nc) and valence (nv) bands: nc = 3 and nv = 6
for goldene, nc = 4 and nv = 6 for silverene, and nc = 2 and nv =
3 for copperene, which are sufficient to describe the absorption
spectrum in the solar emission range (i.e., 0−4 eV), and
smearing of 0.05 eV was applied in the dielectric function
calculations at both IPA and BSE levels. The BSE calculations
employed a 2D truncated Coulomb potential (V2DT)35 to
model the electron−hole Coulomb potential.

■ RESULTS AND DISCUSSION
Goldene, silverene, and copperene unit cells, together with
their cohesive energies and bond lengths, are shown in Figure
1. The schematic representations emphasize the structural
similarities among these three materials, while red and blue
bonds indicate variations in bond lengths. Additionally, the
inset panel provides a detailed comparative analysis of the
bond lengths, enabling a direct evaluation of their differences
across the three structures. The monolayers’ space group is
Cmmm (space group: 65).
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The cohesion energy (Ecohe) of the investigated 2D materials
was defined as

= ×E E E
1
2

( 2 )cohe Monolayer Atom (1)

where EMonolayer is the monolayer total energy, the factor of 2
accounts for the number of atoms in the unit cell, and EAtom
represents the energy of an isolated gas-phase atom (Au, Ag, or
Cu). A negative Ecohe indicates that the 2D configuration is
energetically favorable, with more negative values correspond-
ing to greater stability.

Among the investigated 2D materials, copperene exhibits the
lowest cohesion energy (Ecohe = −3.1 eV/atom), followed by
goldene (Ecohe = −2.9 eV/atom) and silverene (Ecohe = −2.3
eV/atom), as shown in Figure 1. This trend highlights the role
of interatomic interactions and bonding environments in
determining the stability. The enhanced stability of copperene
arises from its stronger interatomic forces, whereas goldene
retains a relatively high stability due to persistent relativistic

effects. Silverene, with its weaker bonding, is the least stable of
the three. The consistently negative Ecohe values confirm that
all monolayers are energetically more favorable than their gas-
phase atomic counterparts, emphasizing the influence of
electronic effects and reduced dimensionality on stability.

The inset panel in Figure 1 illustrates the bond length
variations for copperene, goldene, and silverene, highlighting
the differences between the blue and red bonds. These
disparities stem from the constituent elements’ distinct
electronic environments and atomic radii, which modulate
the directional bonding within the rectangular lattice. The
observed bond length anisotropy reflects the interplay between
covalent and metallic bonding characteristics in these 2D
materials, emphasizing the structural deviations induced by
element-specific interactions.

In copperene, the blue and red bonds exhibit nearly identical
lengths (2.44 Å and 2.43 Å), indicating a highly uniform
bonding environment. This near-isotropic lattice structure
arises from copper’s strong interatomic interactions and
relatively small atomic radius, contributing to its high cohesion
energy and structural stability. Goldene, in contrast, presents a
more pronounced bond length disparity (2.72 Å and 2.75 Å)
compared to copperene. This difference is primarily attributed
to relativistic effects in gold,36,37 which stabilize the 6s
electrons and modify the bonding environment.36 These
effects enhance the anisotropy in bond lengths, leading to
more significant variations within the rectangular lattice.
Silverene exhibits the most critical bond length disparity
among the three materials (2.76 Å and 2.80 Å). This increased
anisotropy stems from silver’s weaker interatomic bonding and
larger atomic radius, resulting in a less rigid lattice than
goldene and copperene. The bond lengths in each monolayer
directly influence the lattice constants (a0, b0), which are found
to be (2.72 Å, 4.77 Å) for goldene, (2.75 Å, 4.87 Å) for
silverene, and (2.45 Å, 4.20 Å) for copperene. These variations
further reinforce the correlation between the atomic bonding
characteristics and structural anisotropy in these 2D materials.
Based on the similarities in the growth, formation energies, and
bonding characteristics between goldene, silverene, and
copperene, we believe that similar synthetic routes used to
achieve goldene9−11 could be applied to obtain silverene and
copperene.

Figure 1. Optimized copperene, goldene, and silverene crystal
structures, along with their cohesion energies and bond lengths.
The main panel presents the cohesion energy for each material, while
the inset panel compares the bond lengths (red and blue bonds)
across the three monolayers.

Figure 2. AIMD simulations for goldene, silverene, and copperene at 300 K. The main panel shows the time evolution of the potential energy per
atom, plotted in black, red, and blue for goldene, silverene, and copperene, respectively. The inset panels display the top and side views of the final
snapshots of the structures after 10 ps of simulation.
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The thermodynamic stability of the investigated monolayers
is shown through AIMD simulations, performed at 300 K, in
Figure 2. The main panel shows the time evolution of the
potential energy per atom for the three monolayers, plotted in
blue, black, and red for copper, gold, and silverene,
respectively. The inset panels display the top and side views
of the final snapshots of the structures after 10 ps of simulation.
The choice of 300 K for the AIMD simulations was motivated
by the intention to evaluate the stability of silverene and
copperene under ambient conditions, which is crucial for
practical applications. While some 2D materials are synthesized
at higher temperatures, this study aimed to examine whether
these monolayers maintain their structural integrity when
brought to room temperature, which is more representative of
typical device environments.

These AIMD simulations reveal that all monolayers remain
stable at 300 K, with no evidence of bond breaking or
reconfiguration throughout the simulation. This stability
underscores the robustness of these 2D materials under
environmental conditions, making them promising candidates
for several applications at room temperature operation. The
potential energy per atom follows the order copperene <
goldene < silverene, reflecting the relative stability of the
materials. This order aligns with earlier cohesion energy
calculations, where copperene exhibited the lowest cohesion
energy, followed by goldene and silverene. The strong
interatomic interactions and uniform bonding in copperene
contribute to its lower potential energy, while the larger bond
length disparity and weaker bonding in silverene result in a
higher potential energy per atom. Goldene lies between these
two extremes, influenced by relativistic effects that enhance its
bonding. The time evolution of the potential energy shows
minor fluctuations for all three materials, further confirming
their dynamic stability during the AIMD simulations. The
consistency of these results with the cohesion energy
calculations provides strong evidence for the thermodynamic
stability of copperene and silverene 2D monolayers.

The phonon dispersion, shown in Figure 3a, highlights key
differences in the vibrational behavior of the three monolayers;
the lack of imaginary frequencies also suggests the dynamic
stability of these monolayers. Copperene exhibits the highest
phonon frequencies, with modes reaching approximately 8
THz, reflecting its strong interatomic bonding and smaller
atomic mass. Goldene displays intermediate phonon frequen-
cies, influenced by relativistic effects that alter the bonding
environment. Goldene’s phonon dispersion is, according to the
other previous investigations shown in literature.12,16 Silverene,
on the other hand, has the lowest phonon frequencies,

consistent with its weaker interatomic bonding. The higher
frequency modes observed in copperene also suggest greater
lattice stiffness than those in goldene and silverene. These
differences directly correlate with the earlier cohesion energy
and bonding strength trends, where copperene was the most
stable and silverene was the least stable.

Figure 3b depicts the thermodynamic properties of the three
monolayers as a function of the temperature, providing insight
into their thermal behavior. The free energy decreases
monotonically with increasing temperature for all materials,
with goldene and silverene having the most negative free
energy, followed by copperene. Despite slight differences in
their phonon spectra, the free energy curves for goldene and
silverene are nearly identical. This behavior is justified by the
similarities in the phonon dispersion, leading to comparable
contributions to the free energy. The free energy of copperene
is less negative due to its stiffer lattice, as indicated by the
higher phonon frequencies, which reduces vibrational entropy
contributions to the free energy at the same temperature.

The entropy increases with temperature for all three
materials with goldene and silverene displaying the steepest
slopes. This indicates that goldene and silverene have more
accessible vibrational modes at higher temperatures, consistent
with their lower phonon frequencies and flexible lattices.
Copperene, on the other hand, exhibits the least entropy
increase due to its stiffer lattice and fewer low-frequency
modes, which limit the vibrational contributions to entropy.
The heat capacity of goldene and silverene reaches its limit
more quickly, around 200 K, and remains constant for higher
temperatures. This behavior results from their softer lattices
and lower phonon frequency ranges, allowing them to fully
excite their vibrational modes at lower temperatures fully.
Copperene follows a similar trend but with a smaller slope,
gradually reaching its limit. This difference arises from
copperene’s higher phonon frequencies, which delay the full
excitation of its vibrational modes. The heat capacity plateau at
200 K for all materials reflects their approach to the Dulong−
Petit limit, characteristic of harmonic lattice vibrations. In the
2D systems, this saturation occurs more quickly due to the
reduced dimensionality as compared to their bulk counter-
parts, where the heat capacity saturates at higher temperatures
due to the broader phonon density of states in the bulk.38

We now turn our attention to the electronic properties of
the investigated materials. Figure 4 presents the electronic
band structure and projected density of states (PDOS), at the
PBE level, for copperene, goldene, and silverene. Panels (a),
(c), and (e) display the band structure for goldene, silverene,
and copperene, respectively, with fat bands highlighting the

Figure 3. (a) Phonon dispersion curves for copperene, goldene, and silverene, represented in blue, black, and red, respectively. (b) Thermodynamic
properties, including free energy, entropy, and heat capacity at constant volume (Cv), as functions of temperature.
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contributions of the s, p, and d orbitals. Panels (b), (d), and (f)
present the corresponding PDOS, with the inset panels
zooming in on the energy levels up to 4 eV above the Fermi
level.

The band structures and PDOS of the three materials exhibit
overall similarity, with metallic characteristics evident from the
band crossing the Fermi level. However, subtle differences in
the band dispersions and PDOS profiles indicate distinct
electronic behaviors influenced by the atomic mass, bonding,
and orbital contributions. A key difference is observed in the
X−E path of the band structure. While silverene and
copperene exhibit a flat band in this region (see Figure
4c,e), goldene displays a sloping band, as illustrated in Figure
4a. The flat bands in silverene and copperene suggest localized
electronic states, which may arise from these materials’ lower
atomic mass and weaker bonding interactions when compared
with goldene. This feature could enhance the density of states
near these energies, potentially influencing properties such as
electrical conductivity and thermoelectric performance. In
contrast, the slope in goldene indicates more delocalized states,
contributing to the enhanced electronic mobility.

It is important to emphasize that the metallic character of
goldene, silverene, and copperene, combined with their
relatively weak electronic correlation effects and simple
electronic structures near the Fermi level, suggests that the
inclusion of a Hubbard U correction would have little impact
on their overall stability or electronic properties. Moreover, no
experimental evidence indicates that goldene behaves as a
strongly correlated system. Our DFT-PBE results agree well
with available experimental data.9−11 Spin−orbit coupling
(SOC) was not considered in our calculations, as previous
studies13 have demonstrated that SOC does not significantly
affect the energy band structure near the Fermi level in
goldene.

One can note in Figure 4a,c,e that the energy levels below
the Fermi level in goldene and copperene are closer to the
Fermi level than those in silverene. This trend can be
attributed to the stronger bonding and relativistic effects in
goldene and copperene, which stabilize these states closer to
the Fermi energy. In silverene, the weaker bonding leads to a
greater separation between the negative energy levels and the
Fermi level, altering its electronic structure. Copperene
exhibits a significantly higher density of states (DOS) for the
occupied states region than goldene and silverene, as shown in
Figure 4b,d,f. This behavior can be explained by the d orbitals
of copper contributing more prominently to the occupied
states. The higher density of d orbitals in this region reflects
the stronger localization of electrons in copperene, which

Figure 4. Electronic band structure and projected density of states
(PDOS) at the PBE level for (a,b) goldene, (c,d) silverene, and (e,f)
copperene, shown in the fat band representation with contributions
from s, p, and d orbitals. The PDOS panels include an inset
highlighting the energy range up to 4 eV above the Fermi level. The
Fermi level is set at 0 eV.

Figure 5. Polar plots of (a) Young’s modulus and (b) Poisson’s ratio for goldene, silverene, and copperene.
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could impact properties such as electron localization and
bonding strength.

In Figure 4b,d,f, PDOS reveals that the energy levels below
the Fermi energy are predominantly constructed from d
orbitals. In contrast, the levels above the Fermi energy are
primarily composed of s and p orbitals. This distinction
suggests that electronic transitions between these regions may
be limited by selection rules, avoiding direct transitions
between d-dominated levels below the Fermi energy and s-/
p-dominated levels above it. These orbital characteristics can
influence optical applications, particularly in determining the
nature of the bright and dark excitations. Bright excitations
arise from allowed transitions between orbitals with an
overlapping symmetry and spatial distribution. On the other
hand, dark excitations are associated with forbidden transitions
due to symmetry/spin mismatch or weak coupling between
initial and final states.39 The dominance of d-orbitals below the
Fermi level could suppress some direct transitions, favoring
dark excitations, while the s- and p-orbital contributions above
the Fermi level might enhance the probability of bright
excitations.

The mechanical properties of copper, gold, and silverene are
also investigated. Figure 5 presents Young’s modulus and
Poisson’s ratio in polar plots (panels (a) and (b), respectively).
The near-isotropic nature of these mechanical properties is
evident in the approximately circular shapes of the polar plots
for both Young’s modulus and Poisson’s ratio. This behavior
stems from the intrinsic symmetry of the rectangular crystal
lattice, which results in a nearly uniform mechanical response
with only minor variations depending on the strain direction.

In Figure 5a, the Young’s modulus values (YM, and their
maximum values YM,max) follow the trend goldene (YM,max = 73
N/m) > copperene (YM,max = 59 N/m) > silverene (YM,max =
44 N/m). This order is primarily dictated by the elastic
constants C11, C22, and C66, which are directly related to the
material’s resistance to deformation under stress. Goldene
exhibits the highest values of C11 = 94.33 N/m, C12 = 43.85 N/
m, C22 = 93.95 N/m, and C66 = 24.27 N/m, indicating its
superior stiffness compared to the other materials. As
mentioned above, the relativistic effects in gold enhance the
bonding strength, resulting in greater resistance to deforma-
tion. Copperene, with intermediate elastic constants (C11 = C22
= 71.11 N/m, C12 = 29.21 N/m, and C66 = 20.95 N/m), has
lower stiffness than goldene but higher than silverene.
Silverene, with the lowest elastic constants (C11 = 53.90 N/
m, C12 = 22.79 N/m, C22 = 53.76 N/m, and C66 = 20.95 N/m),
is the most flexible due to weaker bonding and a larger atomic
radius.

The Poisson’s ratio values follow the trend of goldene (0.47)
> silverene (0.42) > copperene (0.41). This ordering is
governed by the ratio between C11 and C12, which dictates the
degree of lateral expansion when the material is compressed
along a given direction. The higher Poisson’s ratio in goldene is
primarily attributed to its elevated C12 value, which enhances
lateral deformation. Silverene exhibits slightly more significant
lateral strain than copperene, resulting in their similar Poisson’s
ratios, as shown in Figure 5b. Furthermore, all three materials
exhibit Poisson’s ratio values exceeding 0.25, indicating a
predominantly ductile fracture behavior.40 This suggests that
these 2D structures undergo significant plastic deformation
under mechanical stress before failure, a characteristic
associated with materials that efficiently redistribute the strain
energy through lateral expansion.

Finally, we present the optical absorption results. The linear
optical response of the investigated monolayers is shown in
Figure 6 through the absorption coefficient using the BSE and
IPA levels of theory. Panels (a), (b), and (c) correspond to
goldene, silverene, and copperene, respectively. The spectra are
shown for light polarization along the x- and y-axes, with the
solid and dotted lines representing the BSE and IPA results,
respectively. The colored bar at the top maps the photon
energy range to the visible spectrum, aiding in the
interpretation of the optical properties within the visible range.

Despite the metallic behavior in the electronic structure,
these systems from the optical point of view behave like
semiconductors, as seen in Figure 6, being evident in their
distinct absorption onsets and well-defined peaks in the visible
and ultraviolet spectra for goldene and copperene and in the
infrared spectra for silverene. This can be justified by the lower
population of conduction states closer to the Fermi level and
the different orbital symmetry of these states compared to the
valence ones, as shown in PDOS in Figure 4. Combining these
two factors results in forbidden optical transitions (i.e., dark
excitations) or allowed transitions with a minimal oscillator
force (i.e., a lower optical transition probability rate). Since
excitonic effects can result in significant red shifts in the optical
band gap of 2D materials and substantial changes in the shape
of the absorption spectrum,41,42 we also choose to calculate
these monolayers’ response considering these quasi-particle
effects through BSE.

The absorption spectra of goldene (Figure 6a) and
copperene (Figure 6c) display an apparent onset in the visible
region. Silverene, in turn, has some small absorption activity in
the infrared and visible regions with higher activity in the
ultraviolet region, as illustrated in Figure 6b. Goldene exhibits
the lowest absorption onset among the materials, reflecting its
electronic structure with closely spaced energy levels near the

Figure 6. Optical absorption spectra for (a) goldene, (b) silverene, and (c) copperene, calculated using BSE (solid lines) and IPA (dotted lines).
The spectra are shown for light polarization along the x-axis (black) and y-axis (red). The colored bar at the top maps the photon energy range to
the visible spectrum.
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Fermi level. Prominent absorption peaks are observed for
goldene at approximately 2.0 and 3.5 eV. For silverene, the
prominent peaks occur around 2.5 and 3.8 eV, with additional
smaller features in the intermediate range. Copperene shows
broader peaks near 2.2 and 3.5 eV, with an increase in overall
absorption intensity compared to silverene.

The BSE results show sharper and more intense absorption
peaks than those of IPA, particularly near the prominent peaks.
This trend indicates the significant role of electron−hole
interactions in enhancing light absorption, especially in
goldene, where the excitonic-like effects are most pronounced.
Due to the metallic behavior,43 a nonsignificant red shift in the
optical band gap is seen, which suggests an exciton binding
energy closer to 0 eV for the ground-state exciton. These
effects are consistent across all three materials, as inferred from
Figure 6. However, their impact is slightly less prominent in
silverene and copperene due to differences in their single
particle levels. The small anisotropy of the optical absorption is
enhanced with quasi-particle excitonic effects, showing a higher
absorption coefficient for y-incident light polarization.

A notable trend in absorption intensity is observed across
the materials. Goldene exhibits the highest absorption intensity
(Figure 6a), particularly around the peak at 2.0 eV, followed by
copperene and silverene. This trend can be attributed to the
different degrees of orbital hybridization and the availability of
electronic transitions in each material. Silverene, contrasting
with copperene and goldene, shows a lower absorption
coefficient in the visible region, which can be justified by its
lower population of valence states around the Fermi level when
compared with Au and Cu counterparts.

For instance, the peak near 2 eV in goldene is associated
with transitions from d-orbital-dominated states below the
Fermi level to s- and p-dominated states above the Fermi level.
Similar transitions explain the peaks in silverene and
copperene, with slight shifts due to differences in bonding
strength and electronic configuration. Moreover, the selective
contribution of orbital states�where d-orbitals dominate
states below the Fermi level and s- and p-orbitals dominate
states above it�is critical in shaping their optical response.

■ CONCLUSIONS
This study employs first-principles calculations to systemati-
cally investigate the structural, mechanical, electronic, and
optical properties of goldene, silverene, and copperene.
Notably, silverene and copperene are introduced here for the
first time. Our results confirm that these rectangular 2D
materials are dynamically and thermally stable, as evidenced by
phonon dispersion and ab initio molecular dynamics
simulations. The computed cohesion energies indicate that
copperene exhibits the highest energetic stability, followed by
goldene and silverene, reflecting the influence of distinct
bonding environments and reduced dimensionality effects.

Electronic structure analyses reveal that all three materials
display metallic band structures with subtle variations in band
dispersion and density of states. Goldene exhibits a sloped
band along the X−E path, while silverene and copperene
present flatter bands in the same region, suggesting localized
electronic states. The electronic transitions and optical
behavior are predominantly governed by d-orbitals below the
Fermi level and s- and p-orbitals above it.

The mechanical properties demonstrate a nearly isotropic
response, with Young’s modulus and Poisson’s ratio following
goldene > copperene > silverene and goldene > silverene >

copperene, respectively. Goldene’s superior stiffness and
ductility are primarily attributed to relativistic effects that
strengthen bonding interactions. In contrast, silverene’s lower
stiffness and copperene’s intermediate values highlight their
unique mechanical characteristics.

Despite their metallic nature, goldene, silverene, and
copperene exhibit optical responses reminiscent of semi-
conductors, featuring well-defined absorption onsets and
excitonic-like effects that enhance light absorption. It also
presents an optical anisotropy when quasi-particle effects are
considered, showing an intense optical response for y-incident
light polarization. These findings underscore the potential of
these materials for applications requiring tailored electronic
and optical functionalities.
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