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The recent synthesis of goldene, a 2D atomic monolayer of gold, has
opened new avenues in exploring novel materials. However, the
question of when multilayer goldene transitions into bulk gold remains
unresolved. This study used density functional theory calculations to
address this fundamental question. Our findings reveal that multilayer
goldene retains an AA-like stacking configuration of up to six layers,
with no observation of Bernal-like stacking as seen in graphene.
Goldene spontaneously transitions to a bulk-like gold structure at
seven layers, adopting a rhombohedral (ABC-like) stacking character-
istic of bulk face-centered cubic (FCC) gold. The atomic arrangement
converges entirely to the bulk gold lattice for more than ten layers.
Quantum confinement significantly impacts the electronic properties,
with monolayer and bulk goldene exhibiting levels with linear disper-
sion at the X-point of the Brillouin zone. In contrast, multilayer goldene
shows levels with linear dispersions at the X- and Y-points. Monolayer
goldene exhibits anisotropic optical absorption, which is absent in bulk
gold. This study provides a deeper understanding of multilayer gold-
ene’s structural and electronic properties and stacked 2D materials in
general.

1 Introduction

The active research in the growing class of two-dimensional
(2D) materials has revolutionized our understanding of
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New concepts

This study presents a fundamental breakthrough in understanding the
structural evolution of multilayer goldene, a recently synthesized 2D
atomic monolayer of gold that has opened new avenues in exploring
novel materials. We have demonstrated that goldene retains an AA-like
stacking configuration for up to six layers, in stark contrast to the Bernal
stacking typically seen in graphene and other 2D materials. The material
then undergoes a spontaneous transition to a bulk-like FCC structure at
seven layers, adopting a rhombohedral (ABC-like) stacking, which mirrors
the behavior of bulk gold. This discovery provides critical insight into
how quantum confinement effects in 2D materials influence structural
and electronic transitions toward bulk behavior. What sets this work
apart from existing research is identifying this stacking transition,
addressing the open question regarding the evolution of multilayer
goldene. The electronic properties, notably the emergence of multiple
Dirac cones in multilayer systems and the anisotropic optical absorption
in the monolayer form, further distinguish goldene from other layered
materials. Our findings offer a comprehensive understanding and
insights into how layered goldene transitions from a 2D monolayer to a
bulk-like system, enriching the field of 2D materials science and enabling
new directions in nanoelectronics, optoelectronics, and quantum
materials research.

condensed matter physics, providing new platforms for explor-
ing exotic electronic, optical, and mechanical properties in flat
electronics.”” Among these materials, graphene, a single layer
of carbon atoms arranged in a honeycomb lattice, has started a
revolution due to its remarkable properties, including high
carrier mobility.>* Graphene’s ability to stack into multilayers,
transitioning from monolayer graphene to bulk graphite, has
been extensively studied,”” revealing distinct stacking beha-
viors such as Bernal (AB-like) and rhombohedral (ABC-like)
configurations.'®™* These stacking arrangements critically
influence the electronic structure, leading to tunable proper-
ties that have implications for fundamental research and
applications.™

Raman spectroscopy has been a vital tool in probing the
transition from multilayered graphene to graphite.'® One of the

This journal is © The Royal Society of Chemistry 2025
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characteristic features of graphene’s vibrational properties is
the G-band, which corresponds to the in-plane vibrations of sp*
carbon atoms. Studies have shown that as the number of
stacked graphene layers increases, the G-band gradually con-
verges to a value characteristic of graphite.” Precisely, for
multilayered graphene, the G-band shifts to 1581.6 + 1.1 cm™"
when up to 10 graphene layers are stacked, a value consistent
with bulk graphite.® This convergence signifies the transition of
graphene’s electronic and vibrational properties towards those
of graphite. Notably, the electronic transport properties of few-
layer graphene follow a temperature dependence that further
corroborates this transition to graphite-like behavior as the num-
ber of layers increases.” These findings emphasize how multilayer
stacking affects the physical properties of 2D materials, encoura-
ging studies for elucidating the stacking transitions in other
nanomaterials.

In recent years, attention has increasingly shifted toward a
broader class of 2D nanomaterials, expanding the possibilities
far beyond graphenes well-established properties.'”>*> One
fascinating advancement was the discovery of goldene, a mono-
layer of gold atoms that marks a breakthrough in the fabrica-
tion of 2D metals.”® While previous efforts to create 2D gold
were limited to multi-atom-thick films or confined monolayers,
goldene represents a real single-atom-thick structure. It was
synthesized through a wet-chemical etching process that selec-
tively removes Ti;C, layers from a nanolaminate precursor,
Ti3AuC,, a compound derived by substituting gold for silicon
in the well-known MAX phase material Ti;SiC,. This process
results in a goldene layer that exhibits a 9% lattice contraction
compared to bulk gold, as confirmed by electron microscopy.**

Overcoming challenges in synthesizing this novel material—
such as curling and agglomeration—was made possible through
the strategic use of surfactants, which play a crucial role in
stabilizing the exfoliated layers.>® Further X-ray photoelectron
spectroscopy investigations have revealed a notable shift in the
Au 4f binding energy, increasing by 0.88 eV relative to bulk gold,
highlighting goldenes unique electronic properties.”*** Impor-
tantly, molecular dynamics simulations show that goldene is
inherently stable at the atomic level, sparking interest in scaling
up its production for further exploration.?*** Moreover, other
theoretical studies have also pointed for the stability of quasi-2D
gold clusters.”*° As a new addition to the growing family of 2D
metals, goldene presents intriguing opportunities for exploring
quantum confinement effects and electronic behavior, particularly
concerning its stacking patterns, which are central to our investi-
gation. In contrast to graphene, whose multilayer forms naturally
adopt Bernal or rhombohedral stacking as they approach graphite,
goldenes stacking behavior remains less understood, especially as
it transitions towards the face-centered cubic (FCC) structure
typical of bulk gold.

This work addresses a previously unanswered question:
When does multilayer goldene transition into bulk gold?
Understanding this transition is essential for goldene and a
broader range of 2D materials where stacking plays a pivotal
role in determining properties. By using density functional
theory (DFT) calculations, we systematically investigated the

This journal is © The Royal Society of Chemistry 2025
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structural evolution of goldene as a function of the number of
layers, revealing distinct stacking configurations and their
electronic consequences. Goldene maintains an AA-like stack-
ing of up to six layers, unlike graphene, without exhibiting the
Bernal stacking characteristic of multilayer graphene. Interest-
ingly, a transition to a bulk-like FCC structure occurs at seven
layers, where rhombohedral stacking emerges naturally, mir-
roring the behavior of bulk gold. Beyond this, the lattice
arrangement fully converges to that of bulk gold. The electronic
properties of multilayer goldene also exhibit unique character-
istics. While monolayer goldene and bulk gold share energy
levels with linear dispersions at the X-point of the Brillouin
zone, multilayered goldene shows levels with linear dispersions
at both the X- and Y-points. Furthermore, monolayer goldene
displays anisotropic optical absorption, which vanishes in the
bulk. These findings highlight the impact of quantum confine-
ment, structural arrangement, and anisotropic electronic path-
ways in stacked goldene layers, adding to the growing
understanding of 2D materials and their multilayered analogs.

2 Methodology

Based on the DFT formalism,*'*? we studied the structural,

electronic, and optical characteristics of goldene multilayers
using first-principles calculations. Fig. 1(a) showsa 9 x 5 x 1
supercell of goldene, with unit cells highlighted in smaller
black rectangles. Each unit cell of goldene consists of two
atoms in a triangular lattice, with the lattice vectors’ moduli
indicated as o, and lyy. Fig. 1(b) provides a side view of goldene,
where the box size along the z direction is marked as /. In our
investigation, the monolayer goldene was initially optimized,
and subsequently, we stacked two up to ten layers of goldene,
each separated by 5 A. The box size along the z direction was
fixed at 100 A to prevent interaction between the goldene
monolayers and their respective out-of-plane mirror images.
Thus, the initial vacuum space varied from 60 A (for ten layers)
to 100 A (for a monolayer). Periodic boundary conditions were
applied in all directions. For comparison, we also investigated
the bulk goldene, setting [y, = 10 A, with two layers of the Au-
based system, without any restrictions on the lattice vectors or
angles. The right part of Fig. 1 exemplifies one of the main
objectives of this work, which is to identify how the goldene
monolayers organize themselves, whether via AA-type stacking
or in its bulk form with ABC interlayer arrangement.

The geometry optimization of goldene multilayers, as well as
the structural stability and electronic and optical properties,
were obtained using first-principles calculations with the Span-
ish Initiative for Electronic Simulations with Thousands of
Atoms (SIESTA) code.**** In the goldene multilayered systems,
van der Waals (vdW) corrections were used to describe the
exchange-correlation term.**2° The calculations were carried
out within the generalized gradient approximation (GGA)
framework®” using the Perdew-Burke-Ernzerhof (PBE) func-
tional.*® In this way, we employed the DRSLL method (Dion,
Rydberg, Schréder, Langreth, and Lundqyist),*>*® as implemented
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Fig. 1 Schematic representation of goldene: front view (a) of a 9 x 5 x 1 supercell, highlighting the unit cell replications and the magnitudes of the lattice
vectors lo, and lo,. Side view (b) of the goldene monolayer, indicating the lattice parameter in the out-of-plane direction lo,. On the right, the main
objective of this work: to determine how the stacking of goldene monolayers depends on the number of layers.

in the SIESTA code, which combines the GGA/PBE method with
a non-local vdW correction. Specifically, our approach uses a
hybrid GGA/PBE+vdW functional. The DRSLL method captures
short-range exchange-correlation effects and long-range vdW
interactions by augmenting the traditional GGA-PBE func-
tional with a non-local correlation term. This term accounts
for dispersion forces based on the electron density distribution,
enabling an accurate description of vdW interactions critical
for layered materials like goldene.

Electron—-ion interactions were described using Troullier-Mar-
tins norm-conserving pseudopotentials with typical valence elec-
tron configurations for Au atoms, in Kleinman-Bylander
form.>**® An energy cutoff of 300 Ry and a double-{ (DZP) basis
set composed of numerical atomic orbitals with finite range were
used in all calculations. We adopted the Monkhorst-Pack 5 x 5 x
n grid*" to integrate the Brillouin zone during optimization, while
for obtaining electronic properties, a Monkhorst-Pack 30 x 30 x
3n grid was used, where 7 is the number of goldene layers. During
optimization, the lattice vectors and atomic positions were fully
relaxed until the maximum force on each atom was less than
0.001 eV A" and the total energy difference was less than 10> eV.

To understand the stability of goldene multilayer systems,
the cohesive energy as a function of n layers (E.on(n)) was
obtained from the expression:

— NauwEau
-~

E,-
Ecoh (; l) 2 layersN
Au

1)

where Ejjayers, Nau, and Eu, represent the total energy of the
complex with n layers, the number of Au atoms in the system,
and the energy of a single isolated gold atom, respectively.
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Phonon calculations were also conducted to investigate the
goldene monolayer’s mechanical strength and confirm the
system’s stability. This approach allows us to identify vibra-
tional modes with imaginary (negative) frequencies that indi-
cate dynamic instability in the monolayer. These calculations
used a 9 x 5 x 1 supercell interpolated into the Brillouin zone
with a mesh cutoff of 700 Ry. Convergence parameters were set
to 1077 for energy and 0.001 eV A~ for force. The acoustic sum
rule was also applied to vibrational frequencies at the I" point.
Importantly, estimates of its elastic constants in the in-plane
direction have been previously reported® to further validate
goldene’s stability and mechanical robustness. This study
demonstrates goldene’s high in-plane stiffness, consistent with
its metallic nature and the bonding characteristics of gold
atoms in a 2D configuration.

Finally, we also evaluated the influence of the bulk (ABC-
like) and AA-like stacking arrangements on the optical proper-
ties of goldene. Thus, we applied a standard external electric
field of 1.0 V A™" along the x-, y-, and z-directions separately to
perform optical calculations. Using the Kramers-Kronig
relation*>*? and Fermi’s golden rule,** we derived the real (&)
and imaginary (¢,) parts of the dielectric constant. The real part
is given by:

o'ey ()
w/z _ w27

g1 (w) =1 +%PJ:Odw’ (2)

where P denotes the principal value of the integral over ', the
imaginary part, which considers interband optical transitions
between the valence band (VB) and the conduction band (CB),

This journal is © The Royal Society of Chemistry 2025
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is expressed as:

4 2
e2(w) = Vgn 3 Z Z Wk|p[j|25(5kj — & — hw). (3)

i€VBjeCB k

In this equation, o represents the photon frequency, |p;]| is
the dipole transition matrix element, and W is the weight of
the respective k-point in reciprocal space. Additionally, Vj, is the
system volume, calculated as Vo = loyloy-ho, Where hy is
the thickness of the goldene monolayer, in the bulk case, the
lo, was used instead of h,. Using & and e, the absorption
coefficient («) was calculated from the expression:

1/2

a(w):\/Ew[(glz(w)+gz2(w))‘/2—sl(w)} . @

3 Results

We begin by discussing the stability of goldene’s monolayer
and the accuracy of our parameters for the calculations per-
formed here. The phonon dispersion curves for monolayer
goldene, as shown in Fig. 2, confirm its dynamical stability in
the fully flat configuration. As with many 2D materials, includ-
ing graphene,’*® goldene exhibits three acoustic modes from
the T' point, which are the longitudinal (LA), transverse (TA),
and out-of-plane (ZA) acoustic modes, corresponding to its two-
atom primitive cell. Three optical phonon modes (LO, TO, and
ZO branches) were also observed due to the same atomic
configuration. Interestingly, in contrast to lighter 2D materials
like graphene, goldene’s phonon spectrum spans a consi-
derably lower frequency range. This difference highlights the
substantial impact of atomic mass on phonon dynamics, as the
heavier gold atoms contribute to a suppressed phonon group
velocity. As a result, lattice thermal conductivity in goldene may
be much lower compared to graphene, aligning with expecta-
tions for a 2D material composed of heavier elements. It is
worthwhile to stress that similar results were obtained using

6.0 ; ; ;
=)
T 4.0
=)
>
]
==
<]
=
E 2.0
0.0

r X S Y T

Fig. 2 Phonon dispersion curves for the goldene supercell 9 x 5 x 1.

This journal is © The Royal Society of Chemistry 2025
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2425 and also an MD framework based

different DFT approaches
on machine learning interatomic potentials,> confirming the
accuracy of the DFT approach employed in this study.

The phonon spectrum shows no imaginary frequencies
caused by numerical artifacts near the I" point, reinforcing that
goldene maintains a stable 2D lattice structure.?”*® This stabi-
lity is crucial for applications in nanodevices, as it ensures
the material’s structural integrity under various conditions.
Moreover, the relatively low Debye frequency of the acoustic
phonons points to the inherently slow propagation of lattice
vibrations, further distinguishing goldene from lighter 2D
materials.

Comparing the phonon dispersion of monolayer goldene to
that of bulk gold (in its FCC configuration)*>*° reveals notable
similarities, especially in the frequency range. The phonon
modes in bulk gold extend about 5 THz,***° very close to the
goldene one (see Fig. 2). The three-dimensional lattice and
related vibrational modes do not influence the magnitudes of
the phonon modes. However, the dispersion trend differs.
These similarities and contrasts between the monolayer and
bulk structures underscore how quantum confinement in gold-
ene impacts phononic behavior. In particular, the confinement
in the 2D form reduces the frequency range since the highest
phonon mode in goldene is about 4 THz (see Fig. 2). They also
lead to altered heat transport properties, a critical factor in
understanding the thermal behavior of nanoscale materials.

We now discuss goldene’s electronic band structure. Fig. 3(a)
and (b) show the electronic band structure for the monolayer
goldene and the bulk-ike goldene, respectively. This bulk-like
phase is modeled as a goldene double layer AA-like stacking with a
lo; = 4.91 A. The electronic band structure of monolayer and bulk-
like goldene, as presented in Fig. 3, offers essential insights into
the material’s conductive behavior. A distinct metallic nature is
observed for the monolayer goldene (see Fig. 3(a)), characterized
by a single band crossing the Fermi level along high-symmetry
paths in the Brillouin zone. This trend indicates that goldene
maintains a strong conductive characteristic even in its monolayer
form. Moreover, the dispersion of the band near the Fermi level is
quite steep, reflecting a high Fermi velocity. This feature suggests
that goldene has excellent electronic transport properties, which
may rival or exceed those of other well-known 2D conductive
materials, such as graphene.

We calculated the Fermi velocity (vg) for goldene with
different numbers of layers. The results for representative cases
are as follows: 2.16 x 10° m s~ %, 1.17 x 10° m s, 2.68 X
10°m s, and 2.90 x 10° m s~* for monolayer, 6-layer, 7-layer,
and bulk-like cases, respectively. The calculated vy are of
the same magnitude as those reported by Zhao et al. (1.05 X
10° m s~ for single-layer goldene®*). The difference in the
monolayer value arises from differences in the numerical
approaches used in the two works. For instance, distinct levels
of DFT calculation, unit cell sizes, k-point sampling, and
specific k-paths used to extract the band dispersion can result
in slightly different slopes for dE/dk and hence vg.

We observe that vg changes with the number of layers,
reflecting the transition from stacked goldene layers to

Mater. Horiz., 2025,12, 144-1154 | 1147
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(a) Monolayer Goldene
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Fig. 3 The electronic band structure of (a) the goldene monolayer and (b)
the bulk-like goldene model.

bulk-like behavior. For two up to six layers, vy decreases due to
the increasing interlayer interactions that modify the band
dispersion, reducing the slope near the Fermi level. Above six
layers, vr increases significantly as the system transitions to a
bulk-like ABC stacking, where the electronic structure becomes
closer to that of FCC bulk gold. The bulk-like band dispersion
influences the group velocity, leading to higher vy.

In the case of the bulk-like goldene (see Fig. 3(b)), one can
observe a similarly metallic band structure. However, a key
difference emerges when comparing the position of levels with
linear dispersion close to the Fermi Level for the monolayer and
bulk-like cases. For the monolayer, these levels appear at
approximately 1.5 eV. In the bulk-like configuration, these
levels shift to the Fermi level. This shift can be attributed to
the interactions between layers in the bulk-like case, which lead
to modifications in the band structure due to weak interlayer
vdW coupling.

Furthermore, the anisotropy of electronic transport in gold-
ene is a noteworthy feature. The band structure retains its
metallic character along the I'-X and Y-I" directions, promoting
robust electronic conductivity. However, along the X-Y path,
the band structure shows characteristics indicative of semicon-
ducting behavior, suggesting that goldene exhibits anisotropic
electronic transport. This anisotropy could be exploited
in designing devices with desired directional conductivity,

1148 | Mater. Horiz., 2025, 12, 1144-1154
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offering new possibilities for tailoring goldenes electronic
properties in practical applications.

Fig. 4(a)-(i) present the electronic band structures of multi-
layered goldene systems, ranging from bilayer up to 10 layers.
As discussed in the previous section, the vacuum distance
between the layers was fixed to avoid convergence toward bulk
golds band structure, allowing for a more accurate exploration
of the electronic behavior across various layers.

In examining the band structures of these multilayered
systems, we observe that the primary electronic characteristics
in the monolayer case remain primarily intact across all the
multilayers. This consistency in band configuration highlights
that the weak vdW interactions among the layers do not
significantly modify the band structure imposed by the quan-
tum confinement effects of the monolayer. As a result,
the energy levels with linear dispersion characteristics of
monolayer goldene are replicated across the stacked layers,
with slight shifts due to interlayer coupling, as illustrated in
Fig. 4(a)-(i). These shifts lead to superpositioned linear disper-
sions, a hallmark of layered 2D materials under weak vdwW
interactions. As the number of layers increases, the electronic
states become more aligned with those of bulk-like gold (see
Fig. 3(b)), explaining the transition in the linear dispersions.

It is worth mentioning that the multilayered systems exhibit
two distinct groups in their energy dispersions. The band
structures for systems consisting of two to six layers maintain
similar configurations (see Fig. 4(a)-(e)). In contrast, systems
with more than six layers form another distinct grouping, as
shown in (Fig. 4(f)—(i)). These variations can be traced back to
the differences in lattice arrangements between these groups,
which influence the interlayer coupling and, consequently, the
electronic band structures. In particular, the stronger interlayer
interactions in the thicker systems lead to more pronounced
changes in the band structure. However, the overall metallic
nature of goldene is preserved across all cases.

The persistence of the metallic behavior across different
numbers of layers, the slight shifts in the liner energy levels,
and the emergence of distinct electronic configurations in
thicker layers suggest that goldene’s electronic properties can
be finely tuned by varying the number of layers. This tunability,
combined with the weak interlayer coupling, makes multi-
layered goldene a promising candidate for applications that
require adjustable electronic behavior while retaining the
essential conductive properties of the monolayer.

Fig. 5(a)-(f) display the optical absorption spectra for mono-
layer and bulk-like goldene, respectively, for the case of inci-
dent light polarized along the x- (100), y- (010), and z-directions
(001). The dashed red and violet lines in these figures mark the
visible range of the optical spectrum. These spectra provide
crucial insights into different configurations of goldene’s ani-
sotropic and isotropic optical behaviors. In the case of mono-
layer goldene (Fig. 5(a)-(c)), we observe intense absorption
activity in the UV-vis range for incident light polarized along
the basal plane directions (x- and y-polarizations, see Fig. 5(a)
and (b)). The absorption coefficients for these directions reach
values as high as 10° em ™', reflecting strong interaction with

This journal is © The Royal Society of Chemistry 2025
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(b) 3-layers
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(c) 4-layers
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Fig. 4 Electronic band structures of multilayered goldene systems, ranging from bilayer up to 10 layers as shown in panels (a)-(i), respectively.

in-plane light. In contrast, the absorption in the out-of-plane
(z-direction) polarization is limited to the UV range, with
negligible absorption observed in the visible spectrum, as
shown in Fig. 5(c).

This distinct behavior stems from the anisotropic nature of
the monolayer goldene. The intense optical activity in the in-
plane directions can be attributed to the highly delocalized
electrons within the goldene plane, which interact strongly with
the incident light. This planar electronic configuration leads to
robust dipole transitions when light is polarized along the basal
plane, resulting in strong UV-vis absorption. On the other hand,
when the light is polarized along the z-direction (perpendicular
to the plane), the absorption is significantly suppressed, with
activity confined only to the UV-range. This suppression can
be understood by the limited electronic states available for

This journal is © The Royal Society of Chemistry 2025

out-of-plane transitions in the monolayer. The absence of
significant electronic overlap between layers in the z-direction
decreases the interaction with light polarized along this axis,
leading to much lower absorption in the UV-vis range.

In contrast, bulk-like goldene (Fig. 5(d)-(f)) exhibits nearly
isotropic optical absorption across all polarization directions.
The absorption coefficients are lower in magnitude compared
to the monolayer case, reflecting the influence of interlayer
coupling in the bulk-like structure. Unlike the monolayer,
where strong in-plane electron interactions dominate the opti-
cal response, the bulk-like phase introduces weak VDW inter-
actions among layers, diluting the optical absorption.

This isotropic absorption in bulk-like goldene can be attrib-
uted to the increased thickness and layer stacking, which
allow for more uniform electronic interactions across all three

Mater. Horiz., 2025,12, 1144-1154 | 1149
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Fig. 5 Optical absorption activity of (a)—(c) monolayer goldene and (d)-(f) bulk-like goldene for incident light polarized along the x- (100), y- (010), and
z-directions (001). The dashed red and violet lines mark the visible range of the optical spectrum.

directions (x-, y-, and z-polarizations). Consequently, the absorp-
tion in the x- and y-directions is decreased relative to the
monolayer, as the interlayer coupling facilitates additional dipole
transitions perpendicular to the basal plane. Consequently, the
overall absorption magnitude remains smaller than in the mono-
layer, as the confined electronic states of the monolayer provide a
more pronounced response to incident light.

The difference in optical absorption intensity between the
monolayer and bulk-like goldene is primarily due to the systems’
dimensionality. The monolayer’s reduced dimensionality results
in more substantial quantum confinement effects, which enhance
its interaction with incident light in the basal plane. In contrast,
with its additional layers, the bulk-like phase experiences
weakened confinement, leading to more moderate absorption
intensities. This difference highlights the tunability of optical
properties in goldene, making it a promising candidate for
applications in optoelectronics, where control over absorption
characteristics is crucial.

Finally, we will discuss the structural properties of multi-
layered goldene systems to answer the question: How does
goldene stack? In this way, Fig. 6 presents a comprehensive
analysis of multilayered goldene’s structural evolution as a
function of the number of layers, highlighting the cohesive
energy and stacking configurations. This figure reveals how the
stacking behavior of goldene transitions through distinct
phases, providing crucial insights into its structural stability
and phase transitions.

goldene exhibits a consistent AA-like stacking configuration
from bilayer to six layers, the green points in Fig. 6. This stacking
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Fig. 6 Multilayered goldene’s structural evolution as a layer number
function, focusing on the cohesive energy. The dashed line refers to the
cohesive energy for the FCC bulk gold.

arrangement, discussed in Fig. 7 is characterized by a cohesive
energy ranging between —4.26 and —4.09 eV per atom. Goldene
maintains this AA-like arrangement throughout this range, unlike
graphene, which adopts Bernal (AB) stacking in its multilayer
forms.®° This stability of AA-like stacking suggests that goldenes
interlayer interactions are distinct from those in graphene, result-
ing in a different stacking behavior that is less prone to the
formation of Bernal stacking.
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Fig. 7 (a) Evolution of two characteristic bond lengths, denoted as d; (blue) and d- (red), for goldene systems from one to six layers. Panels (b) and (c)
show the bond lengths d; and d, for seven and eight layers and nine and ten, respectively. Panels (d)-(i) show the top and side views of representative

cases for each group of the lattice arrangement presented in Fig. 6.

The AA-like stacking in goldene implies a uniform align-
ment of the gold atoms across layers, leading to consistent
electronic and structural properties of up to six layers. This
behavior contrasts with other 2D materials, where different
stacking configurations can significantly alter physical
properties.”™* The observed stability of the AA-like stacking
in goldene highlights its unique structural characteristics. It
influences its electronic and optical properties.

At seven layers, a notable structural change occurs where
goldene transitions to an FCC structure, accompanied by the
emergence of rhombohedral stacking, as discussed later. This
transition is reflected in the cohesive energy data, with a shift
in the energy values and the onset of blue lines in Fig. 6,
indicating a change in the stacking configuration. The cohesive
energy for this phase converges to a range between —4.40 and
—4.36 eV per atom, approaching that of bulk gold. The appear-
ance of FCC-like stacking at this stage signifies a structural
transition towards a more stable, bulk-like arrangement. The
transition to FCC stacking aligns with the observed behavior of
bulk gold, which is known for its FCC lattice structure. This
shift underscores the materials tendency to adopt stacking
configurations that minimize the overall energy as the number
of layers increases, reflecting a more stable bulk phase.

Beyond ten layers (bulk-like goldene), the lattice arrange-
ment of goldene fully converges to that of bulk gold. This
convergence is represented by the consistent black circle in
Fig. 6 and signifies that the stacking behavior in these thicker

This journal is © The Royal Society of Chemistry 2025

multilayer configurations closely mirrors the FCC structure of
bulk gold. The cohesive energy stabilizes within the range of
around —4.46 eV per atom, reinforcing the resemblance to bulk
golds structural properties (—4.48 eV per atom). The conver-
gence to a bulk-like FCC structure indicates that goldenes
multilayer stacking eventually reaches a configuration that is
energetically favorable and consistent with the known proper-
ties of bulk gold. This transition highlights the materials
adaptability and ability to maintain structural integrity as the
number of layers increases.

Analyzing the stacking behavior in multilayered goldene
provides critical insights into its structural evolution and
stability. The persistent AA-like stacking of up to six layers
suggests a unique interlayer interaction specific to goldene,
differentiating it from other 2D materials like graphene. The
transition to FCC stacking at seven layers and the eventual
convergence to bulk golds structure reflects the materials ten-
dency to adopt configurations that align with lower-energy, bulk-
like phases as the number of layers increases. These findings have
significant implications for understanding goldenes properties
and potential applications. The distinctive stacking behavior and
its transition to a bulk-like FCC structure offer valuable informa-
tion for designing and utilizing goldene in various technological
applications. Additionally, the stability of different stacking con-
figurations provides insights into the materials mechanical and
electronic properties, which are crucial for practical applications
in electronics and materials science.
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Fig. 7(a) shows the evolution of two characteristic bond
lengths, denoted as d; (blue) and d, (red), for goldene systems
from one to six layers. Initially, the bond lengths for the
monolayer are d; = 2.75 A, d, = 2.72 A, which slightly increase
for the bilayer configuration, reaching d, = 2.88 A, d, = 2.77 A.
This bond length evolution continues as the number of layers
increases, converging at d; = 2.88 A, d,=2.80A for systems with
three up to six layers. This convergence in bond lengths reflects
the structural stability of multilayered goldene up to six layers.
The changes in bond lengths are minor and signify that stacking
additional layers does not drastically alter the bonding interac-
tions between gold atoms, preserving the lattice symmetry.

For the lattice parameters, [y, and [y, the monolayer values
are 2.89 A and 4.69 A, respectively. The bilayer shows similar
trends, with lattice parameters of /,, = 2.82 Aand loy=4.78 A As
the system progresses to three to six layers, these values
converge to [y, = 2.88 A and loy =4.79 A, with the lattice angles
relaxing to o« = f = y = 90°. These values are in excellent
agreement with the reported experimental data for monolayer
and bilayer goldene,?® as well as other theoretical calculations
for monolayer goldene, which report similar lattice parameters
of lo, = 2.82 A and Iy, = 4.78 A.*** Up to six layers of the space
group for the monolayer and multilayer goldene crystal struc-
ture are identified as CMMM (D2H-19). This space group is
commonly found in layered 2D materials, where the symmetry
reflects the anisotropy in the in-plane and out-of-plane direc-
tions. For example, another 2D material with CMMM symmetry
is multilayered phosphorene.*

Fig. 7(b) and (c) show the bond lengths d; and d, for seven
and eight layers and for nine and ten layers, respectively. The
general trend observed in these figures is that the bond lengths
approach the values typical of FCC bulk gold, represented by
the black dashed line. However, minor fluctuations are
observed in both the seven-layer and nine-layer systems without
significant changes in structural symmetry due to numerical
error propagation.

A distinct symmetry group emerges for the seven- and eight-
layer systems: P1 (CI-1). This symmetry is characteristic of
rhombohedral stacking, which marks the transition from AA-
like stacking to a more bulk-like arrangement. The rhombohe-
dral structure reflects a lower symmetry compared to the simple
AA-like stacking, as layers are no longer perfectly aligned but
instead exhibit a slight offset. This behavior is consistent with
the structural transitions observed in other layered materials
like rhombohedral graphite.’®'* The symmetry shifts to C2/m
(C2H-3) for the nine- and ten-layer systems. This symmetry
group indicates a monoclinic structure, where the layers are
stacked in an alternating pattern similar to the ABC stacking of
bulk gold. This transition to C2/m symmetry indicates that
goldene converges fully to a bulk-like arrangement of FFC gold
crystal. Examples of other 2D materials exhibiting C2/m sym-
metry include certain transition metal dichalcogenides in their
bulk forms.>* Importantly, the interlayer distance is slightly
reduced to 2.79 A for the systems with three to six layers. In
contrast, for the bulk-like ABC-stacked systems (nine and ten
layers), the interlayer distance decreases further to 2.41-2.46 A.
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This decrease in the interlayer spacing is typical of 2D materials
as they transition from few-layered structures to bulk-like
phases, where interlayer interactions (such as vdW forces)
become more relevant.

Fig. 7(d) and (e) illustrate the top and side views of the six-
layered goldene system. The uniform AA stacking is evident in
these panels, where the gold atoms in each layer are perfectly
aligned, resulting in a high degree of symmetry and uniformity
across the structure. The persistence of AA-like stacking up to
six layers confirms the stability of this configuration in goldene,
which contrasts with the Bernal (AB) stacking found in multi-
layer graphene, as mentioned above. Fig. 7(f) and (g) depict the
seven-layered goldene system. Here, a transition from AA-like
stacking to ABC-like stacking is observed, characterized by
rhombohedral stacking. This transition is marked by a slight
offset between the layers, breaking the AA-stacked system’s
symmetry and introducing a more complex lattice arrange-
ment. The rhombohedral stacking pattern is consistent with
the symmetry group P1 (CI-1), reflecting the beginning of a
transition towards a bulk-like structure. Finally, Fig. 7(h) and (i)
show the nine-layered goldene system, where the stacking
arrangement has fully transitioned to the ABC stacking char-
acteristic of bulk gold. In this configuration, the lattice arrange-
ment is more closely aligned with the FCC structure, and the
interlayer distances are consistent with those of bulk gold. This
transition marks the final convergence of goldene to a bulk-like
phase, with the structure adopting the stable and energetically
favorable ABC stacking pattern.

4 Conclusions

In summary, we conducted a comprehensive study on multi-
layered goldene’s structural and energetic properties, a recently
synthesized monolayer of gold with atomic thickness. Our
analysis has uncovered goldene’s unique stacking behavior
and stability as the number of layers increases, offering valu-
able insights into its transition from a few-layered system to a
bulk-like phase.

Goldene’s monolayer and few-layered forms demonstrate
exceptional stability, with cohesive energy and bond lengths
following consistent and predictable trends. Goldene main-
tains an AA-like stacking pattern of up to six layers, a unique
feature that sets it apart from the Bernal (AB) stacking typically
observed in multilayer graphene. This distinctive stacking
behavior underscores the unique structural properties of gold-
ene compared to other 2D materials.

A significant transition occurs when the system reaches
seven layers, at which point goldene adopts a rhombohedral
stacking configuration. This change marks the onset of a bulk-
like phase and is characterized by a shift in symmetry, yielding
lattices with distinct space groups. This stacking transition,
similar to that observed in other layered materials, such as
rhombohedral graphite, highlights the structural adaptability
of goldene as the number of layers increases. A progressive
transition to the ABC stacking configuration typical of FCC bulk
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gold was also observed beyond seven layers. When the system
reaches nine and ten layers, its structural arrangement, interlayer
distances, and bond lengths converge to those of bulk gold.

In addition to the structural and energetic properties,
we thoroughly investigated goldene’s electronic and optical
characteristics. The monolayer goldene exhibited a metallic
nature with a linear dispersion at the X-point of the Brillouin
zone, a key feature preserved across multilayered systems,
albeit with energy shifts as the number of layers increased.
The multilayered cases present two linear dispersions in the
band structure at the X- and Y-points. The metallic behavior
observed in monolayer and bulk-like goldene is marked by a
high Fermi velocity, indicating its potential for efficient electronic
transport. Furthermore, the electronic band structure displayed
anisotropic pathways for electron conduction, particularly along
specific high-symmetry directions in the Brillouin zone.

The optical properties of goldene further underline its
unique behavior, with significant absorption activity in the
UV-vis range for in-plane (x, y) light polarization. In contrast,
the out-of-plane (z) polarization showed activity only in the UV
range. This anisotropic optical absorption behavior is a defin-
ing characteristic of the monolayer. At the same time, the bulk-
like goldene exhibits more isotropic but considerably weaker
optical absorption. The strong absorption in the visible range
for the monolayer points to its potential applications in opto-
electronic devices, making it an attractive material for further
exploration in light-harvesting technologies.

Author contributions

M. L. P. J.: data curation, software, investigation. E. J. A. S.: data
curation, investigation, visualization. L. A. R. J.: investigation,
writing - original draft, funding acquisition. D. S. G.: concep-
tualization, validation, formal analysis, investigation, writing —
original draft, supervision, project administration, funding
acquisition.

Data availability
Data is available upon reasonable request to the corresponding
author.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

This work received partial support from Brazilian agencies
CAPES, CNPq, and FAPDF. M. L. P. J. acknowledges the
financial support of the FAP-DF grant 00193-00001807/2023-
16. The authors also acknowledge support from CENAPAD-SP
(National High-Performance Center in Sdo Paulo, State Univer-
sity of Campinas - UNICAMP, project: proj950 and proj960) and
NACAD (High-Performance Computing Center, Lobo Carneiro

This journal is © The Royal Society of Chemistry 2025

View Article Online

Materials Horizons

Supercomputer, Federal University of Rio de Janeiro - UFR],
project: a22002) for the computational support provided. L. A.
R. J. acknowledges the financial support from FAP-DF grants
00193.00001808/2022-71 and 00193-00001857/2023-95, FAPDF-
PRONEM grant 00193.00001247/2021-20, and CNPq grants
350176/2022-1 and 167745/2023-9. L. A. R. J also acknowledges
PDPG-FAPDF-CAPES Centro-Oeste grant number 00193-0000
0867/2024-94. D. S. G. acknowledges the Center for Computing
in Engineering and Sciences at Unicamp for financial support
through the FAPESP/CEPID Grant #2013/08293-7.

Notes and references

1 M. Zeng, Y. Xiao, J. Liu, K. Yang and L. Fu, Chem. Rev., 2018,
118, 6236-6296.

2 M. Xu, T. Liang, M. Shi and H. Chen, Chem. Rev., 2013, 113,
3766-3798.

3 A. K. Geim, Science, 2009, 324, 1530-1534.

4 A. K. Geim and K. S. Novoselov, Nat. Mater., 2007, 6,
183-191.

5 Y. Yang, Y.-C. Zou, C. R. Woods, Y. Shi, J. Yin, S. Xu,
S. Ozdemir, T. Taniguchi, K. Watanabe and A. K. Geim,
et al., Nano Lett., 2019, 19, 8526-8532.

6 H. Wang, Y. Wang, X. Cao, M. Feng and G. Lan, J. Raman
Spectrosc., 2009, 40, 1791-1796.

7 Y. Liu, Z. Liu, W. S. Lew and Q. J. Wang, Nano. Res. Lett.,
2013, 8, 1-7.

8 B. Wang, B. V. Cunning, N. Y. Kim, F. Kargar, S.-Y. Park,
Z. Li, S. R. Joshi, L. Peng, V. Modepalli and X. Chen, et al.,
Adv. Mater., 2019, 31, 1903039.

9 Z.-J. Wang, J. Dong, Y. Cui, G. Eres, O. Timpe, Q. Fu, F. Ding,
R. Schlogl and M.-G. Willinger, Nat. Commun., 2016, 7, 13256.

10 J. P. Nery, M. Calandra and F. Mauri, Nano Lett., 2020, 20,
5017-5023.

11 P. Xu, Y. Yang, D. Qi, S. Barber, M. Ackerman, J. Schoelz,
T. Bothwell, S. Barraza-Lopez, L. Bellaiche and P. Thibado,
Appl. Phys. Lett., 2012, 100, 201601.

12 K. Sugawara, N. Yamamura, K. Matsuda, W. Norimatsu,
M. Kusunoki, T. Sato and T. Takahashi, NPG Asia Mater.,
2018, 10, e466-€466.

13 H. Zhou, T. Xie, A. Ghazaryan, T. Holder, J. R. Ehrets,
E. M. Spanton, T. Taniguchi, K. Watanabe, E. Berg and
M. Serbyn, et al., Nature, 2021, 598, 429-433.

14 H. Zhou, T. Xie, T. Taniguchi, K. Watanabe and A. F. Young,
Nature, 2021, 598, 434-438.

15 T. Latychevskaia, S.-K. Son, Y. Yang, D. Chancellor,
M. Brown, S. Ozdemir, I. Madan, G. Berruto, F. Carbone
and A. Mishchenko, et al., Front. Phys., 2019, 14, 1-7.

16 A. C. Ferrari and D. M. Basko, Nat. Nanotechnol., 2013, 8,
235-246.

17 L. Hou, X. Cui, B. Guan, S. Wang, R. Li, Y. Liu, D. Zhu and
J. Zheng, Nature, 2022, 606, 507-510.

18 V. G. Desyatkin, W. B. Martin, A. E. Aliev, N. E. Chapman,
A.F. Fonseca, D. S. Galvdo, E. R. Miller, K. H. Stone, Z. Wang
and D. Zakhidov, et al., J. Am. Chem. Soc., 2022, 144,
17999-18008.

Mater. Horiz., 2025, 12, 1144-1154 | 1153


https://doi.org/10.1039/d4mh01319k

Published on 21 January 2025. Downloaded on 4/11/2026 1:38:33 PM.

Materials Horizons

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

Y. Hu, C. Wu, Q. Pan, Y. Jin, R. Lyu, V. Martinez, S. Huang,
J. Wu, L. J. Wayment and N. A. Clark, et al., Nat. Synth., 2022,
1, 449-454,

Q. Fan, L. Yan, M. W. Tripp, O. Krej¢i, S. Dimosthenous,
S. R. Kachel, M. Chen, A. S. Foster, U. Koert and P. Liljeroth,
et al., Science, 2021, 372, 852-856.

E. Meirzadeh, A. M. Evans, M. Rezaee, M. Milich, C. ].
Dionne, T. P. Darlington, S. T. Bao, A. K. Bartholomew,
T. Handa and D. J. Rizzo, et al., Nature, 2023, 613, 71-76.
C.-T. Toh, H. Zhang, ]J. Lin, A. S. Mayorov, Y.-P. Wang,
C. M. Orofeo, D. B. Ferry, H. Andersen, N. Kakenov and
Z. Guo, et al., Nature, 2020, 577, 199-203.

S. Kashiwaya, Y. Shi, J. Lu, D. G. Sangiovanni, G. Greczynski,
M. Magnuson, M. Andersson, J. Rosen and L. Hultman, Nat.
Synth., 2024, 1-8.

S. Zhao, H. Zhang, M. Zhu, L. Jiang and Y. Zheng, Phys. Rev.
B, 2024, 110, 085111.

B. Mortazavi, Materials, 2024, 17, 2653.

B. Yoon, P. Koskinen, B. Huber, O. Kostko, B. von Issen-
dorff, H. Hikkinen, M. Moseler and U. Landman, Chem-
PhysChem, 2007, 8, 157-161.

P. Koskinen, H. Hikkinen, G. Seifert, S. Sanna, T. Frauenheim
and M. Moseler, New J. Phys., 2006, 8, 9.

P. Koskinen, H. Hikkinen, B. Huber, B. von Issendorff and
M. Moseler, Phys. Rev. Lett., 2007, 98, 015701.

C. Stiehler, Y. Pan, W.-D. Schneider, P. Koskinen, H.
Hékkinen, N. Nilius and H.-J. Freund, Phys. Rev. B: Condens.
Matter Mater. Phys., 2013, 88, 115415.

P. Koskinen and T. Korhonen, Nanoscale, 2015, 7, 10140-10145.
W. Kohn and L. J. Sham, Phys. Rev., 1965, 140, A1133-A1138.
D. Sanchez-Portal, P. Ordejon, E. Artacho and J. M. Soler,
Int. J. Quantum Chem., 1997, 65, 453-461.

J. M. Soler, E. Artacho, J. D. Gale, A. Garcia, J. Junquera,
P. Ordejon and D. Sanchez-Portal, J. Phys.: Condens. Matter,
2002, 14, 2745-2779.

A. Garca, N. Papior, A. Akhtar, E. Artacho, V. Blum, E. Bosoni,
P. Brandimarte, M. Brandbyge, J. I. Cerd4 and F. Corsetti, et al.,
J. Chem. Phys., 2020, 152, 204108.

M. Dion, H. Rydberg, E. Schréder, D. C. Langreth and
B. I. Lundqvist, Phys. Rev. Lett., 2004, 92, 246401.

1154 | Mater. Horiz., 2025,12, 1144-1154

36

37

38

39

40

41

42

43
44

45
46

47

48

49

50
51

52

53

54

55

View Article Online

Communication

T. Thonhauser, V. R. Cooper, S. Li, A. Puzder, P. Hyldgaard
and D. C. Langreth, Phys. Rev. B: Condens. Matter Mater.
Phys., 2007, 76, 125112.

M. Ernzerhof and G. E. Scuseria, J. Chem. Phys., 1999, 110,
5029-5036.

J. P. Perdew, K. Burke and M. Ernzerhof, Phys. Rev. Lett.,
1996, 77, 3865-3868.

N. Troullier and J. L. Martins, Phys. Rev. B: Condens. Matter
Mater. Phys., 1991, 43, 1993-2006.

L. Kleinman and D. M. Bylander, Phys. Rev. Lett., 1982, 48,
1425-1428.

H. J. Monkhorst and J. D. Pack, Phys. Rev. B: Condens. Matter
Mater. Phys., 1976, 13, 5188-5192.

H. A. Kramers, Atti del Congresso Internationale dei Fisici,
Como, Italy, 1927, pp. 1-13.

R. d L. Kronig, J. Opt. Soc. Am., 1926, 12, 547-557.

J. Tignon, P. Voisin, C. Delalande, M. Voos, R. Houdré,
U. Oesterle and R. Stanley, Phys. Rev. Lett., 1995, 74, 3967.
L. Falkovsky, J. Exp. Theor. Phys., 2007, 105, 397-403.

E. N. Koukaras, G. Kalosakas, C. Galiotis and K. Papagelis,
Sci. Rep., 2015, 5, 12923,

J. Carrete, W. Li, L. Lindsay, D. A. Broido, L. J. Gallego and
N. Mingo, Mater. Res. Lett., 2016, 4, 204-211.

P. Torres, F. X. Alvarez, X. Cartoixa and R. Rurali, 2D Mater.,
2019, 6, 035002.

V. Thakur and T. Singh, Phys. Status Solidi B, 1986, 135,
67-73.

A. Dal Corso, J. Phys.: Condens. Matter, 2013, 25, 145401.
H.-W. Guo, Z. Hu, Z.-B. Liu and J.-G. Tian, Adv. Funct. Mater.,
2021, 31, 2007810.

W. Zhang, Q. Wang, Y. Chen, Z. Wang and A. T. Wee, 2D
Mater., 2016, 3, 022001.

J. Ribeiro-Soares, R. Almeida, L. G. Cancado, M. S.
Dresselhaus and A. Jorio, Phys. Rev. B: Condens. Matter
Mater. Phys., 2015, 91, 205421.

A. Molina-Sanchez, K. Hummer and L. Wirtz, Surf. Sci. Rep.,
2015, 70, 554-586.

Z. Guo, X. Hao, J. Dong, H. Li, Y. Gong, D. Yang, J. Liao,
S. Chu, Y. Li and X. Li, et al.,, Nanoscale, 2020, 12,
22710-22717.

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1039/d4mh01319k



