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We present density functional theory-based electronic, mechanical, and
dielectric properties of monolayers and bilayers of noble metals (Au, Ag, Cu,
and Pt) taken with graphene-like hexagonal structure. The Au, Ag, and Pt
bilayers stabilize in AA-stacked configuration, while the Cu bilayer favors the
AB stacking pattern. The quantum ballistic conductance of the noble-metal
mono- and bilayers is remarkably increased compared with their bulk coun-
terparts. Among the studied systems, the tensile strength is found to be
highest for the Pt monolayer and bilayer. The noble metals in mono- and
bilayer form show distinctly different electron energy loss spectra and re-
flectance spectra due to the quantum confinement effect on going from bulk to
the monolayer limit. Such tunability of the electronic and dielectric properties
of noble metals by reducing the degrees of freedom of electrons offers promise

for their use in nanoelectronics and optoelectronics applications.
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INTRODUCTION

Noble metals in the form of nanoparticles,’
nanowires, nanorods, nanoclusters,” and
nanosheets have attracted immense interest due
to their encouraging applications in the fields of
electronics,? catalysis, photonics, and sensing.®* In
the past, special attention has been paid to shape-
and size-controlled synthesis of noble-metal
nanoparticles due to their wide range of tunable
properties”™® for application in nano-biosensing,’
surface-enhanced Raman spectroscopy (SERS),lo’il
diagnostics,'® photothermal and therapeutic appli-
cations,'® generation of nanophotonic devices,'* and
related biological and medical fields.'®'® The optical
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properties of metallic (Ag, Cu) nanoparticles (NPs)
embedded in glass matrices have received huge
attention from the viewpoints of basic research and
their applications.'”!®

Noble metals in two-dimensional (2D) form with
thickness rang‘inig from 10 nm to 500 nm possess
unusual physical™ and chemical properties® due to
strong quantum confinement and surface effects.
Two-dimensional layers of noble metals have
numerous technological applications, e.g., in catal-
ysis,?*?  microelectromechanical and mnanoelec-
tromechanical systems, as interconnects in
molecular circuits, sensors,?® plasmonics,?* devices
for surface-enhanced Raman spectroscopy (SERS),?
and the biomedical area.”® Furthermore, it is
expected that various new materials in the form of
nanoclusters, nanorods, nanoflakes, nanoribbons,
and nanocages can be derived by using these
nanolayers as building blocks.?
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Recently, experiments using gold nanolayers
were carried out, revealing promisin% aggplications
in next-generation electronic devices.***? Au mul-
tilayers have been used as stretchable electrodes for
organic-based electronic devices,** displays,®® field-
effect transistors (FETSs),*® and energy-related
devices.?” Similarly, experimentally synthesized
silver nanosheets® have been found to be useful
for tuning surface-enhanced Raman spectroscopy
(SERS), metal-enhanced fluorescence, and as scan-
ning tunneling microscopy (STM) substrates.® Addi-
tionally, layered Pt sheets show promise for
electrochemical conversion and catalysis.>® A 2D
Cu nanosheet has also been used as a novel material
for aqueous conductive ink in flexible electronics
because of its low price and high conductivity.*
Note that synthesis of Cu monolayers is challeng-
ing, with only a few techniques being available,
because Cu readily converts to CuO or CuS layers.

Motivated by the above experimental results
involving 2D noble-metal layers, we present herein
a density functional theory (DFT)-based computa-
tional study of structural, electronic, mechanical,
and dielectric properties of monolayers and bilayers
of noble metals (Cu, Ag, Au, and Pt). Efforts were
made to explore the structural and mechanical
stability of the mono- and bilayer noble metals and
the possible technological implications.

COMPUTATIONAL METHODS

All calculations were performed using the Span-
ish Initiative for Electronic Simulation with Thou-
sands of Atoms (SIESTA) code,*’ which uses
ab initio pseudopotential-based densitg functional
theory (DFT). We used well-tested* Troullier—
Martins, norm-conserving relativistic pseudopoten-
tials*®** for the different noble metals in fully
separable Kleinman—Bylander form. The exchange
and correlation energies were treated within the
generalized gradient approximation (GGA) accord-
ing to the Perdew—Burke—Ernzerhof (PBE) param-
eterization.*® Numerical atomic orbitals (NAOs)
with a double zeta polarization (DZP) basis set with
confinement energy of 0.01 Ry were used for geom-
etry optimization. Energy minimization in each case
was carried out using the standard conjugate-gra-
dients (CG) technique. All structures were relaxed
until the force on each atom was less than 0.01 eV/
A. A 40 x 40 x 1 Monkhorst-Pack*® k-point grid
was used for sampling the Brillouin zone. The mesh
cutoff energy was taken as 200 Ry. We took two
atoms in the unit cell for monolayers and four atoms
in the unit cell for bilayers in our calculations. A
vacuum region of about 16 A was used to separate
the two-dimensional layers along the c-axis to
ensure that there was no interaction between
periodic images. Dielectric properties were
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Fig. 1. (a) Top view of monolayer. (b) Side view of monolayer. (c) Top view of AA-stacked bilayer. (d) Side view of AA-stacked bilayer. (e) Top

view of AB-stacked bilayer. (f) Side view of AB-stacked bilayer.
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calculated using first-order time-dependent pertur-
bation theory as implemented in the SIESTA pack-
age.™® A 60 x 60 x 3 optical mesh and 0.2 eV
optical broadening were used for calculations of
dielectric properties. It is necessary to include a
Drude term associated with intraband transitions in
the case of metals, which is of the form

SDrude(w> = (1)}2)/60((0 +1x "/), (1)

where wg is calculated by the SIESTA code itself

and y is an empirical parameter, which is the
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inverse of the relaxation time (t). The values of vy
for Cu, Ag, Au, and Pt were taken as 0.001 Ha
(0.0272 eV), 0.0005 Ha (0.0136 ¢V), 0.003 Ha
(0.0686 V), and 0.001 Ha (0.0272 eV), respec-
tively,*® for bulk, monolayers, and bilayers.

RESULTS AND DISCUSSION

Since gold nanosheets (about 16 atomic layers
thick) have been reported experimentally to be
synthesized with hexagonal closed-packed (hcp)
structure,* the noble-metal mono- and bilayers

Table I. Calculated values of lattice parameter (a in A), binding energy (AE, in eV, all values negative but
minus sign omitted) for bilayers, interlayer spacing (Ad in A), and covalency metric (C4 in eV)

Property System Cu Ag Au Pt
a (&) Bulk 3.69 (3.62)* 4.19 (4.09)* 4.20 (4.08)* 4.03 (3.93)*
Monolayer 4.05 4.71 4.61 4.31
Bilayer 4.17 4.73 4.69 4.43
AE;, (eV) Bilayer 0.59 0.47 0.40 1.31
Ad (A) Bilayer 2.83 2.79 2.45 2.55
Cq (eV) Monolayer —1.90 -0.77 —2.00 —2.28
Bilayer —1.56 —0.75 -1.69 —1.56
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Fig. 2. Binding energy (eV) versus interlayer spacing (A) curves for both AA- and AB-stacked bilayers of (a) Cu, (b) Ag, (c) Au, and (d) Pt.
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considered here were taken with graphene-like
hexagonal structure, as hcp is similar to a gra-
phene-like structure in 2D (Fig. 1). The crystal
structure taken for bulk phase was face-centered
cubic (fee), as the studied noble metals stabilize in
fce structure in bulk phase. Our calculated lattice
parameters (Table I) for the bulk noble metals (Cu,
Ag, Au, and Pt) (fcc structure) are consistent with
values reported in literature.*®°® The lattice con-
stants of the graphene-like hexagonal mono- and
bilayers calculated at GGA-PBE level of theory were
found to be almost constant (Table I).

Being similar to a graphene-like structure, the
noble-metal bilayers can have two types of stacking
pattern, namely AA and AB. In AA stacking, the
metal atoms of the second layer lie exactly above the
noble-metal atoms of the first layer, while in the
case of AB stacking, the metal atoms of the second
layer lie above interstitial sites of the first layer
(Fig. 1). The relative stability of the bilayers in
comparison with monolayers can be seen by calcu-
lating the binding energy of the bilayers according
to the formula

AEb = Ebilayer - 2Emonola\yera (2)

where Eyilayer and Eponolayer are the minimum values
of total energy of the bilayer and monolayer,
respectively, obtained from total energy versus
lattice constant plots. All values of AE)}, are negative
here, but we compare their magnitude only.

The curves of binding energy versus interlayer
spacing suggest that Ag, Au, and Pt bilayers
energetically favor AA stacking, while the Cu
bilayer energetically prefers AB stacking (Fig. 2).
The optimized vertical spacing between the layers
was calculated to be 2.83 A, 2.79 A, 245 A, and
2.55 A for Cu, Ag, Au, and Pt, respectively (Table I).
The calculated interlayer binding energies for the
bilayers followed the order Pt > Cu > Ag > Au.
The highest binding energy for the Pt bilayer is
attributed to the partially filled both s- and
d-orbitals.

To gain further insight into the interlayer inter-
actions in the noble-metal bilayers, we calculated
the charge density difference profiles (see Fig. S1 in
the Supplementary Information; all charge density
plots are at the same isosurface value of 0.0004
e/A®). Note that the charge density difference is
defined as Ap = Ptotal — (playerl + playerZ)‘ Red regions
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Fig. 3. Electronic band structure and corresponding density of states for monolayers of (a) Cu, (b) Ag, (c) Au, and (d) Pt. The Fermi level is set at

0eV.
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represent charge depletion, while green regions
represent charge accumulation. The charge density
difference plot indicates the redistribution of charge
between the bonding regions of the two layers,
which is more pronounced for Pt. The charge
redistribution correlates well with the predicted
order of interlayer Dbinding energy, i.e.,
Pt > Cu > Ag > Au.

To further measure the covalent character of the
bonds between atoms of the noble-metal layers, the
covalency metric was calculated for all the systems
and is given in Table I. The higher the value of the
covalency metric, the more covalent the bond; for
lower covalency, the charge distribution is
enhanced. Further information and description of
the concept of the covalency metric is given in the
Supplementary Information and in Refs. 51 and 52.
Density-of-states plots for all the systems, used to
calculate the covalency, are also given in Fig. S2 in
the Supplementary Information. The value of the
covalency metric varied as follows: Ag>
Cu > Au > Pt. This correlates well with our charge
density difference plots, where charge redistribu-
tion was more pronounced for the Pt layers, which
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are less covalent. Also, the Ag layers, which are
more covalent, have less pronounced charge redis-
tribution. It is inferred that the bilayers are more
covalent in nature than the monolayers, except in
the case of Ag.

Electronic Properties

The electronic band structure of the Cu, Ag, and
Au mono- and bilayers showed similar behavior,
while Pt was distinctly different (Figs. 3a—d and 4a—
d). The graphene-like hexagonal monolayers of Cu,
Ag, and Au showed increased quantum ballistic
conductance (as obtained from the number of bands
crossing the Fermi level) as compared with their
bulk counterparts in fcc phase.

Note that the quantum ballistic conductance is
calculated from the number of bands crossing the
Fermi level.?® The band structure of bulk Cu, Ag,
and Au (see Fig. S4 in the Supplementary Informa-
tion) shows two bands crossing the Fermi level,
yielding conductance of 2G,, while in the corre-
sponding monolayers, four bands cross the Fermi
level, resulting in conductance of 4G(. The opposite
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Fig. 4. Electronic band structure and corresponding density of states for bilayers of (a) Cu, (b) Ag, (c) Au, and (d) Pt. The Fermi level is set at

0eV.
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Fig. 5. Stress (GPa) versus tensile strain (%) (expansion) curve to determine the tensile strength of mono- and bilayers of (a) Cu, (b) Ag, (c) Au,

and (d) Pt.

trend was observed for Pt, for which the quantum
conductance decreases from 8G, in bulk to 6Gg in
the monolayer and bilayer. This is attributed to the
different electronic arrangement of Pt. The value of
Gy, i.e., the quantized unit of conductance, is 2%
h=7.748 x 10°° S.

Note that, in the case of Cu, Ag, and Au, the
density of states in the valence band near the Fermi
level is mainly contributed by d-orbitals, while the
conduction band near the Fermi level is mainly
contributed by s-orbital, showing Dirac-cone-like

behavior. In the case of the Pt layers, both s- and d-
orbitals contribute near the Fermi level, and one
observes a pronounced peak at the Fermi level,
showing that the system is metallic in nature.

It is interesting to note that both the mono- and
bilayers of Cu, Ag, and Au (Figs. 3 and 4) possess
Dirac-cone-like (conical intersection) features. The
monolayers show Dirac-cone-like behavior around
the K high-symmetry point lying at the Fermi level
(i.e., at 0 eV), while in the case of the bilayers, both
the I' and K high-symmetry points are found to
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Fig. 6. (a) Imaginary part (e2) and (b) real part (¢;) of dielectric function, (c) EELS spectrum, and (d) reflectance spectrum for Cu bulk, monolayer,

and bilayer.

Table II. Calculated values of position of peak in ¢; (Sy), plasmon frequency (v,), and reflectance edge [R(w)]
for all studied noble-metal monolayers and bilayers and their bulk systems

Property System Cu Ag Au Pt
So (e2) Bulk 2.23, 3.94, 4.65 3.52 2.85 6.56
Monolayer 2.98 2.24 2.88, 4.99 1.18, 2.49, 4.403
Bilayer 1.27 1.81 2.36, 4.98 1.072
wp (eV) Bulk 11.71, 14.60, 19.02  3.09, 11.56, 22.61 2.41, 11.84, 22.42 5.90, 12.74, 23.57
Monolayer 2.41, 6.21 3.02, 7.36 2.57, 7.53 2.16, 2.97, 5.09
Bilayer 1.05, 2.61, 5.66 1.46, 3.36, 7.02 1.59, 2.00, 3.22, 7.45 3.38, 8.76, 10.38, 11.60
R (eV) Bulk 1.71 2.83 1.89 5.53
Monolayer 1.02 0.16 1.53 0.53
Bilayer 0.73 1.32 0.75 0.11

possess the mentioned Dirac-cone-like feature, lying
again at the Fermi level (i.e., at 0 eV). A recent
investigation of Au/Ag multilayers using both angle-
resolved photoemission spectroscopy (ARPES) and
density functional theory (DFT) showed similar
behavior,”* where an anisotropic Dirac cone is
observed between a particular pair of strongly
spin-polarized deep d-orbital surface states. This
interesting feature is likely to open up a new
dimension for study and applications of these
noble-metal mono- and bilayers.

Mechanical Properties

Mechanical strain has useful applications in
nanoelectromechanical systems (NEMS) and
nanooptomechanical systems (NOMS).?®> We calcu-
lated the stress that can be borne by the considered
systems on application of biaxial strain. Biaxial
strain was modeled by varying the lattice constant
in both a and b directions. The stress varied directly
with the strain up to some limit, then decreased
(Fig. 5a—d). The region up to which it varied directly
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is the elastic region, after which there is a plastic
region, and ultimately the system deforms. The
maximum value of strain up to which elasticity was
retained provides the value of the ultimate tensile
strain, and the corresponding stress value gives the
ultimate tensile strength of the system.

The calculated ultimate tensile strength was 1.94
GPa, 1.14 GPa, 1.81 GPa, and 3.82 GPa for the Cu,
Ag, Au, and Pt monolayers, respectively, while the
bilayers showed slightly increased tensile strength
values (Fig. 5). In the case of both monolayers and
bilayers, Pt showed the highest tensile strength
among the studied systems. The maximum tensile
strain for the Cu mono- and bilayer was found to be
22% and 18%, respectively, while for the Ag, Au,
and Pt monolayers it was 16%, and for their
respective bilayers it was 14%.

The tensile strength of a material represents its
capacity to withstand load or resist tension; the
higher the tensile strength, the greater the capacity
of a material to withstand tension. Hence, the Pt
layers have higher load-withstanding capacity, fol-
lowed by Cu, Au, and Ag; this trend is in agreement
with the trend of tensile strength of these noble
metals in bulk phase. This can be correlated with
the interlayer binding energy, where greater bind-
ing energy of the system indicates stronger bonding
and thus higher tensile strength.

Dielectric Properties

The calculated dielectric function for all the
studied noble metal (Ag, Au, Cu, and Pt) bulks (fcc
phase) agrees well with the dielectric function
measured by Johnson et al.”® and Yu et al.’” Sharp
peaks in the imaginary part of the dielectric func-
tion e, for the studied noble metals suggest the
possibility of interband transitions between bands
in the band structure, corresponding to the energy
values of these peaks. It was observed that peaks
were red-shifted on moving from bulk in fcc phase to
monolayers and bilayers taken with graphene-like
hexagonal structure.

We observed sharp peaks in the imaginary part of
the dielectric function e; for bulk and bilayers of
noble metals, but the monolayers showed low-valued
broad peaks (except for Pt) (Figs. 6 and S5-S7 in the
Supplementary Information). It was observed that
the monolayer and bilayer of each of the noble
metals exhibited very different e peak positions
compared with the bulk counterparts (Table II),
which may be attributed to the quantum confine-
ment effect.”®

Plasmon Frequency

The plasmon frequency (w,) corresponds to the
energy (eV) at the peak in the electronic energy loss
spectrum (EELS) where the curve of the real part of
the dielectric function (¢;) crosses the zero axis. It
was found that the plasmon frequency decreased
(Table II) as one goes from the bulk to the 2D limit

of the noble metals Au, Ag, Cu, and Pt (Figs. 6 and
S5-S7 in the Supplementary Information) due to
the strong quantum confinement effect.®®

Reflectance Spectra

The reflectance spectrum for each of the studied
noble-metal mono- and bilayers showed sharp min-
ima corresponding to the point at which ¢; cuts the
zero axis and EELS shows a resonance peak.
The value of the energy corresponding to this
minimum point gives the value of the reflectance
edge (Table II). For all the studied mono- and
bilayers, the reflectance edge lay in the infrared
(IR) region (0 eV to 1.65 eV). The reflectance edge for
bulk Cu, Ag, and Au lies in the visible region (1.65 eV
to 3.22 eV), whereas for bulk Pt, it lies in the
ultraviolet (UV) region (3.22 eV to 12.4 eV) (Figs. 6
and S5-S7 in the Supplementary Information).
Hence, the reflectance edge of the monolayers and
bilayers of the studied noble metals is red-shifted
towards the infrared (IR) region compared with the
bulk counterparts. Such tunability of the reflectance
spectrum and dielectric function of noble metals may
find interesting applications in optoelectronics.

CONCLUSIONS

Electronic, mechanical, and dielectric properties
of noble-metal (Au, Ag, Cu, and Pt) mono- and
bilayers with graphene-like hexagonal structure
were studied, revealing significant changes on going
from bulk to monolayer, summarized as follows:

e The Au, Ag, and Pt bilayers stabilized in AA-
stacked configuration, while the Cu bilayer
preferred AB-stacked configuration.

e The value of the covalency metric varied as
Ag > Cu > Au > Pt, consistent with our charge
density plots. The bilayers are more covalent
than the monolayers except for Ag.

e The quantum ballistic conductance increased as
one moves from bulk in fec phase to 2D
graphene-like hexagonal noble-metal monolay-
ers and bilayers (for Ag, Au, and Cu), which may
be useful in the field of nanoelectronics.

e The monolayers and bilayers of Au, Ag, and Cu
exhibited a Dirac-cone-like feature, while the Pt
layers were metallicin nature. The Dirac-cone-like
feature obtained for the Au, Ag, and Cu atomic
layers will open up new scope for their study and
applications. The realization of a Dirac cone shows
promise for applications of the studied noble-metal
mono- and bilayers in spintronic devices and
nanodevices. Further investigation of the behavior
of this Dirac-cone-like feature could include func-
tionalization of these noble-metal layers.>®

e The Pt layers (both monolayer and bilayer)
showed the highest tensile strength among the
studied systems.

e The monolayers and bilayers of the studied noble
metals showed distinctly different positions of
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the structure peaks in e, compared with the bulk
counterparts, due to the quantum confinement
effect.

e The plasmon frequency was red-shifted in
energy on going from the bulk fce structure to
the graphene-like hexagonal monolayer for all
the noble metals.

e The reflectance edges of the graphene-like noble-
metal mono- and bilayers were found in the
infrared (IR) region, in contrast to the visible—
ultraviolet (UV) region for their bulk fce coun-
terparts, due to which they show reflectance in
the infrared (IR) region and become transparent
conductors in the visible region, and hence may
find huge applications in optoelectronics.*®

These atomic layers of noble metals can be used as
stretchable electrodes for organic-based electronic
devices,>* displays,®® field-effect transistors (FETs),>®
and energy-related devices,?” as well as being useful
for tuning surface-enhanced Raman spectroscopy
(SERS), metal-enhanced fluorescence, and as scan-
ning tunneling microscopy (STM) substrates.®
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