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ARTICLE INFO ABSTRACT

Keywords: We present density functional theory (DFT) based comprehensive study of two-dimensional (2D) alloyed
DFT monolayers of noble metals (AgCu, AgPt, AgAu, AuCu, AuPt and CuPt) in hexagonal phase within numerical
Monolayers atomic orbitals and plane wave basis sets methods. The monolayers considered exhibit positive phonon fre-
Band structure quencies suggesting them to be dynamically stable. The Pt containing alloyed monolayers have superior
I;I;leh?;;ca;spropertles structural stability (binding energy and tensile strength) and exhibit metallic and ferromagnetic character
NDR regiin amongst all the alloyed monolayers. Interestingly, alloying of Au monolayer with Cu and Ag show semi-
conducting behavior whereas alloyed AgCu monolayer posseses Dirac-cone like features at high symmetry
points. These distinct features in electronic structures of alloyed 2D monolayers have been captured in STM like
set up. An anisotropic behavior has been observed in dielectric spectra for all the considered structures.
Tunneling characteristics show NDR region for Pt containing alloyed monolayers. The considered alloyed
monolayers may potentially be useful as a building blocks for the applications in nano- and opto-electronics.

1. Introduction

Two-dimensional (2D) form of noble-metals with thickness in few
nanometer range, possesses unique physical [1] and chemical proper-
ties [2]. These have numerous technological applications such as in
catalysis, micro electromechanical and nano-electromechanical sys-
tems, as interconnects in molecular circuits, sensors, devices for surface
enhanced Raman spectroscopy, as protective coatings and biomedical
area [3-6]. Noble-metal nanostructures are reported to be synthesized
in different polymorphs such as triangular, hexagonal and helical
structures as compared to FCC structure in their bulk counterpart [7]. It
is known that the properties of metal nanostructures are closely related
to their crystal structure [8,9]. Noble metals exhibit various crystal
structures in the bulk form, for example, Ag possesses two different
polymorphs 9R- [10] and 4H-polytype [11]. The occurrence of hex-
agonal phase in one-dimensional (1D) hetero-nanostructures [12], thin
films [13], nanorods [14-17], and nanowires of Silver has been re-
ported in previous studies [18,19].

A crystallization pathway for metastable HCP phase in gold has
recently been reported by Marshall et al. [20]. In last decade it has also
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been possible to synthesize Gold in various nanostructures such as na-
noparticles [21], nanowires [22], nanobelts or nanoribbons [23,24],
nanoplates [6] nanosheets [25] and nanotubes [26] with HCP structure.
This occurrence of nanostructures of Gold in HCP structure makes un-
derstanding of their properties interesting from basic research as well as
technological point of view.

Despite wide applications of noble metal nanoplates and na-
nosheets, their use is limited due to their scarce reserves and high costs.
Alloying of noble metals with earth abundant metals has enhanced their
properties in a cost effective manner [27]. Alloyed nanomaterials in
which d-band vacancies of a Group 8 and 10 (Fe, Pt) metal are pro-
gressively filled by a Group 11 (Au, Ag and Cu) metal have attracted
wide interest for its application in the field of electronics [28-31]. Note
that the heterogeneous Au-Pt [32,33], Au-Ag [34] and Au-Cu [35]
nanostructures with much better properties than their pristine coun-
terparts have been synthesized for applications in various fields like
optics, electronics, protective coatings, bio-sensing, drug delivery and
catalysis [6,30-35].

Though hexagonal structure is not an obvious choice for noble metal
alloyed sheets, but motivated by the above mentioned recent reports,
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Fig. 1. (a) Top and (b) side view of Crystal structure of one of the studied alloyed monolayers and Top and side view of charge density profiles of all studied systems (c) AgCu, (d) AgPt, (e)
CuPt, (f) AuCu, (g) AuPt and (h) AuAg respectively at an isosurface value of 0.004 e/A®. Here red/green regions show charge accumulation/depletion. (For interpretation of the references

to colour in this figure legend, the reader is referred to the web version of this article.)

and in search of new low cost materials with enhanced properties, we
present a DFT-based computational study of alloyed monolayers in
hexagonal phase. Our hexagonal monolayers are structurally similar to
h-BN monolayer grown on Cu foil [36], where two adjacent edges of h-
BN layer are boron terminated and other two are nitrogen terminated.
Similarly in our case two adjacent edges are terminated by two different
noble-metal, thereby, forming an alloyed noble-metal monolayer
(Fig. 1). In order to have faith in our results, we have performed DFT
based calculations using two different approaches i.e. localized orbital
basis approach as implemented in SIESTA (Spanish Initiative for Elec-
tronic Simulation with Thousand of Atoms) and Plane wave basis ap-
proach in VASP (Vienna Ab initio Simulation Package). As a result, a
comprehensive DFT based comparative study of structural, electronic,
magnetic, mechanical and dielectric properties of noble-metal alloyed
monolayers is presented. The phonon frequencies at high symmetry
points are calculated to check the dynamical stability of the studied
systems. To visualize the distinct electronic band structure features of
alloyed monolayers, STM analysis is also presented. Here the word alloy
is being used merely for ease of expression and not be taken in strict
sense.

2. Computational details

The computational details for two DFT based first principle ap-
proaches, SIESTA [37] and VASP [38,39] for the study are as follows:

For SIESTA, we have used well tested [40,41] Troullier Martin,
norm conserving relativistic pseudopotentials [42,43] in fully separable
Kleinman and Bylander form. For VASP, pseudopotentials used were
based on projected augmented wave (PAW) method [44]. The exchange
and correlation energies were treated within the generalized gradient
approximation (GGA) according to the Perdew-Burke-Ernzerhof (PBE)
parameterization for both codes [45]. In SIESTA, numerical atomic
orbitals (NAOs) with double zeta polarization (DZP) basis set with
confinement energy of 30 meV have been used for geometry optimi-
zation. Minimization of energy has been carried out using standard
conjugate-gradients (CG) technique for both codes until the forces on
each atom were less than 0.01 eV/A. A Monkhorst-Pack [46] of
50 x 50 x 1k points has been used for sampling the Brillouin zone for
both codes. The mesh cutoff energy has been taken equal to 350 Ry in
SIESTA and corresponding plane wave cutoff energy in VASP was taken
equal to 400 eV. A unit cell of two atoms, one atom each of the two
noble-metals forming the alloy and a vacuum of 16 A along ¢ axis to
avoid interactions between periodic images, were taken for the

85

calculations.

The dielectric properties have been calculated by using first-order
time-dependent perturbation theory as implemented in SIESTA code
[47,48]. A 90 X 90 x 3 optical mesh and 0.04 eV optical broadening
are used for optical spectra. It is necessary to include a Drude term
associated with intra-band transitions in case of metals, for which the
values of 7 for all studied systems is taken as 0.001 Ha [40,41]. The
dielectric properties in VASP were calculated using perturbation theory
with local field effects using random phase approximation.

We have also calculated the phonon frequencies using VASP code. In
addition, tunneling characteristics are calculated within Tersoff and
Hamann approximation [49] using STM-like setup. According to this
approximation, tunneling current (I) is proportional to the local density
of states (LDOS) of the sample. Local Density of states and atomic po-
sitions of monolayer samples are obtained from VASP code. For STM
analysis, the STM tip was taken of silicon cluster and bias voltage
of + 0.5V is applied between the STM tip and the sample. STM images
are obtained using WsxM software [50] which uses LDOS of SIESTA as
input.

3. Results and discussion
3.1. Structural properties

Table 1 lists the calculated values of lattice constant, bond length
and binding energies of the studied systems. Note that the structural
properties of pristine noble metal monolayers are reported in our pre-
vious study [40].

The values of lattice constant for these studied alloyed monolayers

Table 1
The comparison of values of lattice constant, bond length and binding energies for alloyed
monolayers. The values in bracket are obtained from VASP code.

Property AgCu AuCu AuAg AuPt AgPt CuPt
Lattice 4.34 4.33 4.69 4.47 4.53 4.19
con- (4.27) (4.21) (4.58) (4.35) (4.41) (4.08)
stant
&
Bond length  2.53 2.50 2.64 2.55 2.57 2.37
A (2.45) (2.42) (2.64) (2.50) (2.54) (2.35)
Binding —2.38 -2.57 —-2.22 -3.17 —2.86 -3.36
energy (-224) (-268) (-229) (-313) (-268) (-3.24)
(eV)
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(Table 1) are lying within the range of their pristine counterparts [40].
The lattice constant varies in the following order AuAg > AgPt >
AuPt > AgCu > AuCu > CuPt. The values of bond length (Table 1)
are smaller than the average value of their pristine systems (Table S1)
which favors the formation of these alloyed monolayers [41]. The value
of lattice constant and bond lengths of the studied systems from both
SIESTA and VASP calculations are found to be close to each other with a
difference (Table 1) of about 2-3%.

The negative value of binding energy (Table 1) in each case suggests
that all systems are energetically stable. The value of binding energies
of alloyed systems is found to be more than the average value of their
(Table S1) pristine counterparts, showing that the alloyed monolayer
are more stable than their pristine counterparts and alloy formation is
favored. The binding energies follow the trend CuPt > AuPt >
AgPt > AuCu > AgCu > AuAg from both SIESTA and VASP calcu-
lations. Note that (Table 1) the values obtained from two codes differ by
about 6%. It is noted here that amongst the studied alloyed monolayers,
the Pt containing systems (e.g. CuPt monolayer) are energetically more
stable.

In order to gain an insight into the inter-atomic interactions in noble
metal alloyed monolayers, we have calculated the charge density dif-
ference profile (Fig. 1). The charge density difference is defined as
8o = 0,10~ Puom1 T Paromz)- Charge density difference plot indicates the
redistribution of charge between the atoms of different noble-metals.
The redistribution is more pronounced for AuCu, CuPt and AuPt as
compared to other systems. These results are in agreement with Mul-
liken charge transfer values given in Table S2 (Supplementary in-
formation). These charge transfer mechanisms between the atoms of
different species can be explained on the basis of their electro-
negativities [51]. The higher electronegative atom gains charge while
lesser electronegative atom losses charge. From Table S2 it is clear that
amongst the chosen systems, AuPt monolayer has the highest charge
transfer and AgPt monolayer has the least charge transfer.

3.2. Phonon dispersion spectra for alloyed monolayers

In order to check the dynamical stability of systems considered, we
have calculated the phonon frequencies at high symmetry points T', 'M'
and 'K', using VASP code. Two atoms in the unit cell of given systems
results in six phonon frequencies, out of which three correspond to
acoustic (A) modes and three are optical (O) modes. These modes are
associated with out-of-plane (Z), in-plane longitudinal (L), and in-plane
transverse (T) symmetries. The lower phonon frequencies correspond to
the acoustic mode and higher to the optical mode. The phonon fre-
quencies are given in Table 2 and are found to be positive for all modes
at all high symmetry points, which suggests all studied alloyed mono-
layers to be dynamically stable.

3.3. Mechanical properties
Strain plays an important role when a crystal is compressed or
stretched from its equilibrium position. It can affect the device perfor-

mance and can be applied intentionally to improve device's applications

Table 2
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in NEMS (nano electro-mechanical systems) and NOMS (nano opto-
mechanical systems). We have applied the biaxial tensile strain which
can be modeled by varying the lattice constant in both ‘a’ and ‘b’ di-
rections simultaneously, and the corresponding stress tensor values can
be obtained. Stress varies directly with strain up to some limit and then
decreases [(Fig. 2) for AgCu, AuAg and AuPt systems and Fig. S1 of
Supplementary information for AuCu, CuPt and AgPt systems].

The maximum value of strain up to which stress varies directly with
strain, gives the value of ultimate tensile strain and corresponding value
of stress gives the ultimate tensile strength of the system. The tensile
strength of a system is simply the ability of a system to withstand load.
The values of ultimate tensile strain and strength for all studied systems
as obtained from both codes SIESTA and VASP are given in Table 3 for
the comparison.

It is noted that the values of tensile strength of alloyed monolayer
lies within the range of its pristine counterparts [40]. In case of Pt
containing systems, the tensile strength is less than pristine Pt mono-
layer and more than other constituent atom of alloyed monolayer.
Amongst the studied systems, CuPt has the highest tensile strength that
varies as CuPt > AuPt > AuCu > AgPt > AgCu > AuAg. This
trends is attributed to the stronger bonding as reflected by binding
energies of the studied systems.

3.4. Electronic and magnetic properties

To understand the electronic properties of alloyed monolayers,
electronic band structure and corresponding spin polarized total and
partial density of states as a function of energy have been plotted and
are shown in Fig. 3 for AgCu, AuAg, AuCu and CuPt monolayer and Fig.
S2 (Supplementary information) for AuPt and CuPt monolayer. The
band structures obtained from SIESTA and VASP calculations are found
to be similar [(Fig. S3) of Supplementary information]. The electronic
band structures for various systems under study have been calculated
along the I'-M-K-T direction of the Brillouin zone. From the electronic
band structure, it is observed that all Pt containing alloyed monolayers
(AuPt, AgPt and CuPt) are metallic in nature and their features are quite
similar to the electronic band structure of pristine Pt monolayer re-
ported in previous study [40].

The Au containing alloyed monolayers (AuCu and AuAg) are
semiconducting in nature. An indirect band gap of 0.46 eV is calculated
for AuCu monolayer which lies between M and K high symmetry point
of Brillouin zone. AuAg monolayer, shows a direct band gap of 0.88 eV
at M high symmetry point. The values of band-gaps from VASP and
SIESTA calculations differ by a small amount of less than 2% [(Table
S3) of Supplementary information]. A similar behavior is also observed
for the alloyed nanowires of these noble metals in previous studies [41].
In AgCu monolayer, two conical intersections (Dirac-cone like beha-
vior) crossing the Fermi-level, one from the conduction band at high
symmetry point M and other from the valence band at high symmetry
point K are observed. AgCu monolayer shows similar behavior as seen
in band structures of pristine Ag and Cu monolayers [40].

In order to have a deeper insight into the contribution of different
orbitals of an atom in the band formation, we have analyzed the partial

The value of phonon frequencies at I, M and K high symmetry points for all studied alloyed monolayers.

System Phonon Frequencies (in cm™ Y

at’ at M at K
AgCu 219.576, 219.07, 52.675, 7.85, 1.02, 0.87 217.465, 167.32, 117.675, 63.94, 6.32, 2.836 182.49, 180.764, 158.067, 9.888, 4.944, 4.065
AgPt 172.16, 166.48, 75.95, 8.466, 0.494, 0.0054 229.123, 223.125, 94.193, 16.022, 8.271, 0.025 150.14, 109.32, 87.167, 8.964, 0.594, 0.35
CuPt 174.136, 148.75, 28.304, 9.85, 1.86, 0.606 257.464, 109.97, 108.61, 106.85, 10.315, 4.356 217.84, 93.47, 19.58, 18.71, 5.54, 5.20
AuPt 108.63, 92.403, 88.15, 10.52, 2.96, 0.446 283.88, 213.594, 87.267, 51.77, 27.145, 0.0425 270.063, 265.207, 153.60, 6.07, 3.87, 3.157
AuCu 239.25, 238.84, 50.661, 24.167, 1.0012, 0.901 242.41, 222.766, 115.97, 50.12, 11.22, 0.1515 166.50, 89.08, 85.214, 17.027, 10.204, 8.337
AuAg 164.03, 164.0, 55.43, 9.164, 0.172, 0.099, 84.64, 83.75, 113.704, 9.664, 2.19, 1.702 176.044, 116.493, 84.3, 11.34, 9.20, 0.512,
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Fig. 2. Stress-strain curves to determine the ultimate tensile strength for the alloyed monolayers (a) AgCu, (b) AuAg and (c) AgPt respectively where strain is in (%) and stress is in (GPa).

Table 3

The values of magnetic moment (y1,), tensile strength, and tensile strain in case alloyed
monolayers. The values given in bracket are the values obtained from VASP calculations
for comparison.

Property AgCu AuCu AuAg AuPt AgPt CuPt

Magnetic 0.00 0.00 0.00 0.58 0.41 0.45
moment (0.0) (0.0) (0.0) (0.57) (0.36) (0.51)
(1)

Tensile strength  1.77 1.97 1.49 2.49 1.86 2.64
(GPa) (1.46) (2.32) (1.35) (2.52) (1.81) (2.62)

Tensile strain 16 (14) 16(14) 16(14) 1414 1614 20014

(%)

density of state plots (Figs. 3 and S2) of the studied systems. In the
density of states plots of all Pt containing alloyed monolayers (AuPt,
AgPt and CuPt), a major contribution to the density of states is due to Pt
5d orbitals near the Fermi-level. In case of Cu containing alloyed
monolayers (AuCu and AgCu), Cu 3d orbitals show a major contribution
to the density of states at the Fermi-level. In AuAg system, 5d orbitals of
Au give a major contribution to the density of states near the Fermi-
level.

The quantum ballistic conductance of a system under ideal situation
can be determined by the number of bands crossing the Fermi-level (Ef)
[52]. For each band crossing the Fermi-level (Ef), the ballistic con-
ductance is G, which results into a conductance of nG, for n number of
bands crossing the Fermi-level. The calculated quantum ballistic con-
ductance is 4G, for AgPt, CuPt and AgCu systems while 6G, for AuPt
monolayer. The conductance is zero for AuAg and AuCu as these sys-
tems are found to be semiconducting in nature with no band crossing
the Fermi-level.

The alloyed monolayers containing Pt (AgPt, AuPt and CuPt) are
found to be magnetic in nature as is clear from their density of states
plots [(Fig. 3(d)) for CuPt and Fig. S2 of Supplementary information for
AuPt and AgPt]. The spin up and spin down states are different in
magnitude, with spin up states showing a major contribution, that fa-
vors ferromagnetism. The major contribution to ferromagnetism comes
from the d-orbitals and particularly from the Pt 5d orbitals. All other
studied systems are non-magnetic, with both spin up and spin down
density of states having equal magnitude resulting in no net magnetic
moment. The Stoner criterion is a condition to be fulfilled for the
ferromagnetic order to arise in a solid. According to Stoner criterion,
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ferromagnetism can arise in a system if:

IXNEf>1

which is getting fulfilled for our Pt containing systems. Here I is the
stoner parameter whose value is 0.63 eV for Pt [53] and N is the non-
magnetic density of states of major contributing orbital (Pt 5d orbitals
here) at the Fermi-level. The values of Stoner criterion (INEf) are given
in Table S4.

We have also calculated the magnetic moment as given in Table 3
((u, = Q4—Q,), where Q; in the Mulliken charge population for the spin
up and Q, is the Mulliken charge population for the spin down states)
showing clearly the presence of ferromagnetism. The magnetic mo-
ments have also been calculated with VASP code and show a similar
trend with a difference of about 2% in case of AuPt and 12% in case of
AgPt and CuPt.

3.5. STM analysis

The distinct features in electronic band structure of alloyed mono-
layers (i.e. semi-conducting or metallic behavior) offer a suitable plat-
form for the simulated STM calculations. STM topographical images are
an important tool for providing significant structural and electronic
information. The distinct electronic band structure features (semi-con-
ducting or metallic) are clearly visible in their STM images (Fig. 4) and
may act as electronic fingerprints for comparison with experimental
STM. The difference in the brightness of STM images is directly pro-
portional to the magnitude of tunneling current passing through the
sample when forward biased. The semi-conducting alloyed monolayers
show faded spots showing very small tunneling current which is due to
absence of channels near Fermi-level. The STM images for Pt containing
alloyed monolayers have very bright spots showing larger magnitude of
tunneling current which is due to presence of available channels near
Fermi-level.

The tunneling characteristics are given in Fig. S4 (Supplementary
information) and are in good agreement with obtained STM images of
studied systems. These characteristics clearly show distinct features for
semiconducting (AuCu and AuAg) and metallic (AgCu, CuPt, AgPt and
AuPt) systems. The magnitude of current is low for semiconducting
systems and high for metallic systems. In case of semiconducting sys-
tems, tunneling current is zero within the band gap range while the
metallic systems (CuPt, AgPt and AuPt) show negative differential
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Fig. 3. Electronic band structure and density of state for the alloyed monolayers (a) AgCu, (b) AuAg and (c) AuCu and CuPt respectively. The Fermi-level is set at 0 eV. The values of band-

gap for AuAg have been given in figure and the number of bands crossing the Fermi-level in CuPt has been shown in inset. The contribution from s orbitals in the density of states was very
less, so they have not been shown here.
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resistance (NDR). NDR is a unique property occurring rarely in some 3.6. Dielectric properties
electronic circuits and devices where a decrease in current is observed
with increase in voltage across the terminal, resulting in negative re-
sistance [54,55]. NDR is of great significance in device applications

such as electronic oscillators, amplifiers, switching and memory devices
[56,57].

Furthermore, real and imaginary parts of dielectric function g and
&, electron energy loss spectra (EELS), reflectance and absorption
spectra for the systems under study have been shown in Figs. 5 and S5
of Supplementary information. The real and imaginary part of dielectric
function as obtained from SIESTA and VASP calculation are plotted
together in Fig. S6 and trends are found to be similar. When g

(a) (b) (c) (d) (e) (f)

Fig. 4. Simulated STM topographical images of a 11 A x 114 area of (a) AgCu, (b) AgPt, (¢) CuPt, (d) AuCu, (e) AuPt and (f) AuAg alloyed monolayers respectively at = 0.5V bias

voltage and an isosurface value of 0.00125 eV/A® where dark black areas show absence of tunneling current due to filled orbitals and bright spots indicate presence of tunneling current
due to unfilled orbitals.
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Fig. 5. The figure shows the plots of real (¢) and imaginary parts (g;) of dielectric function (¢), EELS spectra, absorption spectra () and the reflectance spectra (R) for alloyed monolayers
(a) AgCu and (b) AuAg respectively and its comparison with their pristine counterparts. The rising edge of absorption peak for AuAg is shown in the inset.

approaches zero, we observe a sharp resonance peak in EELS, which
gives the value of plasmon frequency (wp). The structural peaks asso-
ciated with ¢, are on account of inter-band transitions across Ey in the
corresponding electronic band structure. From the Table S5, it was
found that the structural peaks in g, for alloyed monolayers systems are
generally found to lie in between the values of pristine monolayers
[40].

EELS show sharp resonance peaks giving the value of plasmon fre-
quency (wp) for the various systems under study (Table S5). These peaks
represent the collective excitation of electrons (plasmons) at these en-
ergies. From Table S5 it follows that value of plasmon frequencies of
alloyed monolayers are similar to the values of pristine monolayers and
lies in between the values for pristine counterparts [40]. It is found that
reflectance spectra for metallic systems shows sharp dip that corre-
sponds to the collective excitation of electrons and this sudden change
reveals reflectance edge. The reflectance edge for the studied metallic
alloyed monolayers (except AgCu) lies in infrared region (0 eV-1.65 eV)
while for AgCu it lies in visible region (1.65eV-3.2eV) (Table S5).
Hence, they are found to be transparent to the visible radiations.

Note that AuCu and AuAg monolayers show semiconducting nature,
and hence have no reflecting properties, so we study absorption spectra
in their case. The AuCu and AuAg monolayers have band gap in IR
region and hence will absorb the radiations higher than their corre-
sponding band gaps and appear blackish. The rising edge in the ab-
sorption spectra indicates that the systems absorb the radiations higher
than their band gaps. The corresponding values of the absorption edge
are similar to their band gaps as given in Table S5 (Supplementary
information).

4. Conclusions

In summary, a comparative density functional theory (DFT) based
comprehensive study has been reported to investigate structural, elec-
tronic, magnetic, mechanical, dielectric, vibrational and transport
properties of ultrathin alloyed nanostructures (AuCu, AuAg, AuPt,
AgCu, AgPt and CuPt) in hexagonal structure.

o The lattice constant values for alloyed monolayers lie close to their
pristine counterparts.

o The value of binding energy for these alloyed structures is more than
the average binding energy of their pristine counterparts showing
the alloyed structure to be energetically more stable.

e Pt-containing alloyed monolayers posses higher binding energy.

e The phonon frequencies for all studied alloyed monolayers are po-
sitive for all modes at all high-symmetry points suggesting the sys-
tems to be dynamically stable.
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e The Pt-containing alloyed monolayers are metallic and ferromag-
netic in nature with higher tensile strengths.

The Au containing alloyed monolayers (AuCu and AuAg) are semi-
conducting with a band-gap of about 0.46 eV and 0.88 eV, respec-
tively.

The reflectance edge and absorption edge for the alloyed mono-
layers lies in the infrared region.

The distinct features in electronic band structures of alloyed
monolayers are clearly visible in their tunneling characteristics and
STM images.

The considered alloyed monolayers may be useful for the applica-
tions in nanoelectronic, optoelectronic, magnetoelectronics and
spintronics.
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