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Topology Dependent Electronic and Dielectric Properties of Free Standing
Alloyed Ultrathin Nanowires of Noble Metals

Arun Kumar∗, Ashok Kumar∗, P. K. Ahluwalia∗

Department of Physics, Himachal Pradesh University, Shimla, Himachal Pradesh, India 171005

Abstract

Structural, electronic and dielectric properties of free standing ultrathin alloyed nanowires of noble metals (AgAu,

AgCu, AgPt, AuCu, AuPt and CuPt) in various topologies (linear, ladder and double zigzag) have been studied by

using ab-initio density functional theory. Among the different topologies of alloyed ultrathin nanowires of noble

metals, double zigzag (DZZ) topology has been found most stable and the linear topology the least stable. Also the

binding energy of alloyed nanowires of AgAu and AuCu for all the studied topologies is found to be larger than the

average binding energy of corresponding pristine nanowires, indicating a strong alloying effect for these topologies.

Among electronic properties, the alloyed nanowires of different topologies containing Pt (AgPt, AuPt and AuCu) are

found to be ferromagnetic in nature, a result of d charge depletion in Ag, Au and Cu sites and d charge gain at Pt sites.

On the other hand, all the topologies (except ladder topology) of alloyed nanowires viz. AgAu, AgCu and AuCu are

found to be semiconducting in nature.

The optical properties of the studied alloyed nanowires have been found to be different from their corresponding

pristine nanowires due to change in the band structure on alloying. The linear topology of AgAu, AgCu and AuCu

and DZZ topologies (DZZ1, DZZ2 and DZZ3) of Ag, Au, Cu, AgAu, AgCu and AuCu are semiconducting in nature

with band gap lying in the infrared region. causing absorption of photons from visible spectrum leading to blackish

appearance. Whereas, remaining topologies are found to be metallic in nature, with plasmon frequency lying in

the energy range 0.35 eV to 1.62 eV, which is in the infrared region and hence these nanowires shall appear to be

transparent to the visible region.
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1. Introduction

In the last few years, investigations on metallic nanowires [1–10] have increased largely because of various po-

tential applications, such as their usage as interconnects in nanoelectronic systems [11], optical nanometallic commu-

nication channels [12] and biological spectroscopic enhancers [13] and as sensors [14–16]. Nanowire sensors have

been used to detect many gases like O2, NO2 and NH3, at very low concentrations [14]. They also have been used for

the detection of ultraviolet (UV) light [15], as well as light sensitive biological and chemical species [16]. The usage

of noble metals nanowire is well known as barcode tags [17, 18] for optical read out and lithium ion batteries [19].

These can also be used to create the materials with negative refractive index in the near infrared region [20].

The electronic, magnetic, optical and transport properties of these one dimensional (1D) systems are found to

be topology dependent [1, 2]. Increased surface to volume ratio and increased density of states (DOS) of nanowires

at Fermi level makes their properties different from corresponding bulk materials. The quantum confinement effects

lead to formation of sub bands. As a consequence, there are more transitions near the sub band edges [21], which

contribute to band edge emission.

Along with the experiments on pristine noble metal nanowires, many experiments have also been performed

to study the properties of the alloyed metal nanowires [22–27]. In the first decade of 2000, point contact studies

were made to study random alloys of transition metal and noble metal, namely gold and palladium [22], copper

and nickel [23] and gold and platinum [25] for different concentration ratios. T. Pan et. al. [10] have studied the

optical properties of the Au-Ag alloy nanowire coated with a radially dielectric anisotropic shell on the basis of quasi

static theory. It has been observed that surface plasmon resonance (SPR) peak undergo redshift with the increasing

component ratio of Au in the alloy, while increasing the component ratio of Ag in the alloy shows increase in the

intensity of extinction section at SPR. Also 1D ultrathin nanowires (Au 25Pt75 and Au48Pt52) have been synthesized

via a wet chemistry approach at room temperature by X. Teng et.al. [28] and they have observed ferromagnetism in

Au48Pt52 nanowire. In 2011, S. Kundu et.al. [29] have synthesized the alloyed nanowire of Au-Ag with diameter

4-12 nm with length few micron long which are found to be semiconducting in nature. The noble metal alloyed

nanowires (Au0.5Ag0.5, Au0.67Ag0.33, Au0.9Ag0.1) with diameter below 50 nm have also been synthesized and used

in the lithium ion battery [19]. Experimentally, the one dimensional alloyed nanoporous nanotubes of Au-Ag have

also been fabricated by W. S. Chae et. al. [30] which have been found to possess distinct optical properties, such

as tunable absorption in the near infrared region. These alloyed porous nanotubes of Ag-Au show higher molecular

sensing activity than solid 1D wire of Au and comparable to that of porous 1D Au nanotube.

Despite many experimental investigations, there is lack of systematic theoretical study of ultrathin alloyed nanowires.

However structural and electronic properties of alloyed nanowires of AgPt, AgAu and PdAu also have been studied

theoretically. [31–34] In 2010 Fioravante et. al. [31] have studied the free standing alloyed nanowires of Ag and
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Au with different topologies viz. ladder, zigzag and double zigzag (DZZ) using density functional theory (DFT) and

reported semiconducting nature of nanowires of DZZ topology and nanowires of other topologies (ladder and zigzag)

are found to be metallic in nature. It has also been observed using DFT that linear monoatomic wire of Au also get

stabilized by alloying with Zn and Mg [35]. Studies have also been conducted on pristine nanowires of noble metals

(Ag, Au, Cu and Pt) with linear, dimer, ladder and zigzag topologies and compared their the electronic and optical

properties with the corresponding bulk [36].

In this paper we present a systematic study of structural, electronic and dielectric properties of freely suspended

ultrathin alloyed nanowires of noble metal (AgAu, AgCu, AgPt, AuCu, AuPt and CuPt) with different topologies using

SIESTA [37, 38] code. Here the word alloy has been used merely for the ease of expression and not to be taken in

the strict sense. Different topologies selected for study are linear, ladder and double zigzag (DZZ) as shown in figure

1. The equal concentration of constituent atoms have been taken in the modeling of alloyed nanowires. We have

taken various possible configurations of DZZ topology for alloyed nanowires viz. DZZ1, DZZ2 DZZ3 (corresponds

to different spatial arrangement of constituent atoms) as shown in figure 1. Our calculated structural and electronic

properties offer an opportunity to compare the results with other experimentally available results of alloyed nanowires.

This study also equips one with a better understanding on electronic structure of free standing alloyed nanowires and

allows comparison with pristine nanowires. It also gives an idea about changes in electronic properties with topology.

The optical properties studied in the paper also helps to predict, how these ultrathin alloyed nanowires respond to

infrared and visible spectrum of electromagnetic radiation.

2. Computational Details

We have used Troullier Martin, norm-conserving, relativistic pseudopotentials [39, 40] with valence atomic config-

uration 3d104s1, 4d105s1, 5d106s1 and 5d96s1 for Cu, Ag, Au and Pt respectively. The non-linear exchange correlation

correction [41] was included to improve the description of core valence interactions for Ag, Au, Cu and Pt atoms. The

exchange and correlation energies were treated within the generalized gradient approximation (GGA) according to

the PBEsol [42] parametrization. Throughout the geometry optimization, numerical atomic orbitals with double zeta

polarization (DZP) basis sets with confinement energy of 20 meV have been used for all the wires considered in the

study. For Brillouin zone integration, 1 × 1 × 30 Monkhorst pack [43] mesh for both alloyed and pristine nanowires

of different topologies have been used. The convergence tolerance for the energy was chosen as 10 −6 eV between

two consecutive self-consistent field (SCF) steps. Minimization of the energy was carried out using the standard

conjugate-gradients (CG) technique. Structures were relaxed until the forces on each atom were less than 0.01 eV/Å.

The mesh cut-off energy used to calculate the Hartree, exchange and correlation contribution to the total energy and

Hamiltonian was chosen to be 500 Ry. The nanowires of linear and ladder topologies were modeled by taking two
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atoms per unit cell, whereas nanowires of DZZ topology were modeled by taking four atoms per unit cell, with a

vacuum of 30 Å along x-axis and y-axis to ensure no interaction between neighboring wires so that system represents

free standing ultrathin nanowires. The stable structures (i.e. minimum energy configuration) for all topologies were

obtained by simultaneously relaxing both lattice vectors and atomic positions in unit cell.

The dielectric properties calculations were performed by using first-order time-dependent perturbation theory

[44–46] to find the dipolar transition matrix elements between occupied and unoccupied single-electron eigenstates

as implemented in SIESTA code, in which the exchange and correlation effects are taken care of by plugging, the self

consistent ground state DFT energies and eigenfunctions into the dipolar transition matrix elements. Thus the imag-

inary part of the dielectric function ε2 was obtained, which was further used to calculate the real part ε 1 of dielectric

function, reflectance (R) spectra and absorption coefficient (α) with the help of Kramers-Kronig transformations [47].

The electron energy loss spectra (EELS) has been calculated from real and imaginary parts of dielectric functions as

Im

{
− 1
ε(ω)

}
=

ε2(ω)

ε2
1(ω) + ε2

2(ω)
(1)

To study the dielectric properties of nanowires, electric vector was taken along the wire axis (i.e z-axis). An

optical mesh of 3 × 3 × 90 for nanowires of different topologies has been used for dielectric calculations. A Gaussian

broadening of 0.2 eV was used for the optical spectra of nanowires. Relaxation time (τ) for dielectric calculations

were chosen as 0.001 Ha for pristine and alloyed nanowires of various topologies which are metallic in nature.

3. Results and Discussions

3.1. Structural Properties of Freely Suspended Ultrathin Alloyed Nanowires

The structural parameters (a, b and c as shown in figure 1) corresponding to the relaxed structures of different

topologies of alloyed nanowires of noble metals are given in table 1. Our calculated structural parameters of alloyed

nanowires are in good agreement with available results in literature [31, 32] as shown in table 1 in brackets. From

table 2 it has been observed that, the shortest bond length in general increases as we go from linear to ladder topology

and then DZZ topology and which may be attributed to the increase in the coordination number on going from linear

to ladder and then DZZ topology [48]. However, in case of ladder topology of Cu, the shortest bond length decreases

as we move from linear topology to ladder topology. From table 2 it has also been observed that the nearest neighbour

distance of AgAu, AgCu, AuCu and CuPt in linear and ladder topologies, DZZ2 topologies of AgAu and DZZ1 and

DZZ2 topology of AgCu and AuCu are found to be smaller than the average of the nearest neighbour distance of the

the corresponding pristine nanowires and hence favors the alloy formation [49].
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To find the stability of nanowires, we have calculated the binding energy per atom (E b) as shown in table 1, which

has been calculated as the difference between wire energy per atom of the unit cell and energy of isolated atom [50].

On careful observation of binding energy it has been found that the binding energy of alloyed nanowires of AgAu and

AuCu (all the topologies) is larger than the average binding energy of corresponding pristine nanowires. While for

other alloyed nanowires viz. AgCu, AgPt, AuPt and CuPt of different topologies, binding energy has been found to

be smaller than the average of corresponding pristine nanowires. This indicates the strong alloying effect for alloyed

nanowires of AgAu and AuCu for all the topologies. In general, double zigzag (DZZ) topology have been found to

be most stable than other topologies (linear and ladder), while linear topology shows least stability. In three different

double zigzag topologies (i.e. DZZ1, DZZ2 and DZZ3) of ultrathin alloyed nanowires of AgAu and CuPt, DZZ3 is

most stable, while DZZ2 is least stable. Whereas for AgCu and AuCu, DZZ1 is most stable and DZZ3 is least stable,

and for DZZ topologies of AgPt and AuPt, the decreasing order of stability is as follows: DZZ1>DZZ2>DZZ3.

3.2. Electronic Properties of Freely Suspended Ultrathin Alloyed Nanowires

The electronic band structure of all the considered configuration in this study have been calculated along the Γ−X

direction of the brillouin zone. The Fermi energy E F has been set at 0 eV. Figures 2-5 represent the electronic band

structure along with corresponding density of states (DOS) of freely suspended alloyed nanowires (AgAu, AgPt,

AuPt and CuPt respectively) with different topologies (linear, ladder, DZZ1, DZZ2 and DZZ3). The band structure

and DOS of other alloyed nanowires (AgCu and AuCu) have not been shown as these also follow the same trends as

AgAu nanowires.

The electronic band structure and DOS of pristine nanowires of noble metals, with linear and ladder topologies

have been studied in our earlier paper[36]. We also studied the electronic band structure and DOS of pristine nanowires

of DZZ topology but not shown here. From the band structure and DOS we observed another distinguishing property

of pristine and alloyed nanowires of noble metals with some topologies (linear and DZZ) showing semi conducting

nature. The DZZ topology of pristine nanowires of Ag, Au an Cu are found to be semiconducting in nature with band

gap of 0.72, 1.24 and 0.77 eV respectively. Also the linear and DZZ topologies of AgAu, AgCu and AuCu (alloyed

nanowires) are found to be semiconducting in nature. The band gap of DZZ1 topologies of Ag, Au and AgAu and

DZZ3 topology of AgAu are in agreement with the work done by Fioravante et.al. [31]. The semiconducting nature

of these topologies are due to ground state band structure effects [31, 51]. Among the studied pristine nanowires of

DZZ1 topology, we observed that all are found to be semiconducting in nature, except pristine nanowire of Pt with

DZZ topology, which is metallic in nature having conductance 4G o, as 4 bands are crossing the Fermi energy E F .
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3.3. Magnetic Properties

The alloyed nanowires of different topologies containing Pt (AgPt, AuPt and CuPt) are found to be magnetic in

nature as is clear from DOS (figures 3-5) that spin up and spin down DOS are different in magnitude, except ladder

topology of CuPt (figure 5 (b)) and DZZ2 topologies of AgPt (figure 3 (d)). It is clear from the plots of DOS, shown

in figures 3-5 with insets for DOS near Fermi level for AgPt, AuPt and CuPt respectively, that the major contribution

for the DOS at the Fermi energy is because of Pt. In the figure 6 we have plotted the DOS for non magnetic states

and ferromagnetic states (spin up and spin down) in the vicinity of Fermi level. It has been found that DOS at Fermi

energy in non magnetic case for linear and DZZ1 topologies of AgPt, AuPt and CuPt and ladder topologies of AgPt

and AuPt is larger than the DZZ2 topology of AuPt and CuPt and DZZ3 topology of AgPt, AuPt and CuPt, which

favours ferromagnetism according to stoner criterion [52]. We have also calculated the magnetic moment in table

1 (μ = Q ↑ −Q ↓, where Q ↑ in the Mulliken charge population for the spin up and Q ↓ is the Mulliken charge

population for the spin down charge density) [53] showing clearly the presence of ferromagnetism in some topologies

of alloyed nanowires.

We have also calculated the magnetization energy (as shown in table 1), which is the difference between the

energy of ferromagnetic state and non magnetic state, at equilibrium distance for various topologies which are

magnetic in nature. Various topologies which are magnetic in nature follows the order for magnetization energy

as: AgPt(DZZ1) > AgPt(linear) = AuPt(DZZ3) > AuPt(DZZ2) =AgPt(DZZ3) > CuPt(DZZ1) =AuPt(DZZ2) >

CuPt(linear) > AuPt(linear) =CuPt(DZZ2) > CuPt(DZZ3) =AuPt(ladder) > AgPt(ladder), as given in table 1.

The DOS at the Fermi energy is affected by the increased coordination number as one goes from linear to ladder

topology and then DZZ topology. The DOS at Fermi energy has been found to decrease as the coordination number

increases. Therefore, magnetic moment of these nanowires is expected to follow the following order: linear > ladder>

DZZ. However, on observing carefully the magnetic moment of various topologies, order followed is: linear > DZZ >

ladder. The result of ladder topology is not as we had expected. This is perhaps due to the structure of ladder topology.

The alloyed wires arranged in such a manner that two isolated linear chains of different metals are interacting with

each other. Due to this reason ladder topology of CuPt may also be non magnetic in nature. Also among various DZZ

topologies, the DZZ2 topology is found to be less magnetic than other topologies (DZZ1 and DZZ3). Also the DZZ2

topology of AgPt is found to be non magnetic in nature. On careful observation of structure of DZZ2 topology, it has

been observed that two zigzag wires of two different materials are interacting with each other. Also in our earlier paper

[36], we have found that the zigzag topology of noble metals (Ag, Au, Cu and Pt) are non magnetic in nature. This

accounts for the non magnetic behavior of DZZ2 topology of AgPt nanowire. Also the magnetic moment of DZZ2

topology has been found to be smaller than the DZZ1 and DZZ3 topologies of AuPt and CuPt nanowires, except for

DZZ3 topology of CuPt nanowire, whose magnetic moment is almost comparable to that of DZZ2 topology of CuPt
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nanowire.

From above discussion, it follows that the alloyed nanowires containing Pt are ferromagnetic in nature. In other

words we can say that homogeneous alloying of noble metals (Ag, Au and Cu) with Pt, favours magnetism which can

be either ferromagnetism or anti-ferromagnetism both being degenerate states. This is the result of modification of

electronic structure of both the metals forming alloy resulting in the d-charge depletion in the noble metals (Ag, Au

and Cu) and with corresponding d-charge gain at the Pt site and hence results in an induced ferromagnetic moment.

This has been supported by the partial DOS of Pt as shown in figure 3-5 (as shown in inset for the systems which

are magnetic in nature). The ferromagnetism in alloyed nanowire of Au, with platinum (Au 48Pt52)) is also reported

(experimentally) by X. Teng [28], having width less than 3nm. Hence we can say that our results are in agreement

with the experimental result [28].

3.4. Ballistic Conductance of Freely Suspended Ultrathin Alloyed Nanowires

The quantum ballistic conductance of a wire under ideal situation can be determined by the number of conducting

channels crossing the Fermi energy (EF) [54]. For each channel crossing the E F , the ballistic conductance is Go

which results into a total conductance of nGo for n number of bands crossing the E F . These conducting channels

arise from the atomic orbitals having a significant contribution to the bands around the E F . Therefore, on counting

the number of channels crossing the E F in the electronic band structure of the different topologies of all the studied

nanowires, it is found that for all the ladder topologies the number of channels crossing Fermi energy (N(E F )) are

two, except alloyed nanowires of AgPt, AuPt and CuPt and pristine nanowire of Pt where N(E F ) are 6, 7, 3 and 4

respectively, which corresponds to a conductance of 6G o, 7Go , 3Go and 4Go respectively. The N(EF) corresponding

to various topologies of nanowires which are metallic in nature, is listed in table 1. The alloyed nanowires (of different

topologies) containing Pt (AgPt, AuPt and CuPt) are found to be metallic in nature. From the band structure and DOS

of these topologies it has been found that main contribution for the conductance of alloyed nanowires are because

of 5d and 6s electrons of Pt and s electrons (valence electrons) of other atoms forming the alloy (Ag, Au and Cu)

as these electrons contribute more DOS at EF . But on the other hand in case of pristine nanowires of Ag, Au and

Cu, main contribution for DOS at EF are because of s electrons (valence electrons) and less contribution for the

EF are due to d valence electrons and hence s electrons contribute more for conductance [28]. But in case of Pt, d

valence electrons contribute more for E F and s valence electrons contribute less for E F , hence the conductance. It has

been also observed that among all the studied topologies, the topologies containing Pt (either pristine or alloyed) are

metallic in nature and shows more conductance.
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3.5. Dielectric Properties of Freely Suspended Ultrathin Alloyed Nanowires

In this section, we have systematically discussed the dielectric function (real (ε 1) and imaginary part (ε2)), EELS,

absorption coefficient (α) and reflectance spectra (R) for alloyed nanowires of noble metals (AgAu, AgCu, AgPt,

AuCu, AuPt and CuPt) with different topologies (linear, ladder, DZZ1, DZZ2 and DZZ3) and a comparison with

the corresponding pristine nanowires of noble metals. We have shown the graphs only for AgAu and AgPt (figures

7-8) as AgCu and AuCu follows the trends of AgAu and AuPt and CuPt follow the trends of AgPt. The structural

peaks associated with ε2 are due to the result of interband transition across E F in the corresponding electronic band

structure. It has been also observed that when ε1 approaches zero, a sharp resonance peak has been observed in EELS.

The plasmon frequency corresponding to these resonance peaks has been listed in table 3 for the topologies which are

metallic in nature.

As discussed in previous section the alloyed nanowires are either semiconducting or metallic in nature. Therefore,

first of all we discuss the optical properties of semiconducting nanowires viz. linear topology of AgAu, AgCu and

AuCu, double zigzag topologies (DZZ1, DZZ2 and DZZ3) of Ag, Au, Cu, AgAu, AgCu and AuCu. The colour of a

semiconductor, to a first approximation, is governed by the band separation energy while metals should be transparent

for radiations with a frequency greater than plasmon frequency (ω p) [55]. Band gap energy, table 1, for linear and

double zigzag topologies (which are semiconducting in nature) falls in the infrared region (0.00124-1.6531 eV).

Therefore, the semiconducting nanowires will absorb all photons with energy greater than the band gap separation

and not those with smaller energy. Thus these nanowires will absorb photons from entire visible spectrum and hence

their appearance shall look blackish [55].

The pristine nanowires of Ag, Au and Cu with double zigzag topology were found to be semiconducting with

absorption edges at 0.72, 1.24 and 0.77 eV respectively. Among alloyed nanowires, the linear topology of AgAu,

AgCu and AuCu are semiconducting in nature with absorption edges at 0.50, 0.03 and 0.45 eV respectively as shown

in figure 7 (only for AgAu). The absorption edges corresponding to the band gap are listed in table 3. In case of

linear topology of AuCu the indirect band gap is 0.04 eV but absorption edge lies at 0.45 eV. This absorption edge

corresponds to the direct band gap at high symmetry point X, which is 0.45 eV.

Among the double zigzag topologies alloyed nanowires without Pt (i.e. AgAu, AgCu and AuCu) and correspond-

ing pristine nanowires viz. Ag, Au and Cu, are found to be semiconducting in nature. In double zigzag topologies of

AgCu, we have observed that absorption edge is lower than the average of absorption edge for the corresponding pris-

tine nanowires. This is due to lowering of band gap on alloying. But in case of AgAu, the absorption edge decreases

for the DZZ1 and DZZ2 and increases for the DZZ3 topology than the average of corresponding pristine nanowires.

In case of AgCu the absorption edge decreases for the DZZ1 and DZZ3 topologies and slightly more than the average

of corresponding alloyed nanowires. Also in case of DZZ3 topology of AgAu, the absorption edge lies very close to
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the visible spectrum and hence does not absorb most of the infrared radiation.

The plasmon frequencies corresponding to nanowires which are metallic in nature, viz. the pristine nanowires of

Ag, Au, Cu and Pt and alloyed nanowires containing Pt (AgPt, AuPt and CuPt) of linear topology, both pristine and

alloyed nanowires of ladder topology and alloyed nanowires of DZZ topologies containing Pt (AgPt, AuPt, and CuPt)

and pristine nanowire of Pt with DZZ topology, are listed in table 3. For these topologies the plasmon frequency lies

between 0.35 eV to 1.64 eV, an infrared region (0.00124-1.6531 eV), except for ladder topology of Pt with plasmon

frequency at 1.70 eV, which lies in the visible spectrum (1.6531-3.2627 eV). Thus making these transparent to the

visible region (1.6531-3.2627 eV), as below the plasmon frequency these nanowires are reflecting in nature and above

the plasmon frequency these nanowires are transparent. This is clear from the reflectance spectra as shown in figures

7-8. The smaller value of ωp is due to small number density of carriers in one dimension. Thus dimensionality has a

profound effect on ωp. Also the plasmon frequency of alloyed nanowires (in ladder topology) have been found to be

larger than the average of corresponding pristine nanowire, except CuPt and hence results in blue shift of reflectance

edge [36]. Whereas, in case of alloyed nanowires of linear topology containing Pt (AgPt, AuPt and CuPt), the plasmon

frequency is found to be smaller than the average of corresponding pristine nanowires and hence results in red shift of

the reflectance edge.

4. Summary and Conclusion

In summary, first principle calculations have been performed to study the structural, electronic, magnetic and

dielectric properties of free standing alloyed nanowires of noble metals (AgAu, AgCu, AgPt, AuCu, AuPt and CuPt)

with different topologies (linear, ladder and DZZ).

• The results show that the bond length increases as we move from linear to ladder and then DZZ topology, which

is the consequence of increase in coordination number on moving from linear to ladder and then DZZ topology.

• Also the binding energy of alloyed nanowires of AgAu and AuCu with various topologies is found to be larger

than the average binding energy of corresponding pristine nanowires, indicating a strong alloying effect for

these topologies.

• Among electronic properties, the alloyed nanowires of different topologies containing Pt (AgPt, AuPt and

AuCu) are found to be ferromagnetic in nature, except ladder topology of CuPt and DZZ2 topology of AgPt.

This ferromagnetism is the result of d-charge depletion in the noble metals (Ag, Au and Cu) and d-charge gain

at the Pt site during alloy formation with the Pt. In other words we can say that the 5d electrons of Pt are

responsible for magnetic behavior of these nanowires.
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• The alloyed nanowires of AgAu, AgCu and AuCu (different topologies, except ladder) and pristine nanowires

of Ag, Au and Cu with DZZ topology have been found to be semiconducting in nature. Whereas the topologies

containing Pt (either pristine or alloyed) are metallic in nature shows more conductance as 5d valence electron

are contributing more DOS at EF .

• The linear topology of AgAu, AgCu and AuCu and DZZ topologies (DZZ1, DZZ2 and DZZ3) of Ag, Au, Cu,

AgAu, AgCu and AuCu are semiconducting in nature with band gap lying in the infrared region and hence the

absorption edge, which results in their appearance as blackish. Whereas, remaining topologies are found to

be metallic in nature, with plasmon frequency lying in the energy range 0.35 eV to 1.62 eV, which lies in the

infrared region and hence these nanowires seems to be transparent to the visible region, except ladder topology

of Pt with plasmon frequency 1.70 eV (lies in the visible region (1.65-3.26 eV)) which corresponds to the red

colour of the spectrum.

From the above studies we conclude that dielectric properties of nanowires have been found to change significantly

with the topology and alloying, therefore, optical properties can be used as a characterization tool for nanowires.

Transparent nature of noble metal nanowires suggests that they can be used as an important component for optoelec-

tronic devices and semiconducting behavior of alloyed nanowires suggests that they can be used as a main component

of electronic devices such as diodes, solar cells etc.
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Figures Caption

Figure 1: Optimized structures of different topologies of ultrathin alloyed nanowires, (i) Linear, (ii) Ladder, (iii) DZZ1,

(iv) DZZ2 and (v) DZZ3. For alloyed nanowires light (yellow coloured) and dark (brown coloured) circles

represents the different atoms. Various structural parameters are represented by a, b and c.

Figure 2: Electronic band structure and corresponding total and partial DOS for both spin up and spin down for (a) linear

(b) ladder (c) DZZ1 (d) DZZ2 and (e) DZZ3 topologies of ultrathin alloyed nanowires of AgAu. The Fermi

energy has been set at 0 eV. The linear, DZZ1, DZZ2 and DZZ3 topologies show semiconducting behavior with

direct band gap 0.50, 0.83, 0.95 and 1.64 respectively.

Figure 3: Electronic band structure and corresponding total and partial DOS for both spin up and spin down for (a) linear

(b) ladder (c) DZZ1 (d) DZZ2 and (e) DZZ3 topologies of ultrathin alloyed nanowires of AgPt. The Fermi

energy has been set at 0 eV. In inset we have shown the PDOS in the vicinity of Fermi level for the systems

which are magnetic in nature. From these we conclude that Pt is contributing for magnetism with more DOS at

Fermi energy for Pt than Ag.

Figure 4: Electronic band structure and corresponding total and partial DOS for both spin up and spin down for (a) linear

(b) ladder (c) DZZ1 (d) DZZ2 and (e) DZZ3 topologies of ultrathin alloyed nanowires of AuPt. The Fermi

energy has been set at 0 eV. In inset we have shown the PDOS in the vicinity of Fermi level for the systems

which are magnetic in nature. From these we conclude that Pt is contributing for magnetism with more DOS at

Fermi energy for Pt than Au.

Figure 5: Electronic band structure and corresponding total and partial DOS for both spin up and spin down for (a) linear

(b) ladder (c) DZZ1 (d) DZZ2 and (e) DZZ3 topologies of ultrathin alloyed nanowires of CuPt. The Fermi

energy has been set at 0 eV. In inset we have shown the PDOS in the vicinity of Fermi level for the systems

which are magnetic in nature. From these we conclude that Pt is contributing for magnetism with more DOS at

Fermi energy for Pt than Cu.

Figure 6: DOS near Fermi energy for the alloyed nanowire of various topologies, which are magnetic in nature. Here we

have shown the DOS for non magnetic and magnetic (spin up and spin down) case, near the Fermi level.

Figure 7: Dielectric properties (Real part of dielectric function (ε 1), imaginary part of dielectric function (ε2), EELS

spectra, reflection spectra and absorption coefficient) for different topologies (linear, ladder, DZZ1, DZZ2

and DZZ3) of ultrathin alloyed nanowires of AgAu. The dielectric properties for the corresponding pristine

nanowires (Ag and Au) are also shown. In the inset real part of dielectric function for linear topology of AgAu

has been shown. The absorption coefficient has been taken in arbitrary units (a.u.). perties for the correspond-

ing pristine nanowires (Ag and Pt) are also shown. The absorption coefficient has been taken in arbitrary units

(a.u.). The region enclosed between dotted red lines (for reflection spectra and absorption coefficient) represents
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the visible region (VR) of the electromagnetic spectrum

Figure 8: Dielectric properties (Real part of dielectric function (ε 1), imaginary part of dielectric function (ε2), EELS

spectra, reflection spectra and absorption coefficient) for different topologies (linear, ladder, DZZ1, DZZ2

and DZZ3) of ultrathin alloyed nanowires of AgPt. The dielectric properties for the corresponding pristine

nanowires (Ag and Pt) are also shown. The absorption coefficient has been taken in arbitrary units (a.u.). The

region enclosed between dotted red lines (for reflection spectra and absorption coefficient) represents the visible

region (VR) of the electromagnetic spectrum.
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Table 1: The structural, electronic and magnetic parameters of freely suspended ultrathin alloyed nanowires of noble metals with different topolo-
gies. Here a, b and c are the nanowire parameters. Other available theoretical values are also listed for comparison taken from references [31, 32].

Topology Property AgAu AgCu AgPt AuCu AuPt CuPt
Linear a (Å) 2.625 2.47 2.59 2.45 2.51 (2.60) b 2.35

Eb (eV/atom) 1.96 1.67 2.03 2.15 2.52 2.43
N(E f ) 0 0 4 0 4 4
Eg(eV) 0.50 0.03 – 0.04 – –

μ (μB/atom) – – 0.50 – 0.73 0.61
ΔEmag(eV) – – 0.12 – 0.05 0.07

Ladder a (Å) 2.67 2.57 2.55 2.58 2.55 2.45
b (Å) 2.65 2.49 2.66 2.45 2.59 2.40

Eb (eV/atom) 2.31 2.05 2.92 2.54 3.34 3.30
N(E f ) 2 2 6 2 7 3
Eg(eV) – – – – – –

μ (μB/atom) – – 0.06 – 0.13 –
ΔEmag(eV) – – 0.002 – 0.01 –

DZZ1 a (Å) 2.89 2.77 2.75 2.82 2.77 2.51
b (Å) 2.88 2.58 2.56 2.69 2.61 2.56
c (Å) 2.26 (2.24) a 2.16 2.35 2.09 2.29 2.16

Eb (eV/atom) 2.54 (1.77)a 2.32 2.98 2.86 3.41 3.41
N(E f ) 0 0 3 0 2 5
Eg(eV) 0.83 (0.93)a 0.67 – 0.82 – –

μ (μB/atom) – – 0.49 – 0.50 0.41
ΔEmag(eV) – – 0.14 – 0.11 0.08

DZZ2 a (Å) 2.85 2.99 2.99 2.87 3.00 2.53
b (Å) 2.83 2.59 2.65 2.54 2.70 2.53
c (Å) 2.29 2.10 2.27 2.12 2.22 2.20

Eb (eV/atom) 2.52 2.31 3.11 2.81 3.49 3.46
N(E f ) 0 0 3 0 4 3
Eg(eV) 0.95 0.66 – 1.02 – –

μ (μB/atom) – – – – 0.39 0.34
ΔEmag(eV) – – – – 0.08 0.05

DZZ3 a (Å) 2.81 2.67 2.73 2.67 2.76 (2.72) b 2.47
b (Å) 2.81 2.68 2.72 2.67 2.76 (2.67) b 2.55
c (Å) 2.32 (2.28) a 2.25 2.34 2.25 2.28 2.19

Eb (eV/atom) 2.57 (1.88) a 2.26 2.77 2.79 3.24 3.47
N(E f ) 0 0 2 0 3 5
Eg(eV) 1.64 (1.85) a 0.69 – 0.20 – –

μ (μB/atom) – – 0.50 – 0.50 0.32
ΔEmag(eV) – – 0.11 – 0.12 0.01

a Ref. [31].
b Ref. [32].
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Table 2: The shortest bond lengths between two different atoms (in Å) of alloyed nanowires of noble metals with different topologies.

Topology AgAu AgCu AgPt AuCu AuPt CuPt
Linear 2.625 2.47 2.59 2.45 2.51 2.35
Ladder 2.65 2.49 2.66 2.45 2.59 2.40
DZZ1 2.67 2.51 2.63 2.48 2.61 2.45
DZZ2 2.67 2.51 2.65 2.48 2.70 2.47
DZZ3 2.70 2.55 2.64 2.49 2.62 2.51
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Table 3: Position of absorption edge for semiconducting nanowires and plasmon frequency for metallic nanowires.

Topology Property AgAu AgCu AgPt AuCu AuPt CuPt
Linear Absorption edge 0.50 0.03 – 0.45 – –

ωp(eV) – – 0.62 – 0.56 0.80
Ladder Absorption edge – – – – – –

ωp(eV) 1.17 1.06 1.44 1.14 1.52 1.35
DZZ1 Absorption edge 0.83 0.67 – 0.68 – –

ωp(eV) – – 0.46 – 0.35 0.42
DZZ2 Absorption edge 0.95 0.66 – 1.02 – –

ωp(eV) – – 0.36 – 0.65 0.25
DZZ3 Absorption edge 1.64 0.69 – 0.20 – –

ωp(eV) – – 0.62 – 0.50 0.72
a Ref. [36].
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Figure 1: Optimized structures of different topologies of ultrathin alloyed nanowires, (i) Linear, (ii) Ladder, (iii) DZZ1, (iv) DZZ2 and (v) DZZ3.
For alloyed nanowires light (yellow coloured) and dark (brown coloured) circles represents the different atoms. Various structural parameters are
represented by a, b and c.
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DOS at Fermi energy for Pt than Cu.

22



-0.3

0

0.3
E

ne
rg

y 
(e

V
)

-0.3

0

0.3

E
ne

rg
y 

(e
V

)

0 5 10 15
N(E) (states/eV/atom)

-0.3

0

0.3

E
ne

rg
y 

(e
V

)

0 1 2 3
N(E) (states/eV/atom)

0 2 4 6
N(E) (states/eV/atom)

Non Mag
Spin up
Spin Down

0 3 6 9
N(E) (states/eV/atom)

0 2 4 6
N(E) (states/eV/atom)

Linear Ladder DZZ1 DZZ2 DZZ3

(i) AgPt (iv) AgPt (vi) AgPt

(xii) AuPt(ix) AuPt(ii) AuPt (v) AuPt (vii) AuPt

(x) CuPt (xiii) CuPt(iii) CuPt (viii) CuPt

(xi) AgPt

Figure 6: DOS near Fermi energy for the alloyed nanowire of various topologies, which are magnetic in nature. Here we have shown the DOS for
non magnetic and magnetic (spin up and spin down) case, near the Fermi level.

23



-2

0

2

ε 1
AgAu
Ag
Au

0

1

2

ε 2

0

5

10

Im
(-

1/
ε)

0

10

20

30

0

1

2

3

0

1

2

3

0

1

2

3

0

0.5

1

R

0 2 4
ω (eV)

0

1e+05

2e+05

α
(a

.u
.)

0 2 4
ω (eV)

0 2 4
ω (eV)

0 2 4
ω (eV)

0 2 4
ω (eV)

Linear Ladder DZZ1 DZZ2 DZZ3

VR

VR VR VR VR VR

VRVRVRVR

Figure 7: Dielectric properties (Real part of dielectric function (ε1), imaginary part of dielectric function (ε2), EELS spectra, reflection spectra and
absorption coefficient) for different topologies (linear, ladder, DZZ1, DZZ2 and DZZ3) of ultrathin alloyed nanowires of AgAu. The dielectric
properties for the corresponding pristine nanowires (Ag and Au) are also shown. The absorption coefficient has been taken in arbitrary units
(a.u.). The region enclosed between dotted red lines (for reflection spectra and absorption coefficient) represents the visible region (VR) of the
electromagnetic spectrum.
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a b s t r a c t

Transport properties of free-standing ultrathin pristine and alloyed nanowires of noble metals (Ag, Au,
Cu, Pt, AgAu, AgCu, AgPt, AuCu, AuPt and CuPt) with various topologies (linear, ladder and double zigzag
(DZZ)) have been studied using non-equilibrium Green’s function (NEGF) technique, based on density
functional theory (DFT) as implemented in TranSIESTA. Compared to pristine nanowires of linear
topology (Ag, Au, Cu and Pt), corresponding alloyed nanowires show diffusive/non-ballistic conductance,
a result of decrease in mean free path on alloying. However, pristine and alloyed nanowires of ladder and
DZZ (DZZ1, DZZ2 and DZZ3) topologies are found to show ballistic behaviour, a consequence of increase
in coordination number as one moves from linear to ladder and finally DZZ topology, leading to increased
mean free path and hence ballistic transport. For all the studied topologies of pristine metallic nanowires
the current generally increases linearly with the Vbias . However, the possibility of NDC (negative differen-
tial conductance) effect of alloyed nanowires has been observed. The I–V characteristics of the AgPt nano-
wires with linear and DZZ1 topologies; CuPt nanowires of all the topologies; AuPt nanowires with DZZ1
and DZZ2 topologies and AgPt nanowire with DZZ1 topology are found to show tunnel diode like
characteristic.

� 2014 Elsevier B.V. All rights reserved.

1. Introduction

The quantum-confined nanowires have a wide range of
applications in electronics [1–10], optoelectronics [11–15],
thermoelectrics [16,17], optics [3,18,19], chemo and bio-sensing
[20–27], magnetic media [28–35], photocatalysis [36–38] and
piezoelectronics [39–45], etc. As a result of the rapid progression
of modern nanoelectronics, nanowires have begun to draw the
attention of researchers in cross disciplinary areas of physics,
chemistry and engineering. In nanoelectronics, nanowires can
function as interconnects in the fabrication of integrated circuits
[5,6], resonators [7–10], diodes [1,11–15], light emitting diodes
(LED) [2], multifunctional devices [4], logic gates [23,24,46–49]
using nanowire field-effect transistors [3] and single electron tran-
sistors [50]. Their small size and high electrical conductivity makes
them very attractive for applications in nanoelectronics [51].

In recent years, long metallic nanowires with well defined
structures and a diameter of several nanometers have been fabri-
cated using different methods [52–55]. For example, stable gold
nanobridge with 0.8–3 nm in thickness and 5–10 nm in length

has been produced by electron beam irradiation of gold (001)
oriented thin film [52]. The suspended gold nanowires of 6 nm long
and 0.6 nm in diameter have also been realized with novel
multishell structure [55]. In 1998, Ohnishi et al. [56] using scan-
ning tunnelling microscope and Yanson et al. [57] through
mechanically break-junction experiments produced atomically
thin bridge of gold atoms and found the conductance equal to
Go ¼ 2e2=h with interatomic distance reported as 2.6 Å [58]. The
break-junction experiments have also been performed for Ag
[59], Cu [60] and Pt [60] chains, with conductance nearly 1Go for
Cu, Ag and Au and 1:5Go to 2:5Go for Pt chains.

Many innovative experimental studies on one-dimensional
systems [56,57,61,62], revealing their fascinating properties, have
boosted related theoretical research. Depending upon the type of
structure, the electronic, magnetic, optical and transport properties
of these systems show interesting variations [63,69,70]. Various
fabrication techniques, such as ion irradiation [52], carbon nano-
tube capillary growth [64–66], template-aid synthesis [67] have
been introduced to synthesize much longer nanowires with well
defined structures. In 2001 Kim et al. [68] have synthesized an
array of ultrathin single-crystalline nanowires of silver.

However, very few studies have been made on the properties of
metal alloys at the atomic scale (alloyed metal nanowires) [71–76].
In 2002 and 2003, point contact studies were made of random
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alloys of a transition metal and a noble metal, namely gold and
palladium [71], copper and nickel [72] and gold and platinum
[74] for different concentration ratios. Lee et al. [77,78] have
synthesized the alloyed nanowires of AgAu, AuPt, AuPtPd, with
diameter less than 50 nm and length of few micron. These nano-
wires are found to be helpful in medical diagnosis, energy devices
and catalysis [77–79]. In 2011 Kundu et al. [80] synthesized the
AgAu alloyed nanowires, few microns long with diameters ranging
from 4 to 12 nm. These nanowires are found to be semiconducting
in nature. In 2006 Bettini et al. [81] experimentally realized
monotonically thin alloyed nanowires of AgAu from AgAu alloy.

Besides these experimental investigations, Zhao et al. [82] have
studied theoretically, the crystalline silver nanowire with four
atoms per cross section and obtained three conducting channels.
In 2008 Oetzel et al. [83] studied an infinite monatomic wire of
Au using plane waves and conductance was found to be 1Go. How-
ever, there is a lack of systematic theoretical study of ultrathin
alloyed freestanding nanowires.

In this paper we present a systematic study of transport proper-
ties of freely suspended ultrathin pristine and alloyed nanowires of
noble metals (Ag, Au, Cu, Pt, AgAu, AgCu, AgPt, AuCu, AuPt and
CuPt) in various topologies using TranSIESTA [84], a module of
SIESTA code [85,86]. Different topologies selected for study are lin-
ear, ladder and double zigzag (DZZ) as shown in Fig. 1. We have
chosen electrodes/leads of the same wire/topologies as that of
the scattering region, since the noble metal nanowires can be used
as transparent conducting electrodes [87,88]. An equal concentra-
tion of the constituent atoms has been taken in the modelling of
alloyed nanowires. This study equips one with a better
understanding of transport properties of alloyed nanowires, allows
a comparison with the pristine nanowires and how their

conductance and I–V characteristics change with topology. The
I–V characteristics of these nanowires help us to understand how
1D nanowires can be used as diodes. The understanding of the
transport properties of these nanowires are important for their
future applications in nanoelectronics.

2. Computational details

We have used Troullier–Martins, norm-conserving, relativistic
pseudopotentials [89,90] with valence atomic configuration
3d104s1; 4d105s1; 5d106s1 and 5d96s1 for Cu, Ag, Au and Pt respec-
tively as reported in paper [63]. The non linear exchange correla-
tion correction [91] was included to improve the description of
core valence interactions for Ag, Au, Cu and Pt atoms. The gener-
ated pseudopotentials were tested to reproduce the results for
the corresponding bulk [63]. The exchange and correlation ener-
gies were treated within the generalized gradient approximation
(GGA) according to the PBEsol [92] parametrization. Throughout
the geometry optimization, numerical atomic orbitals with double
zeta polarization (DZP) basis sets with confinement energy of
20 MeV have been used for all the wires considered in the study.
For Brillouin zone integration, 1� 1� 30 Monkhorst–Pack cite-
monkhrost mesh for both alloyed and pristine nanowires of differ-
ent topologies has been chosen. We have taken 0.05 gaussian peak
width and 5000 energy points in the energy window (�20 V to 10
V) for calculating DOS (density of states). The convergence
tolerance for the energy was chosen as 10�6 eV between two con-
secutive self-consistent field (SCF) steps. Minimization of the
energy was carried out using the standard conjugate-gradients
technique. Structures were relaxed until the forces on each atom

Fig. 1. Optimized structures of different topologies of ultrathin alloyed nanowires for transport calculations namely (a) linear, (b) ladder, (c) DZZ1, (d) DZZ2 and (e) DZZ3,
consisting of three different regions left lead (L), scattering region (S) and right lead (R). l represents the length of scattering region. For alloyed nanowires light (gray coloured)
and dark (brown coloured) circles represent different atoms.
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were less than 0.01 eV/Å. The mesh cut-off energy used to calculate
the Hartree, exchange and correlation contribution to the total
energy and Hamiltonian was chosen to be 300 Ry. The nanowires
of linear, ladder and DZZ topologies were modelled by taking 16,
20 and 24 atoms per unit cell with 6, 8 and 8 atoms taken in scat-
tering region respectively to ensure that no interaction takes place
between the atoms of left and right leads. A vacuum of 30 Å along
x-axis and y-axis has been taken to ensure no interaction between
neighbouring wires so that system represents free-standing ultra-
thin nanowires. The stable structures (i.e. minimum energy config-
uration) for all topologies were obtained by simultaneously
relaxing both lattice vectors and atomic positions in unit cell.

The electronic transport properties of the optimized structures
have been calculated using non-equilibrium Green’s function
(NEGF) technique, within Keldysh formalism, based on density
functional theory (DFT) as implemented in TranSIESTA module
with in the SIESTA package. The current through the contact region
was calculated using Landauer–Buttiker formula [93–98]

IðVbÞ ¼ Go

Z lL

lR

TðE;VbÞdE;

where Go ¼ 2ðe2=hÞ is the unit of quantum conductance and TðE;VbÞ
is the transmission probability of electron incident with an energy E
through the device under the potential bias Vb. The electrochemical
potential difference between the left and right electrode is
eVb ¼ lL � lR. All the calculations reported in this paper are
nonspin-polarized.

3. Results and discussion

To understand the electron transport in free-standing pristine
and alloyed nanowires of noble metals, electronic band structure
and corresponding transmission function at zero bias i.e
Vbias ¼ 0 V, PDOS and total DOS as a function of energy for the pris-
tine and alloyed nanowires, I–V characteristic curves in between 0
and 1 V and transmission function within the bias window (�0.5 V
to +0.5 V) at various bias voltages Vbias have been plotted and are
shown in Figs. 2–5. In these figures we have shown plots only for
Au, Pt, AgCu and AgPt nanowires with various studied topologies
and the plots for Ag, Cu, AgAu, AuCu, AuPt and CuPt have been
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Fig. 2. (a) Electronic band structure and corresponding transmission function at zero bias voltage Vbias , (b) PDOS, (c) I–V characteristics and (d) transmission function T(E) at
different Vbias for free-standing pristine nanowire of Au with linear, ladder and DZZ topologies respectively. T(E) plots represents the bias window from �0.25 eV to 0.25 V for
Vbias ¼ 0:5 V.

196 A. Kumar, P.K. Ahluwalia / Journal of Alloys and Compounds 615 (2014) 194–203



shown in Supplementary information (Figs. S1–S6) as these follows
the same trends as that of Ag and AgPt nanowires.

3.1. Zero-bias conductance

From the electronic band structure plots (Figs. 2 and 3(a.1–a.3),
4 and 5(a.1–a.5), S1 and S2(a.1–a.3) and S3–S6(a.1–a.5)) the pris-
tine nanowires of linear and ladder topology; alloyed nanowires
of ladder topology; Pt nanowires of DZZ topology and alloyed
nanowires containing Pt having linear, DZZ1, DZZ2 and DZZ3
topologies have been found to show metallic nature. The rest of
the nanowires are semiconducting in nature. The number of times
bands crossing the Fermi energy NðEFÞ corresponding to metallic
nanowires have been listed in Table 1. From the plots of
transmission function at zero bias as shown in Figs. 2 and 3(a.1–
a.3), 4 and 5(a.1–a.5), S1 and S2(a.1–a.3) and S3–S6(a.1–a.5), the
conductance G has been calculated using relation G ¼ GoTðEFÞ,
where TðEFÞ is the value of the electron transmission probability
at EF at zero bias listed in Table 1. The energy band gaps of

nanowires with semiconducting behaviour have been listed in
Table 1. The pristine nanowires of Ag, Au and Cu with DZZ topology
and alloyed nanowires of AgAu, AgCu and AuCu with linear and
DZZ topologies have been found to be semiconducting in nature.

3.1.1. Linear topology
In linear topology the pristine nanowires of Ag, Au and Cu have

been found to show 1Go conductance whereas Pt shows 4Go con-
ductance which is consistent with the number of bands crossing
the Fermi energy EF , thus suggesting the ballistic transport for
these nanowires. The band structure of these nanowires have also
been shown in Fig. 6(a.1–a.4) in the vicinity of Fermi energy. The
coloured curves represents the bands crossing the Fermi energy
EF . From the plot of PDOS as shown in Figs. 2(b.1) and S1 and
S2(b.1) for linear topology, the 5s, 5d and 3d orbitals of Ag, Au
and Cu respectively are contributing for the 1Go conductance,
whereas in case of Pt nanowires with linear topology (Fig. 3(b.1))
5d orbitals are contributing more DOS at EF than the 6s orbital
and hence the 5d orbitals are mainly responsible for four
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conductance channels as is clear from Figs. 3(a.1) and 6(a.4). The
alloyed nanowires of linear topology containing Pt viz. AgPt, AuPt
and CuPt are found to be metallic in nature with conductance
0:75Go; 0:80Go and 0:98Go respectively with 3, 4, 4 times respec-
tively bands crossing the Fermi energy (Fig. 6(a5–a.7)) as listed
in Table 1. In these alloyed nanowires, 5d orbitals of Pt are contrib-
uting more DOS at the EF and hence responsible for the number of
bands crossing the Fermi energy and conductance. The fractional
conductance for these alloyed nanowires of linear topology con-
taining Pt is the result of diffusive/non-ballistic transport. The plots
of transmission probability as shown in Figs. 4(a.1) and S5 and
S6(a.1) for alloyed nanowires of linear topology also suggests the
diffusive/non-ballistic transport.

The transport is said to be ballistic [99] if length ðlÞ of the con-
ducting channel is nearly equal to the mean free path ðkeÞ of the
electrons of the conduction channel (i.e. l � ke) and is said to be dif-
fusive/non-ballistic if length of the conducting channel is larger
than the mean free path of the electrons in the conduction channel
(i.e. l P ke).

In case of alloyed nanowires of linear topology the length of the
mean free path decreases with alloying [100] and the length of the

scattering channel remains almost same as listed in Table 1. Thus
alloying leads to decreases in the mean free path of electrons
[100] and hence accounts for diffusive/non-ballistic transport.

3.1.2. Ladder topology
In ladder topology all the studied nanowires (both pristine as

well as alloyed nanowires) show ballistic transport. In compari-
son to linear topology shortest interatomic distance increases
[63] as we move from linear to ladder topology which is a conse-
quence of increase in coordination number and which further
results in increase in mean free path. This increase in mean free
path supports the ballistic transport. But channel width (W) is
another parameter which affects the mean free path of the elec-
tron. The necessary condition for ballistic transport is ke P W; l
[101]. Also as argued by White and Todorov [102], mean free path
of the electrons in case of 1D carbon nanotubes increases with
the increase in nanotube diameter. In ladder topology, the length
of the conductance channel decreases whereas the width of the
conductance channel gets increased, in comparison to linear
topology. The decrease in channel length; increase in channel
width and increase in shortest interatomic distance support the
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ballistic transport for ladder topology. The number of channels
crossing the Fermi energy and the value of transmission probabil-
ity at Fermi energy corresponding to ladder topology are shown
in Table 1. From the plots of PDOS for Au, both s and d valence
orbitals are contributing almost equally for DOS at EF as is clear
from Fig. 2(b.2). Similar features have been found for Ag and Cu
wire (Figs. S1 and S2 of Supplementary information). Hence both
are accounting for the 2 bands crossing the Fermi energy. In case
of Pt nanowire both 6s and 5d (more contribution at EF) are found
to be contributing for the 4 channels as shown in Figs. 3(b.2) and
6(b.4). In case of AgCu, the s and d orbitals are contributing for
the PDOS at EF , with s orbital of the constituents showing maxi-
mum contribution as is clear from Fig. 4(b.2). Similar features can
be seen for AgAu and AuCu (Figs. S3 and S4 in Supplimentry
informations) . On the other hand, for AgPt nanowire, the s and
d orbitals are contributing for the PDOS at EF , with d orbitals of
Pt contributing maximum as is clear from Fig. 5(b.2). Similar

features can be found for AuPt and CuPt nanowires (Figs. S5
and S6 in Supplementary informations).

3.1.3. DZZ topologies
From the plots of transmission probability, for both pristine and

alloyed nanowires of DZZ topologies (DZZ1, DZZ2 and DZZ3), the
ballistic behaviour has been observed. This behaviour is supported
by the increase, respectively, in mean free path, shortest inter-
atomic distance, coordination number and channel width as we
move from ladder to DZZ topology. In Figs. 3(b.3) and 5(b.3–b.5)
we have shown the plots of PDOS for DZZ topologies of Pt and AgPt
(for AuPt and CuPt plots are shown Figs. S5 and S6(b.3–b.5) in Sup-
plementary information) which are conducting in nature. In DZZ1
topology of Pt, both 6s and 5d orbitals are contributing for the
PDOS at EF and are collectively responsible for 5 channels i.e.
NðEFÞ, as clear from Figs. 3(b.3) and 6(c.1). For nanowires of AgPt,
AuPt and CuPt with topologies DZZ1, DZZ2 and DZZ3 all s and d
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Table 1
List of number of channels crossing the Fermi energy ðNðEF ÞÞ, the value of transmission function at Fermi energy (TðEF Þ) at zero Vbias and length of the scattering region l
corresponding to various topologies of pristine and alloyed nanowires of noble metals. Other available theoretical value for linear topology of Au is also given for comparison in
brackets.

Topology Property Ag Au Cu Pt AgAu AgCu AgPt AuCu AuPt CuPt

Linear NðEF Þ 1 1 1 4 – – 3 – 4 4
TðEF Þ 1 1 (1)a 1 4 – – 0.44 – 0.74 0.92
Eg (eV) – – – – 0.50 0.03 – 0.04 – –
l (Å) 15.90 15.60 13.80 14.40 15.75 14.85 15.52 14.70 15.07 14.10

Ladder NðEF Þ 2 2 2 4 2 2 3 2 5 3
TðEF Þ 2 2 2 4 2 2 3 2 5 3
l (Å) 10.57 10.62 9.45 9.87 10.65 10.26 10.19 10.27 10.20 9.80

DZZ1 NðEF Þ – – – 5 – – 3 – 2 3
TðEF Þ – – – 5 – – 3 – 2 3
Eg (eV) 0.72 1.24 0.77 – 0.83 0.67 – 0.82 – –
l (Å) 9.22 8.95 8.04 9.06 9.06 8.43 9.39 8.36 9.15 8.64

DZZ2 NðEF Þ – – – – – – 3 – 2 1
TðEF Þ – – – – – – 3 – 2 1
Eg (eV) – – – – 0.95 0.66 – 1.02 – –
l (Å) – – – – 9.14 8.42 9.07 8.51 8.90 8.76

DZZ3 NðEF Þ – – – – – – 2 – 1 3
TðEF Þ – – – – – – 2 – 1 3
Eg (eV) – – – – 1.64 0.69 – 0.20 – –
l (Å) – – – – 9.28 9.02 9.35 9.01 9.11 8.80

a Ref. [83].
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orbitals of the constituents are contributing for the PDOS at EF , but
5d orbitals of Pt show maximum contribution for DOS at EF .

3.2. Current–voltage characteristics

The I–V characteristics of the considered topologies of pristine
and alloyed nanowires of noble metals as shown in Figs. 2 and
3(c.1–c.3), 4 and 5(c.1–c.5), S1 and S2(c.1–c.3) and S3–S6(C.1–
C.5) have been obtained by increasing the bias voltage, Vbias in
the steps of 0.1 V and using the converged density of the previous
state as an initial guess for the next step. The current through the
scattering region has been expressed as the integration of trans-
mission probability over the potential as given by equation in
Section 2.

3.2.1. Linear topology
The I–V characteristics of all studied pristine nanowires (Figs. 2

and 3(c.1) and S1 and S2(c.1)) (only for Au and Pt nanowires have
been shown) show linear variation in current with bias voltage and
transmission probability with energy at different bias voltages,
namely 0.5 V and 1.0 V have also been shown in Figs. 2 and
3(d.1) and S1 and S2(d.1).

The nanowires AgCu and AuCu which are semimetallic in nat-
ure have negligible energy gap of 0.03 eV and 0.04 eV respectively.
AgCu nanowires show linear variation with Vbias upto 0.4 V for
AgCu beyond this value it shows decrease in the current with the
Vbias leading to negative differential conductance (NDC) as shown
in Fig. 4(c.1). This NDC behaviour is due to decrease in T(E) in
the bias window as shown in Fig. 4(d.1). On the other hand, AuCu
nanowire shows almost linear variation in current with Vbias,
whereas AgAu nanowire shows I–V characteristics like forward
biased PN junction diode as it is semiconducting in nature with
band gap of 0.5 eV.

The nanowires of AgPt, AuPt and CuPt show almost linear vari-
ation at smaller Vbias, with some NDC regions at higher Vbias as
shown in Figs. 5(c.1) (shown for the AgPt nanowires only) and S4
and S5(c.1). The NDC regions lies in the range 0.4–0.7 V for AgPt;
0.6–0.7 V for AuPt and 0.4–0.7 V for CuPt nanowires. Again, the
observed NDC regions in these nanowires are due to less contribu-
tion of T(E) in these bias windows at these voltages as supported
from Figs. 5(d.1) and S4 and S5(d.1). Here we have shown two bias
windows viz. �0.25 eV to +0.25 eV for 0.5 V Vbias and �0.5 eV to
+0.5 eV for 1V Vbias. Another marked difference which has been
observed is that the current in the alloyed nanowire has been
found to be smaller than that in the corresponding pristine
nanowire. In other words one can say that alloying decreases the
conductivity of pristine nanowires which is supported by the Nord-
heim’s Rule as cited by Pfeiler [103]. Also the alloyed nanowires
containing Pt (viz. AgPt, AuPt and CuPt) and AgCu show NDC
behaviour.

3.2.2. Ladder topology
In Figs. 2–5(c.2) and S1–S6(c.2), the I–V characteristics of pris-

tine and alloyed nanowires of noble metals with ladder topology
have been shown. The almost linear variation of current with the
Vbias have been observed for the studied pristine nanowires, AgAu
and AgCu nanowires. In rest of the nanowires the NDC regions have
been observed. These NDC regions are due to a very small value of
T(E) in the bias window at the respective bias voltage.

3.2.3. DZZ topologies
The I–V characteristics for pristine and alloyed nanowires of

DZZ topologies (DZZ1, DZZ2 and DZZ3) have been shown in Figs. 2–
5(c.3–c.5) and S4–S6(c.3–c.4). The pristine nanowires (Ag, Au and
Cu) and alloyed nanowires (AgAu, AgCu and AuCu) show almost
linear variation of current with Vbias beyond Vbias > Eg (where Eg

is the band gap), whereas Pt nanowire shows almost linear varia-
tion of current with Vbias. On the other hand, the alloyed nanowires
of DZZ topologies containing Pt show multiple NDC regions. These
observed NDC regions are due to small contribution for TðEFÞ at
these bias voltages in their respective bias windows Figs. 5(d.3–
d.5) (shown for the AgPt nanowires only) and S5 and S6(d.3–d.5).

From the I–V characteristics of the studied pristine and alloyed
nanowires of noble metals with different topologies as discussed
above, multiple NDC regions have been observed. These NDC
regions are due to various reasons. The reason for these NDC
regions is negligible or very small value of T(E) in the vicinity of
EF at these bias voltages and is clear from the plots of T(E) at differ-
ent bias voltages as shown in Figs. 3–5(d.1–d.5). Another reason for
the observed NDC behaviour is possibly due to non-parabolicity in
the band structure of pristine and alloyed nanowires which leads
to high effective masses and reduced momentum relaxation times
[104–106]. This reason has been also used to explain NDC region in
CNTs [107]. Another possible reason, such as inter-sub-band scat-
tering, may also be important in 1D nanostructures and lead to
NDC [106]. Another interesting point observed is that alloyed
nanowires are found to show NDC regions in comparison to pris-
tine nanowires. Thus alloying supports this behaviour. Also as
the inter-sub-band energy separation in a quantum wire match
the optical phonon energy, this causes enhancement of charge car-
riers [108], and hence support the NDC behaviour.

From the I–V characteristics of all the topologies, it is found that
some of the topologies show NDC behaviour leading to tunnel
diode like characteristics. The AgPt nanowire with linear and
DZZ1 topologies; all the topologies of CuPt nanowire; AuPt with
DZZ1 and DZZ2 topologies and AgPt nanowire with DZZ1 topology
are found to show the I–V characteristics as found in tunnel diode.
The observed multiple negative differential conductance (NDC) has
been reported for resonant tunnelling-diode devices [109]. The
multiple NDC effect has been utilized in functional electronic
devices to realize multiple value logic, ultra-high speed analog-
to-digital converters, frequency multipliers, and other circuit
elements [109–111].

4. Summary and conclusion

In summary, the electronic transport properties of free-standing
pristine and alloyed nanowires of noble metals (AgAu, AgCu, AgPt,
AuCu, AuPt and CuPt) with different topologies (linear, ladder,
DZZ1, DZZ2 and DZZ3) have been calculated using non-equilibrium
Green’s function (NEGF) technique, based on density functional
theory (DFT) as implemented in TranSIESTA and following conclu-
sions have emerged:

� The pristine nanowires of Ag, Au, Cu and Pt with linear topology
show ballistic conductance, but the corresponding alloyed
nanowires of linear topology show diffusive/non-ballistic
conductance, which is the result of decrease in mean free path
on alloying. In ladder topology all the studied nanowires are
found to show ballistic conductance. The ballistic conductance
is supported by the decrease in the channel length as one move
from linear to ladder topology; increase in the channel width
and increase in the coordination number.
� Both pristine and alloyed nanowires of DZZ topologies (DZZ1,

DZZ2 and DZZ3) are found to show ballistic behaviour. This
behaviour is supported by the increase in coordination number
and increase in the channel width. Both of these factors support
the ballistic transport.
� The value of the ballistic conductance has been found to be the

largest for either pristine nanowires of Pt or alloyed nanowires
containing Pt of the studied topologies. From the PDOS we have
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concluded that the main contribution for the DOS at EF is from
5d orbitals of Pt and hence Pt contributes for the large value of
conductance for the studied topologies of pristine and alloyed
nanowires containing Pt.
� For all the studied topologies the current generally increases

linearly with the Vbias, but the nanowires which show NDC
regions is a result of negligible or very small value of TðEFÞ at
these bias voltages. Multiple NDC regions as stated above are
due to decrease in the transmission function in the respective
bias window at that Vbias.
� The AgPt nanowire with linear and DZZ1 topologies; CuPt

nanowire of all the topologies; AuPt with DZZ1 and DZZ2 topol-
ogies and AgPt nanowire with DZZ1 topology are found to show
the I–V characteristic like that of a tunnel diode.

From the above study of alloyed noble metal nanowires we
found that the ballistic conductance of nanowires changes
significantly with topology and alloying. The conducting and
semiconducting behaviour of pristine and alloyed nanowires sug-
gests that they can be potentially used as electronic devices such
as diodes and tunnel diodes.
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H I G H L I G H T S

� We studied Electronic and Optical
properties of Pristine and Hetero
Nanotubes.

� The cohesive energy per atom is
more for CNT and SiCNT in our
study.

� Only GeNT is found to be metallic in
nature with a conductance of 2G0.

� Hetero nanotubes have wide band
gap spectrum, hence suitable for
electronic devices.

� The decreasing order of tensile
strength is CNT 4 SiCNT 4 GeCNT
4 SiNT 4 GeNT 4 SiGeNT.

G R A P H I C A L A B S T R A C T

We present electronic band structure of pristine and hetero systems under study.
Electronic band structure and corresponding total and partial DOS for pristine and heteronanotubes.

In the inset we have shown the band structure and density of states for CNT in the vicinity of Fermi
energy which shows semi-metallic behaviour.

a r t i c l e i n f o

Article history:
Received 7 April 2015
Accepted 4 May 2015
Available online 16 May 2015

Keywords:
Pristine nanotubes
Heteronanotubes
Electronic
Optical and mechanical properties

a b s t r a c t

Density functional theory has been used to investigate the structural, electronic, optical and mechanical
properties of pristine nanotubes of carbon, silicon, germanium and their hetero nanotubes having
armchair conformation with chirality (6,6). In the pristine nanotubes it is found that the cohesive energy
per atom is more for CNT as compared to other nanotubes under investigation. However, in hetero
systems under study its value is highest for SiCNT system and least for GeCNT. GeNT and SiGeNT have
been observed to be more puckered in comparison to other systems. All the pristine and hetero-
nanotubes in our study are found to be semiconducting in nature, except GeNT, which is found to be
metallic in nature with a conductance of 2G0, indicating GeNT to be an ideal material for ballistic
transport. Three different types of hetero nanotubes have wide band gap spectrum which opens up an
arena for band gap selective engineered devices. The band gap for SiCNT and GeCNT lie in the visible
region, while the band gap for other systems lie in the infrared region. The tuning of electronic band
structure by means of compression, tensile strain and external electric field indicates that the band gap
can be altered considerably. There is a band gap closure under both compression and expansion at a
certain value in all the cases except SiCNT, revealing that its band gap can be varied considerably. The
decreasing order of tensile strength is CNT SiCNT GeCNT SiNT GeNT SiGeNT> > > > > . The effective mass
of holes decreases for pristine systems on the application of compression. Under no strain the effective
mass of electrons is generally found to be larger than holes in hetero systems, while it is reverse in
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pristine systems. In case of unstrained systems, we generally observed that the more the effective mass
of electron, the more is the band gap in the corresponding system.

& 2015 Elsevier B.V. All rights reserved.

1. Introduction

The discovery and the consequent scientific and technological
applications of carbon nanotubes have initiated an increasing in-
terest in the field of novel low dimensional materials [1]. Besides
carbon nanotubes there are other materials belonging to the same
group such as Si and Ge whose nanotubes are also strong con-
tenders for technological applications. Their low dimensionality
and the quantum confinement effect can result in fascinating
electronic and optical properties [2–5,7,6,8,9]. These nanos-
tructures show potential applications in electronics [3,4], photo-
nics [10], chemical sensors [5], field emission devices [11,7], solar
cells [12], electrochemical performances [13], lithium ion battery
[14], hydrogen storages [6] and drug delivery [8]. Researchers have
put in a lot of efforts to investigate the nanoscale forms of silicon,
for miniaturizing the microelectronic devices and to understand
new properties that result at the nanoscale [15,16]. In addition to
carbon and silicon, germanium (Ge) nanostructure is particularly
interesting for future nanotechnology not only because of its si-
milar structural and electronic properties to those of Si but also for
many superior properties over Si in device applications [17]. For
instance the higher intrinsic carrier mobility of Ge makes it a
better channel material for high-performance field-effect logic
transistors [18]. The larger excitonic Bohr radius of Ge yields a
more pronounced quantum confinement effect than Si [19]. Fur-
thermore, it is a potential anode material in lithium ion batteries,
as the diffusivity of lithium in Ge is 400 times faster than in silicon
at room temperature [20]. As Ge nanowires and nanotubes based
on their properties are well suited as an anode in lithium ion
batteries [20,14] compared to thin films, a further option to de-
velop such Ge nanostructures would be of great interest. Germa-
nium nanotubes as long as 2 μm have been grown using template
assisted electrodeposition from a room temperature ionic liquid
[21]. Preliminary evidence for nanotubecompounds suggests that
by virtue of introducing another element, the electronic properties
and stability of these tubes can be significantly modified: specifi-
cally, band gaps get opened up, as other elements might trap the
extra electrons from the tubes [22]. Schmidt and Eberl [23] fab-
ricated SiGe nanotubes experimentally by using the method of the
thin-film bending mechanism and found that SiGe nanotubes
show excellent mechanical properties, indicating that they could
be used as nanodrillers and microscopy tips. The calculations
based on density functional theory have reported that SiC nano-
tubes are semiconducting in nature irrespective of chirality, which
is not the case in carbon nanotubes [24,25]. SiC nanotubes are also
being successfully synthesized in various laboratories using var-
ious methods [26,27] and it has also been suggested that SiC na-
notubes can be a potential candidate for hydrogen storage [28].
Rathi and Ray [29] studied the electronic and geometric structures
of hydrogenated GeC nanotubes and found the nanotubes to be
semiconducting.

Many attempts have been made to explore the ground state
geometric and electronic properties of CNTs, SiNTs, GeNTs
[30,31,33,32,34–36]. There is a need to systematically study the
optical and mechanical properties of these pristine and hetero
nanotubes which have only been explored for pristine SiNT [37]. In
this study our aim is to compare, the pristine nanotubes of group
IV elements (C, Si and Ge) and their heterostructures and their
relative stabilities in terms of their characteristic electronic

structures. We have looked at the structural, electronic (density of
states and band structure), optical and mechanical properties of
armchair (6,6) pristine and hetero nanotubes of group IV elements
C, Si and Ge. As Compared to other nanotubes, armchair nanotubes
have been found to have more stable structures due to the suffi-
cient overlap of pz orbitals and delocalization of π bonds [38].
Moreover, armchairs with (6,6) chirality have been found to be
more stable in comparison to (4,0) and (5,5) configurations
[39,40]. Due to this reason we have chosen (6,6) chirality in the
present study. For simplicity, the pristine nanotube system is de-
noted by carbon nanotube (CNT), silicon nanotube (SiNT), ger-
manium nanotube (GeNT) and hetero nanotube systems of sili-
con–carbon nanotube (SiCNT), germanium–carbon nanotube
(GeCNT) and silicon–germanium nanotube (SiGeNT) respectively
throughout the paper. The paper is organized as follows: in Section
2, brief computational details are presented. In Section 3, we
present the calculated results and discuss these in the light of
other available studies. Conclusions are presented in Section 4.

2. Computational details

In our study we have used well tested [37,41,42] Troullier
Martin, norm-conserving, relativistic pseudopotentials [43,44]
with valence atomic configuration s p2 22 2, s p3 32 2 and s p4 42 2 for C,
Si and Ge respectively. The exchange and correlation energies
were treated within the generalized gradient approximation
(GGA) according to the PBEsol [45] parametrization. Throughout
geometry optimization we have used numerical atomic orbitals
with double zeta polarization (DZP) basis sets with confinement
energy of 20 meV. For Brillouin zone integration, 1�1�30 Mon-
khorst-Pack [46] mesh for both pristine and hetero nanotubes has
been chosen. The convergence tolerance for the energy was cho-
sen as 10�6 eV between two consecutive self-consistent field (SCF)
steps. Minimization of the energy was carried out using the
standard conjugate-gradients (CG) technique. Structures were re-
laxed until the forces on each atom were less than 0.01 eV/Å. The
mesh cut-off energy used to calculate the Hartree, exchange and
correlation contribution to the total energy and Hamiltonian was
chosen to be 300 Ry. Also, a vacuum of 30 Å along the x-axis and
the y-axis has been taken to ensure that there is no interaction
between neighbouring nanotubes. The fully relaxed structures (i.e.
minimum energy configuration) for all the systems viz CNT, SiNT,
GeNT, SiCNT, GeCNT and SiGeNT were obtained by simultaneously
relaxing both lattice vectors and atomic positions in unit cell.
Pristine nanotubes were modelled by taking 24 atoms per unit cell
whereas in the case of heterostructures 12 atoms per corre-
sponding species were taken. In hetero systems the ratio of the
corresponding two species is 1:1 at alternate positions.

3. Results and discussions

3.1. Structural properties

Fig. 1 shows a generic tube structure in different views i.e.
cross-sectional, side and inner views for the systems under study,
if atoms are of same type it is pristine and of two types it becomes
a heterostructure. Heterogeneity is in the ratio 1:1.
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To compare the stability of the systems under study, we have
calculated the cohesive energy per atom (Ec), for each system
using the following formula [33,47]:

E
E n E E

n2 1C
nA nB A B,=

− ( + )
( )

where n 12= atoms each for A and B types of species. EA and EB are
the atomic ground state energies of corresponding two atomic
species of heteronanotubes respectively. EnA nB, is the total energy
of the optimized system. In case of pristine nanotube we have only
one type of species, therefore, the above equation modifies to

E
E nE

n
2
2 2C

T atom=
−

( )

where ET is the total energy of the pristine systems under study
and Eatom the energy of the isolated atom of corresponding pristine
system.

Table 1 shows the calculated physical parameters of nanotube
systems. From the table it follows that interatomic distance in the
optimized structures is found to be largest in GeNT in comparison
to other pristine systems, while among the hetero nanotubes Si-
GeNT system is found to have a highest bond length of 2.38 Å. The
buckling parameters along x and y directions have been found to
possess large values for GeNT (Table 1) out of pristine nanotubes,

while SiGeNT appears to be more puckered in comparison to the
other heteronanotubes under study, which may be attributed to
large size of Ge atoms. The cohesive energy per atom is highest for
CNT out of all the systems under study. However, out of hetero
systems under study cohesive energy is largest for SiCNT system
and least for GeCNT. The least value for cohesive energy of GeCNT
may be attributed to large mismatch/difference between the sizes
of C and Ge atoms. The calculated values match with other cal-
culations where ever available for such systems [48–50,52,53] as
listed in Table 1.

3.2. Electronic properties

To understand the electronic properties of the pristine and
hetero nanotubes, electronic band structure and corresponding
total and partial DOS as a function of energy have been plotted and
are shown in Fig. 2. The electronic band structures for various
systems under study have been calculated along the Γ–X direction
of the Brillouin zone. The Fermi energy (Ef) has been set at 0 eV. On
analysing the electronic band structure and corresponding DOS at
the Fermi energy (N(Ef)), we find that all the pristine and hetero
systems of nanotubes are semiconducting in nature except GeNT,
which is metallic in nature. The main contribution towards the
bands near the Fermi energy for all pristine systems is coming
from its px-orbitals. However, for hetero systems contribution to-
wards VB/CB is coming from px-orbitals of different species i.e. VB
and CB are localized on different species. Out of semiconducting
systems, SiCNT and GeCNT have been found to be indirect band
semiconductors with a band gap of 2.05 eV and 1.71 eV respec-
tively, while SiNT and SiGeNT are observed to have direct band gap
of 0.18 eV and 0.37 eV respectively as listed in Table 2. In com-
parison to these systems under study, the pristine CNT has been
found to be semimetallic (Dirac cone) with a extremely small band
gap of 0.03 eV [49]. Out of the available results for SiCNT our value
for the band gap is consistent with the results of Jiuxu et al. [51],
however, they studied armchair (4,4) SiCNT using LDA functional.

3.3. Conductance

The quantum ballistic conductance of a system under ideal si-
tuation can be determined by the number of bands crossing the
Fermi energy (Ef) [56]. For each band crossing the Fermi energy Ef,
the ballistic conductance is G0 which results into a conductance of
nG0 for n number of bands crossing the Ef. Therefore, on counting

Fig. 1. Generic structural views of optimized hetero system SiGeNT; (a) cross-sectional view, (b) side view and (c) inner view respectively. Different colours represent
different atoms forming the hetero structure of the tube. Other systems have similar structure with more or less buckling and have not been shown in the figure. (For
interpretation of the references to colour in this figure caption, the reader is referred to the web version of this paper.)

Table 1
Lattice constant, bond length, diameter, buckling parameter and cohesive energy
per atom for the systems under study.

System Lattice
constant
(Å)

Bond
length
(Å)

Diameter (Å) Buckling para-
meter x△ , y△
(Å)

Cohesive en-
ergy (eV/
atom)

CNT 2.48, 2.46a 1.46,
1.43b

8.30, 8.25b – 8.05

SiNT 3.87 2.31 13.10 0.39, 0.23 4.45
GeNT 4.21 2.40 13.43 0.56, 0.29 3.52
SiCNT 3.12 1.80,

1.87c
10.22 0.06, 0.03 6.08, 6.16d

GeCNT 3.28 1.89 10.50 0.03, 0.22 1.03
SiGeNT 4.00, 3.96e 2.38,

2.36e
12.80, 13.00e 0.24, 0.20 2.30, 2.73e

a Ref. [48].
b Ref. [49].
c Ref. [50].
d Ref. [52].
e Ref. [53].
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the number of bands (Fig. 2) crossing the Ef in the electronic band
structure of different nanosystems we find that the conductance is
2G0 for GeNT system (Table 2). In comparison, the conductance is
zero for all other systems as these systems are found to be semi-
conducting in nature with no band crossing the Fermi energy.

3.4. Charge density analysis

In order to gain insight into the interaction between different
atoms of heteronanotubes, we have calculated the Mulliken charge
associated with the corresponding atoms (Table 3). It is a method
to accurately model partial charge magnitude on different species
and locations within a molecule. From Table 3 it is clear that out of
all the chosen systems Si atoms have been found to take partial

Fig. 2. Electronic band structure and corresponding total and partial DOS for pristine and heteronanotubes. In the inset we have shown the band structure and density of
states for CNT in the vicinity of Fermi energy which shows semi-metallic behaviour.

Table 2
A list of number of channels crossing the Fermi energy N EF( ( )) and the value of band
gap Eg( ) for pristine and hetero systems.

System N EF( ) Eg( ) (eV) Tensile strength (GPa)

CNT – 0.03 (Dirac cone), 0.003 (Dirac cone)a 10.56, 9.60b

SiNT – 0.18 (direct), 0.28 (direct)c 1.84
GeNT 2 – (metallic) 1.63
SiCNT – 2.05 (indirect), 2.12 (indirect)d 3.56
GeCNT – 1.71 (indirect) 2.51
SiGeNT – 0.37 (direct) 1.44

a Ref. [49].
b Ref. [54].
c Ref. [55].
d Ref. [51].
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charge from the other corresponding species which may be at-
tributed to its vacant d-orbitals. In case of GeCNT, the screening
effect is less pronounced in case of C as compared to Ge, since it
lies at the top of the group. This effect lessens the attractive
electrostatic charge as we move down the group. As a result of its
effective nuclear charge, C has more tendency to gain the electrons
as compared to Ge atoms. Moreover, C is more electronegative in
comparison to Ge. Also, accumulation and depletion of charge in
our Mulliken charge analysis is least in case of GeCNT in com-
parison to other systems which may be attributed to large size of
Ge in comparison to C atom. Here, we conclude that more the
charge redistribution within the hetero species, more is the co-
hesive energy i.e. it is highest for SiCNT and least for GeCNT
(Tables 1 and 3).

Furthermore, we have also calculated the charge density dif-
ference to investigate interaction of atoms in heteronanotubes as
shown in Fig. 3. It is calculated by taking the difference between
the total charge density of the hetero system ( heteronanotubeρ ) and the
sum of the charge density of the individual systems A and B (ρA,
ρB). i.e.

3heteronanotube A Bρ ρ ρ ρΔ = − ( + ) ( )

The red regions show charge accumulation, while the green

regions represent charge depletion. The charge density distribu-
tion on different species of atoms of the nanotubes under study is
consistent with the Mulliken charge analysis also. The redistribu-
tion of charges is more pronounced for SiCNT and SiGeNT as
compared to GeNT. The inference drawn here is consistent with
our Mulliken charge analysis.

3.5. Effect of external electric field on the electronic properties

It is well known that band gap engineering is a powerful
technique and is an essential part of nanoelectronics and nano-
photonics. Recent advances in engineering the band gap [57]
motivated us to investigate the tuning of the band gap of the
systems under study. Under the influence of external electric field
electronic structure of the nanotubes can be effectively altered by
applying it perpendicular to the tube axis [59]. The electronic band
structure of the structures under study was calculated along the
Γ–X direction of the Brillouin zone. The effect of the electronic
band structures by means of the application of external electric
field was studied in the steps of 0.1 V/Å up to a maximum of 1.0 V/
Å. We observed a significant change in the band gap at 0.5 V and
1 V in comparison to the unbiased system as shown in Table 4. It is
found that the band gap reduces to 47% for SiCNT in comparison to
GeCNT (27%) and SiGeNT (35%) at 0.5 V, while at 1 V almost all the
systems tend to be metallic. Thus, it is found that band gap

Fig. 3. Side view of charge density difference profiles for hetero systems of (a) SiCNT, (b) GeCNT and (c) SiGeNT. Here red/green regions show charge accumulation/depletion
with largest accumulation and depletion in case of SiCNT system. The isosurface value is set at 0.006 e/Å3. (For interpretation of the references to colour in this figure caption,
the reader is referred to the web version of this paper.)

Table 3
The calculated Mulliken charge for the various species of heteronanotubes. The
þ ive (� ive) sign in Mulliken charge indicate the deficiency (excess) of electrons.

System Mulliken charge associated with
first species

Mulliken charge associated with
second species

SiCNT �5.60 þ5.60
GeCNT þ0.84 �0.84
SiGeNT �2.40 þ2.40

Table 4
The calculated electronic band gap in eV for the various systems under study on the
application of electric field at 0.5 V and 1 V.

Electric field CNT SiNT GeNT SiCNT GeCNT SiGeNT

0 V 0.03 0.18 0 2.05 1.71 0.37
0.5 V 0 0.08 0 0.96 0.46 0.13
1.0 V 0 0 0 0.04 0.02 0
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generally decreases with an increase in biasing for all the systems
under study, followed by semiconductor to metal transition at
critical value of electric field.

3.6. Optical properties

The dielectric functions (ϵ1 and ϵ2), electron energy loss spectra
(EELS), reflectance and absorptance spectra for the systems under
study have been shown in Fig. 4. Here, we intend to discuss the
results related to the dielectric function (real (ϵ1) and imaginary
part (ϵ2)), EELS, reflectance (R) and absorption spectra for pristine
and hetero nanotubes and a comparison across them. When ϵ1
approaches zero, we observe a sharp resonance peak in EELS. The
structural peaks associated with ϵ2 are on account of interband
transitions across Ef in the corresponding electronic band struc-
ture. CNT and SiNT pristine systems were observed to have three
peaks each associated with (ϵ2), whereas the heteronanotubes of
SiCNT and GeCNT were found to have one peak each in compar-
ison to three intense peaks for SiGeNT system. From Table 5, it was
found that the ϵ2 peaks for pristine systems are generally red
shifted in comparison to hetero systems.

Electron energy loss spectra (EELS): EELS show sharp resonance
peaks for the various systems under study. The pristine GeNT is
found to have pronounced peak at 0.33 eV, which lies in the in-
frared region (0.00124–1.6531 eV). This peak corresponds to the
loss of electron energy due to probability of inelastic scattering of
light with the electrons. From Fig. 4 it follows that real part of the
dielectric function ϵ1 approaches zero value at the EELS peak po-
sitions. These peaks represent the collective excitation of electrons
(plasmons) at these energies.

Reflection and absorption spectra: The reflection and absorption
spectra for the systems under study have been shown in Fig. 4. It is
found that reflectance spectra show sharp dip corresponding to
the point at which ϵ1 cuts the zero axis and EELS shows a re-
sonance peak. These strong minima in the reflectance spectra
correspond to the collective excitation of electrons and this sud-
den change reveals reflectance edge. The reflectance edge for
GeNT system is found to be 0.33 eV which lies in infrared region
(0.00124–1.6532 eV). Hence, GeNT is found to be transparent to
the visible radiations. The hetero systems have wide band gap
spectrum and hence will absorb the radiations corresponding to
this energy. All other systems except pristine GeNT show semi-
conducting nature, and hence have no reflecting properties. The
band gap for CNT, SiNT, SiGeNT lie in the infrared region and these
semiconducting systems absorb all the radiations larger than the
band gap and hence should appear blackish in colour, while the
band gap for SiCNT and GeCNT lie in the visible region (1.6531–
3.2627 eV). The rising edge in the absorption spectra indicates that
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Fig. 4. Imaginary part of the dielectric function (ϵ2), real part of the dielectric function (ϵ1), EELS spectra, reflection R(ω) and absorption spectra α ω( ) for the systems under
study have been shown. Insets show the first peak of (ϵ2) and absorption edge corresponding to CNT.

Table 5
A comparison of positions of the peaks of (ϵ2) for
the systems under study.

System Position of the peak (ϵ2)

CNT 0.05, 2.35, 3.52
SiNT 0.20, 1.33, 3.85
GeNT –

SiCNT 2.80
GeCNT 2.55
SiGeNT 0.39, 1.59, 3.43
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the systems absorb the radiations corresponding to their band
gaps. The corresponding values of the absorption edge have been
listed in Table 6.

3.7. Mechanical properties

Strain plays an important role when a crystal is compressed or
stretched from its equilibrium position. It can affect the device
performance and can be applied intentionally to improve the ef-
fective mass and hence the mobility [58]. Here we have applied
compression and tensile strain (expansion) along the axis of the
nanotubes to study the mechanical properties of the systems of
interest.

Stress–strain relationship: In the present study, we investigate the
strain–stress curves for considered nanotube structures by calculating
the response of stress tensor components for the applied tensile strain.
The stress tensor is defined as the positive derivative of total energy
with respect to strain tensor [59]. The maximum stress that is
achieved in response to tensile strain can be calculated from the
highest value of stress at which the slope becomes zero in the stress–
strain relationship. We calculated the stress tensor component for
different values of tensile strain by studying variation of stress com-
ponent with strain and hence calculated tensile strength for the na-
notubes. We observed that there is a direct relationship between stress
component and strain up to a certain value and after that it saturates.
The point of saturation gives us the ultimate tensile strength. The
variation of stress component as a function of applied strain is given in
Fig. 5. It is evident from the figure that the strain at which the slope of
strain–stress curve becomes zero is nearly 20% for all types of systems
under study. The tensile strength is found to decrease in the following
order: CNT SiCNT GeCNT SiNT GeNT SiGeNT> > > > > . Here, we
can infer that the tensile strength of CNT is highest (10.56 GPa) in
comparison to other systems. However, Li et al. [60] measured the
tensile strength of carbon nanotubes to be as high as 22.272.2 GPa in
their experimental study with an average value of 11.5 GPa, while
Zhou et al. calculated it to be 6.25 GPa [61]. Our result for tensile
strength for (10.56 GPa) is consistent with the reported value of
9.26 GPa by Yao et al. [54].

Carriers effective mass: Since the heterostructuring and applied
strain can change the curvature of valence band maximum (VBM)
as well as conduction band minimum (CBM) [62], that can lead to
the modification in carriers effective masses. Therefore, it is in-
teresting to note the modification in the carrier effective mass of
pristine and hetero structuring with the application of strain. A
knowledge of the carrier effective mass is essential to account for
the conduction process in realization of devices. In the present
study, the effective mass of electron me

⁎ and effective mass of hole
mh

⁎ were calculated from the curvature of the energy band at CBM

and VBM, respectively [62,63], as follows: E km / /2 2 2= (∂ ∂ )⁎ .
It is worth mentioning here that our aim is to provide a general

insight about the change in effective mass values on pristine and
heterostructuring of the considered systems which is important

for device fabrication. From Table 7 it is evident that the effective
mass of electrons, generally increases in case of pristine systems
on applying the tensile strain and compression w.r.t. the un-
strained system, a result because of the change in curvature of the
valence and conduction bands with strain. The effective mass of
holes decreases for pristine systems on the application of com-
pression. Under no strain the effective mass of electrons is gen-
erally found to be larger than holes in hetero systems, while it is
reverse in pristine systems. In case of unstrained systems, we
generally observed that the more the effective mass of electron,
the more is the band gap in the corresponding system
(Tables 2 and 7). Thus, it is concluded that the mechanical strains
offer tunability to carrier effective masses which may lead to
mobility tuned electronic devices based on the studied pristine
and heteronanotubes.

Strain dependent band structure: The strain is defined as
(e¼ a a/ 0Δ ) [64] and the strained unit cell is modelled by applying
tensile as well as compression strains by varying the lattice value
‘a’ with strain ‘e’. Here a0 is an equilibrium lattice constant and aΔ
is the change in lattice constant simulating the strain. As strain

Table 6
A comparison of the position of observed reflectance and absorptance edges (in eV)
for pristine and hetero nanotubes.

System Reflection edge Absorption
edge

CNT – 0.05
SiNT – 0.17, 0.14a

GeNT 0.33 –

SiCNT – 2.20
GeCNT – 1.84
SiGeNT – 0.34

a Ref. [55].
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Fig. 5. Variation of stress component as a function of tensile strain.

Table 7
The calculated values of effective masses of electrons me

⁎ and holes mh
⁎ in linear

regime (e¼2%) for uniaxial tensile strain (a) and compression strains (�a) applied
to pristine and heterostructures at VBM and CBM, in the units of mass of electron
me.

System Unstrained Strained

þa �a

me
⁎ mh

⁎ me
⁎ mh

⁎ me
⁎ mh

⁎

CNT 0.006 0.007 0.013 0.127 0.013 0.007
SiNT 0.03 0.07 0.059 0.052 0.050 0.056
GeNT 0.015 0.012 0.06 0.014 0.009 0.012
SiCNT 0.67 0.67 0.037 0.43 0.032 0.35
GeCNT 0.61 0.35 0.05 0.47 0.84 0.42
SiGeNT 0.41 0.13 0.092 0.083 0.106 0.095
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offers tunability in band structure, therefore, we have applied
uniaxial tensile and compression strain to the considered nano-
tubes. The tensile strain was applied as uniaxial expansion along
the axis of tube. Similarly, compression strain was applied by
uniaxial compression along the axis of the tube. In case of com-
pression and expansion strains we studied the variation of elec-
tronic band structure, where we varied the strain from 2% to 20%
and studied its impact on electronic band structure of nanotubes.
The variation of the electronic band gap along with corresponding
applied compression and tensile strain has been shown in Fig. 6.
Here, we observed a significant opening of band gap under applied
compression in the case of SiCNT up to a certain value in com-
parison to other systems. Our results are in good agreement with
Wang et al. [65], though, they studied (9,9) armchair SiCNT. The
band gap increases from 2.05 to a maximum of 2.49 eV as the
nanotube is compressed and then decreases to 1.70 eV with fur-
ther compression. However, the band gap closure does not occur
in either case of compression or expansion in SiCNT. In comparison
the band gap is found to close in all other cases under both ex-
pansion and compression. So far, as variation under tensile strain
is concerned, the band gap has been found to decrease in all the
cases as reported in Fig. 6. In case of CNT, SiNT, GeNT and SiGeNT
there is negligible variation in the band gap as can be seen in the
figure.

4. Conclusions

We have carried out a systematic study of pristine and het-
erotubes of group IV elements namely C, Si and Ge. The intera-
tomic distance in the optimized structures is found to be largest in
GeNT in comparison to other pristine systems, while among the
hetero nanotubes SiGeNT system is found to have a highest bond
length of 2.38 Å. GeNT and SiGeNT appear to be more puckered in
comparison to the other pristine and heteronanotubes respec-
tively. All the pristine and hetero nanotubes under study are found
to be semiconducting in nature except GeNT which is found to be
metallic in nature with a conductance of 2G0. GeNT, therefore, can
be an ideal material for ballistic transport, while wide band gap

spectrum of hetero nanotubes opens up an arena for band gap
selective engineered devices. Cohesive energy calculations reveal
that SiCNT is more stable compared to other heterotubes. Mulliken
charge population analysis shows that there is a net transfer of
charge from Ge atoms towards Si and C atoms, which is supported
by the charge density analysis. Our results show that band gap for
SiCNT and GeCNT lie in the visible region (1.6531–3.2627 eV),
while the band gap for other systems lie in the infrared region. The
tuning of electronic band structure by means of intrinsic, extrinsic
strain and external electric field indicates that the band gap can be
altered considerably, it is found to close in all cases under both
expansion and compression except SiCNT. The ultimate tensile
strain of considered structures lies between 1.48 and 10.56 GPa,
and the strain at which the slope of strain–stress curve becomes
zero is nearly 20% for all types of systems under study. The ef-
fective masses are also found to show tunability with hetero-
structuring and applied strain. Therefore, such heteronanotubes
are likely to have applications in nanoelectronic devices.
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A first principle study of encapsulated and functionalized silicon na-
notube of chirality (6,6) with monoatomically thin metal wires
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H I G H L I G H T S

� We studied electronic and optical
properties of encapsulated and
functionalized SiNT.

� All encapsulated and functionalized
systems are found to be metallic in
nature.

� The conductance for functionalized
Cu@SiNT system is found to be lar-
gest.

� There is a net transfer of charge from
SiNT atoms to metal atoms of nano-
wires.

� All the systems under study show
reflectivity in the IR region.

G R A P H I C A L A B S T R A C T

We present electronic band structure of the encapsulated and functionalized systems under study.
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a b s t r a c t

First principle calculations have been performed to study the influence of interaction of monoatomically
thin metal nanowires of Ag, Au and Cu placed inside (encapsulation) and outside (functionalization) the
silicon nanotube having armchair conformation with chirality (6,6). The cohesive energy for all the en-
capsulated and functionalized systems under study was found to be almost same. In comparison to the
pristine silicon nanotube (SiNT) which is found to be semiconducting in nature, all the encapsulated and
functionalized systems of SiNT are found to be metallic in nature. The calculated electronic band
structures show that the conductance in case of Ag, Au and Cu nanowires encapsulation is 2G0. However,
its value for functionalized Ag, Au and Cu nanowires is found to be 1G0, 2G0 and 4G0 for the outside
positioning of nanowires respectively. Optical properties of all the encapsulated and functionalized SiNTs
have been studied. All the systems under study show reflectivity in the infrared (IR) region and behave as
non-absorbing transparent conductors in the visible region.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

Over the last couple of decades miniaturization has been one of

the most important goals in device fabrication technology. It is an
important area to look for new and exciting properties due to
quantum confinement effects. By reducing dimensionality to nano
level, the properties of the material, like geometrical structure,
electronic band structure, magnetism, transport, and optical and
hardness are generally found to be different from the corre-
sponding macroscopic material [1]. The discovery of carbon na-
notubes (CNT) by Iijima [2] in the early nineties inspired the
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researchers to have a deep insight into nanoscale materials.
However, beyond CNTs nano forms of Si may prove to be more
conventional and economical instead of nanoforms of carbon,
because Si is a key player of the existing integrated electronic
circuits. Substantial efforts have been done to investigate the na-
noscale forms of silicon, both for the purpose of further minia-
turizing the current microelectronic devices and in the hope of
unveiling new properties that often arise at the nanoscale [3,4].
Therefore, silicon based nanowires and nanotubes have been the
subject of intense experimental and theoretical analyses
[6,7,8,9,10,11,12]. Kang et al. [13] studied the structures and ther-
mal behavior of SiNTs by using classical molecular dynamics si-
mulations based on the Tersoff potential and found that the Si–Si
bond length, cohesive energy per atom, diameter and elastic en-
ergy to bend the sheet into a tube of hypothetical SiNTs, based on
the Tersoff potential, were in good agreement with those obtained
from the density functional theory (DFT) [14]. Because of quantum
confinement effects, SiNTs have a great potential for photoemis-
sion applications [15]. SiNTs have better electrochemical perfor-
mances and hence can be used as anodes in the form of sealed
SiNTs for lithium rechargeable batteries [5,16,17]. Motohike Ezawa
[18] studied the buckled structure of SiNTs and found that the
buckling along the application of electric field leads to tuning of
band structure. Prachi Pradhan and Ray [19] examined the stability
of silicon and germanium nanotubes and found that SiNTs ap-
peared more stable in comparison to germanium nanotubes. Also
out of (3,3), (4,4), (5,5) and (6,6) armchair silicon nanotubes, (6,6)
armchair nanotube was found to have maximum cohesive energy
per atom. Andriotis et al. [20] found that the encapsulation of
metals (M¼Ni and V) could stabilize SiNTs. They found that these
metal encapsulated SiNTs were metallic in nature. Fagan et al.[14]
showed that the production of graphite like sheets of silicon is a
costly affair, but once they are formed the extra cost to produce the
tubes is lower than it is for carbon. Theory based calculations show
that metal encapsulation turns SiNTs to be a metal or a semi-
conductor with a very small band gap using density functional
theory [21]. Singh et al. [22] found that the band structure of the
Mn-doped ferromagnetic single walled hexagonal silicon nano-
tube showed a gap just above the Fermi energy for the one spin
component, hence there could be possibilities of making half
metallic nanotubes by including a small shift in the Fermi energy.
Functionalization of NT's has also attracted a considerable interest
in the fields of physics, chemistry, material science and biology,
showing improved properties enabling two dimensional fabrica-
tion of novel materials and nanodevices [23].The functionalization
of SWNTs with biological molecules is a relatively new direction in
exploring the chemistry of SWNTs for biosensor applications [24].

In this study our aim is to look at, the differences in structures
and bonding arrangement of encapsulated and functionalized
tubular nanostructures of silicon and their relative stabilities in
terms of their characteristic electronic structures on interaction
with monoatomically thin metal wires of Ag, Au and Cu from
within (encapsulated) and outside (functionalized). Many at-
tempts have been made to explore the ground state geometric and
electronic properties of SiNTs [25–28]. But a systematic study of
these properties by encapsulation and functionalization is desir-
able. In the present work we wish to study the structural, elec-
tronic (density of states and band structure) and optical properties
of armchair (6,6) encapsulated and functionalized silicon nano-
tube. As Compared to other nanotubes, armchair nanotubes are
the more stable structures due to their sufficient ovelap of pz or-
bitals and delocalization of π bonds [29]. Moreover SiNT (6,6) was
found to be more stable in comparison to (4,0) and (5,5) config-
uration [30,31]. Due to this reason we have chosen (6,6) chirality in
the present study. For simplicity, the combined system is denoted
by M@SiNT (where M¼Ag, Au, and Cu). We have used SiNT(enc)

and SiNT(func) for the encapsulated and functionalized SiNT re-
spectively throughout the paper. The paper is organized as follows.
In Section 2, brief computational details are presented. In Section
3, we present the calculated results and discuss these in the light
of available data and the work is concluded in Section 4.

2. Computational details

In our study we have used well tested [32,33] Troullier Martin,
norm-conserving, relativistic pseudopotentials [34,35] with va-
lence atomic configuration s p3 32 2, d s3 410 1, d s4 510 1 and d s5 610 1 for Si,
Cu, Ag and Au respectively. The (6,6) chirality has been chosen for
modeling the nanotube because of its stability as compared to
nanotubes of other chiralities. The exchange and correlation en-
ergies were treated within the generalized gradient approximation
(GGA) according to the PBEsol [36] parametrization. Throughout
geometry optimization we have used numerical atomic orbitals
with double zeta polarization (DZP) basis sets with confinement
energy of 20 meV. For Brillouin zone integration, 1�1�30 Mon-
khorst-Pack [37] mesh for pristine SiNT, encapsulated SiNT and
functionalized SiNT has been chosen. The convergence tolerance
for the energy was chosen as 10�6 eV between two consecutive
self-consistent field (SCF) steps. Minimization of the energy was
carried out using the standard conjugate-gradients (CG) technique.
Structures were relaxed until the forces on each atom were less
than 0.01 eV/Å. The mesh cut-off energy used to calculate the
Hartree, exchange and correlation contribution to the total energy
and Hamiltonian was chosen to be 300 Ry. Also, a vacuum of 30 Å
along x- and y-axes has been taken to ensure no interaction be-
tween neighboring nanotubes. The stable structures (i.e. minimum
energy configuration) for all the encapsulated and functionalized
systems viz Ag@SiNT, Au@SiNT and Cu@SiNT were obtained by
simultaneously relaxing both lattice vectors and atomic positions
in unit cell. In order to minimize the mismatch, Ag@SiNT and
Au@SiNT systems were modeled by taking 51 atoms per unit cell
whereas Cu@SiNT system was modeled by taking 77 atoms per
unit cell; of these, three atoms are associated with each Ag and Au
nanowires whereas in case of Cu@SiNT system five atoms are as-
sociated with Cu nanowire.

3. Results and discussions

3.1. Structural properties

Fig. 1 shows a generic tube structure composed of a core atomic
wire and an outer wall in different views for the systems under
study. The shape of the wire appears to be puckered due to a
sufficient interaction between the wire and the nanotube. The
deformed shape is almost same in all the cases.

To find the stability of the encapsulated systems, we have cal-
culated the cohesive energy per atom (Ec), for each system as per
the following formula [19]:

E
E mE nE

m n

( )

( ) (1)C
Si W Si Wm n=

− +
+

where m is the number of silicon atoms and n is the number of
atoms in the nanowire, and ESi and EW are the ground state en-
ergies of silicon and corresponding noble metal atoms respec-
tively. ESi Wm n

is the total energy of the optimized encapsulated/
functionalized system. Table 1 shows percentage lattice mismatch
between nanowire and SiNT, their distance of separation, energy
per atom and the for the encapsulated and functionalized systems
under study. Here RNT wire− refers to the distance of wire from the
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center of the nanotube. The wire was moved towards the surface
of nanotube from its center in small steps to check its stability.
Fig. 2 shows cohesive energy per atom versus position curve. It is
found that the cohesive energy for encapsulated system (repre-
sented by left edge in each figure) is higher than that for
corresponding functionalized system (represented by right edge
in each figure). Zero on x-axis corresponds to the surface of
nanotube in Fig. 2.

From Table 1 it follows that the cohesive energy per atom is
same for all the systems under study. Also the interatomic distance
of nanowires in the optimized structures of encapsulated and
functionalized systems was found to be different. However, the
interatomic distance is found to be more in nanowires of en-
capsulated/functionalized structures as compared to pristine na-
nowires [33]. This is attributed to the lattice mismatch between
nanotube and nanowire. The interatomic distance in case of op-
timized encapsulated and functionalized SiNT is 2.30 Å in com-
parison to 2.36 Å for pristine SiNT [32], which is on account of the
interaction between nanotube and nanowire.

In order to gain insight into nanowire interaction with SiNT, we
have calculated the Mulliken charge associated with nanotube and
the corresponding nanowire. From Table 2 it is clear that all the na-
nowires have been found to take partial charge from the SiNT which
may be attributed to the electronegativity difference between the
corresponding nanowire atoms and the SiNT atoms (Si¼1.90). In case
of Cu there is a remarkable gain in the partial charge because ac-
cording to the valence bond theory it will tend to complete its half
filled s4 1 orbital. Moreover, the screening effect is less pronounced in
case of copper since it lies at the top of group. This effect lessens the
attractive electrostatic charge as we move down the group. As a result
of its effective nuclear charge, Cu has more tendency to gain the
electrons as compared to other noble metals. It is pertinent to men-
tion here that Cu nanowire in the functionalization configuration
attains a maximum of �1.112 e partial charge in comparison to other
chosen systems. In general, the charge transfer is more in functio-
nalized systems as compared to encapsulated systems.

3.2. Charge density analysis

Furthermore we have also calculated the charge density dif-
ference to investigate the interaction of nanowire with SiNT as
shown in Fig. 3. It is calculated by taking the difference between
the total charge density of the combined system ( SiNT nanowireρ + ) and
two isolated systems ( SiNTρ , ρnanowire). i.e.

( ) (2)SiNT nanowire SiNT nanowireρ ρ ρ ρΔ = − ++

The red regions show charge accumulation, while the green re-
gions represent charge depletion. The increased accumulation of
charge between the two systems indicates strong interactions
between the systems that results into decrease in energy gap of
encapsulated systems. Accumulation of charge on the nanowire

Fig. 1. Structural views of optimized encapsulated and fuctionalized SiNTs; (a.1) side view, (a.2) cross-sectional view, (a.3) core view of M@SiNT(enc); (b.1) side view, (b.2)
cross-sectional view, (b.3) outer view of M@SiNT(func) systems respectively, where M¼Ag, Au and Cu.

Table 1
Lattice mismatch (%), distance of separation between nanowire and SiNT (RNT-wire

(Å)) cohesive energy per atom for the systems under study.

System Lattice mismatch
between (%) na-
nowire and SiNT
enc/fun

(RNT-wire

(Å) enc
(fun)

E (eV/atom)c

enc (fun)

Interatomic dis-
tance in nano-
wire enc (fun) Å

Ag@SiNT 2.7 2.16 (2.99) �4.00 (�4.00) 2.79 (2.77) 2.65a

Au@SiNT 0.7 2.02 (2.92) �4.04 (�4.04) 2.72 (2.68) 2.60a

Cu@SiNT 1.0 1.89 (2.78) �4.03 (�4.03) 2.56 (2.32) 2.30a

a Ref. [33].
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atoms is due to greater electronegativity of these atoms as com-
pared to the atoms of the nanotube, which results in charge
transfer within the interacting atoms of SiNT and wire leading the
change in band gap.

3.3. Electronic properties

To understand the electronic properties in encapsulated and
functionalized SiNTs with noble metal nanowires, electronic band
structure and corresponding PDOS and total DOS as a function of
energy have been plotted and are shown in Fig. 4. The electronic band
structures for various systems under study have been calculated
along the Γ–X direction of the Brillouin zone. Fig. 4 represents the
electronic band structure along with corresponding total as well as
partial DOS of encapsulated and functionalized SiNTs respectively. The
Fermi energy (Ef) has been set at 0 eV. On analyzing the electronic
band structure and corresponding DOS at the Fermi energy (N(Ef)),
we find that all the encapsulated/functionalized systems of SiNT are
metallic in nature. DOS figures show that the states in the vicinity of
Fermi energy are contributed mainly by the SiNT atoms which is
supported by the electronegativity difference between the nanowire
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Fig. 2. Plot for cohesive energy per atom as a function of the position of nanowire for encapsulated and functionalized systems of M@SiNT systems, where M¼Ag, Au and Cu
. Zero on the X-axis represents the surface of nanotube.

Table 2
The calculated Mulliken charge at the wire and SiNT has been shown. The þ ive
(� ive) sign in Mulliken charge indicate the deficiency (excess) of electrons.

System Mulliken charge
associated with
nanowire enc(fun)

Mulliken charge
associated with
SiNT enc(fun)

Electronegativity
(Pauling scale)

Ag ( s d5 41 10) �0.14 (�0.28) þ0.14 (þ0.28) 1.93

Au ( s d6 51 10) �0.03 (�0.14) þ0.03 (þ0.14) 2.54

Cu ( s d4 31 10) �0.78 (�1.11) þ0.78 (þ1.11) 1.90

Fig. 3. Charge density analysis for encapsulated and functionalized systems of M@SiNT systems; (a.1) side view, (a.2) cross-sectional view of M@SiNT(enc), (a.3) side view
and (a.4) cross-sectional view of M@SiNT(func) systems respectively, where M¼Ag, Au and Cu. Here red regions show charge accumulation, while the green regions
represent charge depletion. (For interpretation of the references to color in this figure caption, the reader is referred to the web version of this article.)
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and SiNT atoms. Electronic DOS shows no band gap, which implies
good conductivity. In comparison to the encapsulated/functionalized
systems under study, the pristine SiNT has been found to be direct
band semiconductor with a band gap of 0.18 eV [32].

Conductance. The quantum ballistic conductance of a system
under ideal situation can be determined by the number of bands
crossing the fermi energy (Ef) [38]. For each band crossing the Ef,
the ballistic conductance is G0 which results into a conductance of
nG0 for n number of bands crossing the Ef. Therefore, on counting
the number of bands (Fig. 4) crossing the Ef in the electronic band
structure of the different nanosystems we find that the con-
ductance is 2G0 for Ag@SiNT, Au@SiNT and Cu@SiNT encapsulated
systems. It is 1G0 and 2G0 for Ag@SiNT(func) and Au@SiNT(func)
respectively (Table 3). In comparison to encapsulated and func-
tionalized systems under study the pristine SiNT is found to be
semiconducting in nature with no band crossing [32] i.e. having
conductance 0G0, while all pristine nanowires of Ag, Au and Cu
have conductance 1G0 [39]. Thus, on account of functionalization/
encapsulation SiNT atoms create their atomic states around Fermi
energy, which enhance the electric conductivity of the nanotube.
The maximum value of conductance is 4G0 for Cu@SiNT(func)
system, which is supported by larger value of Mulliken charge
associated with this system.

3.4. Optical properties

The dielectric functions (ϵ1 and ϵ2), electron energy loss spectra
(EELS) and reflectance spectra for the systems under study have
been shown in Fig. 5. Here, we intend to discuss the results related
to the dielectric function (real (ϵ1) and imaginary part (ϵ2)), EELS
and reflectance spectra (R) for encapsulated and functionalized
SiNT with nanowires of Ag, Au and Cu metals and a comparison
with the corresponding pristine nanowire and pristine nanotube
has been made. When ϵ1 approaches to zero, we observe a sharp
resonance peak in EELS. The plasmon frequency corresponding to
these resonance peaks has been listed in Table 4. The plasmon
frequency for Ag@SiNT, Au@SiNT and Cu@SiNT(func) systems lies
between 0.16 and 0.46 eV an infrared region (0.00124–1.6531 eV)
whereas it is 1.75 eV for Cu@SiNT(enc) systems, which lies in the

Fig. 4. Electronic band structure and corresponding total and partial DOS for encapsulated and functionalized SiNTs.

Table 3
A list of number of channels crossing the Fermi energy N E( ( ))F and the value of
band gap for the systems under study.

System N E( )F (enc) N E( )F (func)

Ag@SiNT 2 1
Au@SiNT 2 2
Cu@SiNT 2 4
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visible part of the spectrum (1.6531–3.2627 eV). It is worth men-
tioning here that pristine SiNT has 0.50 eV of plasmon frequency
which belongs to infrared region (0.00124–1.6531 eV) [32]. The
structural peaks associated with ϵ2 are on account of interband
transitions across Ef in the corresponding electronic band struc-
ture. Both encapsulated and functionalized systems of Ag@SiNT
and Au@SiNT were observed to have three peaks associated with
(ϵ2), whereas the encapsulated and functionalized systems of
Cu@SiNT were found to have two peaks each. In comparison the

pristine SiNT and pristine nanowires under study have been found
to possess three peaks each [32,33]. These peaks indicate the in-
terband transitions in the corresponding electronic band structure.

Electron Energy Loss Spectra(EELS). EELS show sharp resonance
peaks for the encapsulated and functionalized systems under
study. The encapsulated and functionalized systems of Ag@SiNT
and Au@SiNT are found to have two peaks each in comparison to
one peak for Cu@SiNT system. These peaks correspond to the loss
of electron energy due to the probability of inelastic scattering of
light with the electrons. From Fig. 5 it follows that real part of the
dielectric function ϵ1 has zero value at the EELS peaks positions.
Thus these peaks represent the collective excitation of electrons
(plasmons) at these energies. The plasmon frequencies (in eV) for
the systems under study and the corresponding pristine counter-
part are listed in the Table 4. The value of plasmon frequency in-
creases for copper nanowire encapsulation and functionalization
only, which lies in the visible region in comparison to the corre-
sponding pristine nanowire an infrared region [33].

Reflectance spectra. The reflectance spectra for the systems
under study have been shown in Fig. 5. It is found that reflectance
spectra show sharp dip corresponding to the point at which ϵ1
cuts the zero axis and EELS shows resonance peak. This strong
minima in the reflectance spectra corresponds to the collective
excitation of electrons and this sudden change reveals reflectance
edge. The reflectance edge for all the systems is found to be in
infrared region (0.00124 eV–1.6532 eV). The decrease in the

Fig. 5. Real part of the dielectric function (ϵ1), imaginary part of the dielectric function (ϵ2), EELS spectra and reflectance spectra for encapsulated and functional SiNT with
nanowires of the metals under study have been shown.

Table 4
A comparison of position of the peak (ϵ2) and ωp (eV) for the systems under study
and corresponding pristine nanowires. Here NW refers to nanowire.

System Position of the peak (ϵ2) ωp (eV)

Ag@SiNT(enc) 0.60, 1.32, 3.72 0.20, 1.83
Ag@SiNT(func) 0.60, 1.32, 3.74 0.16, 1.81
Au@SiNT(enc) 0.57, 1.31, 3.78 0.22, 1.88
Au@SiNT(fun) 0.68, 1.31, 3.78 0.38, 1.88
Cu@SiNT(enc) 1.33, 3.78 1.75
Cu@SiNT(fun) 1.32, 3.78 0.46, 1.75
SiNT(pristine) 0.21b, 1.33b, 3.85b 0.50b, 1.82b

Ag NW(pristine) 3.27a, 5.39a 0.71a

Au NW(pristine) 1.83a, 5.13a 0.69a, 2.12a

Cu NW(pristine) 1.34a, 3.20a 0.68a

a Ref. [33].
b Ref. [32].

S. Kumar Chandel et al. / Physica E 68 (2015) 1–76



position of reflectance edge of the systems under study w.r.t.
pristine nanowire has been shown in Table 5. The decreasing order
for reflectance is Au@SiNT Cu@SiNT Ag@SiNT> > and pristine
SiNT. It is concluded that all the encapsulated systems show re-
flectivity in the IR region and behave as a non-absorbing trans-
parent conductor in the visible region. In comparison the pristine
SiNT shows semiconducting nature and due to this reason do not
show reflecting properties [32]. The band gap lies in the infrared
region and this semiconducting system absorbs all the radiations
larger than the band gap and hence appears to be blackish in color.

It has been found that Ag@SiNT(fun) system shows largest
decrease (86%), whereas smallest decrease is observed for Au@-
SiNT(enc) and Au@SiNT(enc) systems, i.e. 75%.

4. Conclusions

In comparison to pristine SiNT all the encapsulated and func-
tionalized systems in our study are found to be metallic in nature.
It is concluded that the conductance can be enhanced through
functionalization of Cu@SiNTs. On account of their enhanced
conductance in comparison to pristine SiNT all the encapsulated/
functionalized SiNTs can also be anticipated as a material for na-
noscale electronic devices, an ideal material for ballistic transport.
Mulliken population and charge density analysis show that there
is a net transfer of charge from SiNT atoms to metal atoms of
nanowires with more charge transfer in case of SiNT(fun) as
compared to SiNT(enc). It is also concluded that all the en-
capsulated and functionalized systems show reflectivity in the IR
region and behave as a non-absorbing transparent conductor in
the visible region. The decreasing order for reflectance is
Au@SiNT Cu@SiNT Ag@SiNT> > for both encapsulated and func-
tionalized SiNT.
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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.

Key words: Density functional theory (DFT), electronic properties,
mechanical properties, dielectric properties, noble-metal atomic
layers

INTRODUCTION

Noble metals in the form of nanoparticles,1

nanowires, nanorods, nanoclusters,2 and
nanosheets have attracted immense interest due
to their encouraging applications in the fields of
electronics,2 catalysis, photonics, and sensing.3,4 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
properties5–8 for application in nano-biosensing,9

surface-enhanced Raman spectroscopy (SERS),10,11

diagnostics,12 photothermal and therapeutic appli-
cations,13 generation of nanophotonic devices,14 and
related biological and medical fields.15,16 The optical

properties of metallic (Ag, Cu) nanoparticles (NPs)
embedded in glass matrices have received huge
attention from the viewpoints of basic research and
their applications.17,18

Noble metals in two-dimensional (2D) form with
thickness ranging from 10 nm to 500 nm possess
unusual physical19 and chemical properties20 due to
strong quantum confinement and surface effects.
Two-dimensional layers of noble metals have
numerous technological applications, e.g., in catal-
ysis,21,22 microelectromechanical and nanoelec-
tromechanical systems, as interconnects in
molecular circuits, sensors,23 plasmonics,24 devices
for surface-enhanced Raman spectroscopy (SERS),25

and the biomedical area.26 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.27
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Recently, experiments using gold nanolayers
were carried out, revealing promising applications
in next-generation electronic devices.28–33 Au mul-
tilayers have been used as stretchable electrodes for
organic-based electronic devices,34 displays,35 field-
effect transistors (FETs),36 and energy-related
devices.37 Similarly, experimentally synthesized
silver nanosheets38 have been found to be useful
for tuning surface-enhanced Raman spectroscopy
(SERS), metal-enhanced fluorescence, and as scan-
ning tunneling microscopy (STM) substrates.6 Addi-
tionally, layered Pt sheets show promise for
electrochemical conversion and catalysis.39 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.40

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,41 which uses
ab initio pseudopotential-based density functional
theory (DFT). We used well-tested42 Troullier–
Martins, norm-conserving relativistic pseudopoten-
tials43,44 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.45 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/
Å. A 40 9 40 9 1 Monkhorst–Pack46 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 Å 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

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.47,48 A 60 9 60 9 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

eDrude xð Þ ¼ x2
p=x xþ i � cð Þ; ð1Þ

where x2
p is calculated by the SIESTA code itself

and c is an empirical parameter, which is the

inverse of the relaxation time (s). The values of c
for Cu, Ag, Au, and Pt were taken as 0.001 Ha
(0.0272 eV), 0.0005 Ha (0.0136 eV), 0.003 Ha
(0.0686 eV), and 0.001 Ha (0.0272 eV), respec-
tively,49 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,4 the noble-metal mono- and bilayers

Table I. Calculated values of lattice parameter (a in Å), binding energy (DEb in eV, all values negative but
minus sign omitted) for bilayers, interlayer spacing (Dd in Å), and covalency metric (Cd in eV)

Property System Cu Ag Au Pt

a (Å) Bulk 3.69 (3.62)a 4.19 (4.09)a 4.20 (4.08)a 4.03 (3.93)a

Monolayer 4.05 4.71 4.61 4.31
Bilayer 4.17 4.73 4.69 4.43

DEb (eV) Bilayer 0.59 0.47 0.40 1.31
Dd (Å) Bilayer 2.83 2.79 2.45 2.55
Cd (eV) Monolayer �1.90 �0.77 �2.00 �2.28

Bilayer �1.56 �0.75 �1.69 �1.56

aRef. 42.

Fig. 2. Binding energy (eV) versus interlayer spacing (Å) 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 (fcc), as the studied noble metals stabilize in
fcc 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.49,50 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

DEb ¼ Ebilayer � 2Emonolayer; ð2Þ

where Ebilayer and Emonolayer are the minimum values
of total energy of the bilayer and monolayer,
respectively, obtained from total energy versus
lattice constant plots. All values of DEb 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 Å, 2.79 Å, 2.45 Å, and
2.55 Å 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/Å3). Note that the charge density difference is
defined as Dq ¼ qtotal � ðqlayer1 þ qlayer2Þ. Red regions

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
0 eV.
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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 binding 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

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.53 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 2G0, while in the corre-
sponding monolayers, four bands cross the Fermi
level, resulting in conductance of 4G0. The opposite

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
0 eV.
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trend was observed for Pt, for which the quantum
conductance decreases from 8G0 in bulk to 6G0 in
the monolayer and bilayer. This is attributed to the
different electronic arrangement of Pt. The value of
G0, i.e., the quantized unit of conductance, is 2e2/
h = 7.748 9 10�5 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 U and K high-symmetry points are found to

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.
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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,54 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).55 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

Fig. 6. (a) Imaginary part (�2) and (b) real part (�1) 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 �2 (S0), plasmon frequency (xp), and reflectance edge [R(x)]
for all studied noble-metal monolayers and bilayers and their bulk systems

Property System Cu Ag Au Pt

S0 (�2) 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
xp (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
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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.56 and Yu et al.57 Sharp
peaks in the imaginary part of the dielectric func-
tion �2 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 �2 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 �2 peak positions
compared with the bulk counterparts (Table II),
which may be attributed to the quantum confine-
ment effect.53

Plasmon Frequency

The plasmon frequency (xp) 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 (�1) 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.53

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 �1 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:

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

� 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.

� The quantum ballistic conductance increased as
one moves from bulk in fcc 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.

� The monolayers and bilayers of Au, Ag, and Cu
exhibited a Dirac-cone-like feature, while the Pt
layers were metallic in 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.58

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

� The monolayers and bilayers of the studied noble
metals showed distinctly different positions of
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the structure peaks in �2 compared with the bulk
counterparts, due to the quantum confinement
effect.

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

� 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 fcc 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.49

These atomic layers of noble metals can be used as
stretchable electrodes for organic-based electronic
devices,34 displays,35 field-effect transistors (FETs),36

and energy-related devices,37 as well as being useful
for tuning surface-enhanced Raman spectroscopy
(SERS), metal-enhanced fluorescence, and as scan-
ning tunneling microscopy (STM) substrates.6
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A B S T R A C T

We present density functional theory (DFT) based comprehensive study of two-dimensional (2D) alloyed
monolayers of noble metals (AgCu, AgPt, AgAu, AuCu, AuPt and CuPt) in hexagonal phase within numerical
atomic orbitals and plane wave basis sets methods. The monolayers considered exhibit positive phonon fre-
quencies suggesting them to be dynamically stable. The Pt containing alloyed monolayers have superior
structural stability (binding energy and tensile strength) and exhibit metallic and ferromagnetic character
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

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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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 30meV 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/Å. A Monkhorst-Pack [46] of
50×50×1 k 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 Å along c axis to
avoid interactions between periodic images, were taken for the

calculations.
The dielectric properties have been calculated by using first-order

time-dependent perturbation theory as implemented in SIESTA code
[47,48]. A 90×90×3 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 τ 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± 0.5 V 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

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/Å3. 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.)

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
con-
stant
(Å)

4.34
(4.27)

4.33
(4.21)

4.69
(4.58)

4.47
(4.35)

4.53
(4.41)

4.19
(4.08)

Bond length
(Å)

2.53
(2.45)

2.50
(2.42)

2.64
(2.64)

2.55
(2.50)

2.57
(2.54)

2.37
(2.35)

Binding
energy
(eV)

−2.38
(−2.24)

−2.57
(−2.68)

−2.22
(−2.29)

−3.17
(−3.13)

−2.86
(−2.68)

−3.36
(−3.24)

P. Kapoor et al. Materials Science & Engineering B 228 (2018) 84–90

85



(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

= − +ρ ρ ρ ρΔ ( )total atom atom1 2 . 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 'Γ', '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

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 Γ-M-K-Γ 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

Table 2
The value of phonon frequencies at Γ, M and K high symmetry points for all studied alloyed monolayers.

System Phonon Frequencies (in cm−1)

at Γ 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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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 G0 which results into a conductance of nG0 for n number of
bands crossing the Fermi-level. The calculated quantum ballistic con-
ductance is G4 0 for AgPt, CuPt and AgCu systems while G6 0 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,

ferromagnetism can arise in a system if:

× ⩾I N 1Ef

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 NEf 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
(( = −↑ ↓μ Q Qb ), 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

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 (μb), 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
moment
(μb)

0.00
(0.0)

0.00
(0.0)

0.00
(0.0)

0.58
(0.57)

0.41
(0.36)

0.45
(0.51)

Tensile strength
(GPa)

1.77
(1.46)

1.97
(2.32)

1.49
(1.35)

2.49
(2.52)

1.86
(1.81)

2.64
(2.62)

Tensile strain
(%)

16 (14) 16 (14) 16 (14) 14 (14) 16 (14) 20 (14)
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resistance (NDR). NDR is a unique property occurring rarely in some
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].

3.6. Dielectric properties

Furthermore, real and imaginary parts of dielectric function ε1 and
ε2, 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 ε1

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.

Fig. 4. Simulated STM topographical images of a 11 Å×11 Å area of (a) AgCu, (b) AgPt, (c) CuPt, (d) AuCu, (e) AuPt and (f) AuAg alloyed monolayers respectively at± 0.5 V bias
voltage and an isosurface value of 0.00125 eV/Å3 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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approaches zero, we observe a sharp resonance peak in EELS, which
gives the value of plasmon frequency (ωp). The structural peaks asso-
ciated with ε2 are on account of inter-band transitions across Ef in the
corresponding electronic band structure. From the Table S5, it was
found that the structural peaks in ε2 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 (ωp) 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 (1.65 eV–3.2 eV) (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.

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

• 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.

• Pt-containing alloyed monolayers posses higher binding energy.

• 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.

• 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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