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ABSTRACT

We report structure and electronic properties of Au-Pd, Au-Pt and Au-Ag bimetallic atomic chains
absorbed on NiAl(110) and Cu(110) substrate. It is found that the presence of substrate significantly
influences the electronic structure of the chains. Atoms of single chains of Au-Pd, Au-Pt and Au-Ag
bind more strongly with Ni atoms of NiAl substrate, as compared with Cu atoms in Cu(110). The
interaction between chain atoms is found stronger than the chain-substrate atoms, when chains are
placed on Cu substrate, while it is other way round in case of chains on NiAl substrate. Effect of
change in positions of atoms in bimetallic chains in presence of substrate is studied by placing
double chains of Au-Pd, Au-Pt and Au-Ag on Cu (110) substrate in three different configurations. It
is found that Au-Pd and Au-Pt bimetallic chains stabilize in double zigzag topology, when placed on
Cu (110) substrate. While Au-Ag chains exhibit ladder topology on Cu(110) substrate.
Ferromagnetism that is observed in ground state of free standing chains of Au-Pd and Au-Pt is not
found when chains are absorbed on NiAl(110) and Cu(110) substrate. It is likely that the interaction
between chain and substrate atoms results to zero magnetic moment.

*Corresponding author: E-mail: mudra.msu@gmail.com;
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1. INTRODUCTION

One of the major goals of development of
nanomaterials has been the understanding of
how the system properties change on changing
the structure of a material at atomic scale.
Having known the interplay between structural,
electronic, transport, and mechanical properties
of atomic scale systems such as atomic chains,
clusters, and nanowires makes it possible to
manipulate different properties to design desired
atomic scale devices [1-5]. As compared to bulk,
atomic wires and clusters exhibit distinct
reactivity, unveiling suitable chemical properties
for catalysis applications [6,7]. Development of
atomic wire systems is a step forward towards
the ultimate miniaturization of electronic devices.

Two main experimental approaches have been
implemented successfully to manufacture 1D
structures. Formation of suspended metallic
chains of heavy transition metals using
mechanically  controllable  break junction
experiments is one of the approaches [8-10].
Other approach is the manipulation of atoms on
the substrate with the help of scanning tunneling
microscope that make one to several atoms thick
nanowires on the substrate [11-26]. Pioneering
work by Nilius et al. [13] on Au and Au-Pd chains
formed on NiAl(110) substrate has been followed
by a series of theoretical studies to get insight
into interplay between structure and electronic
properties.[14-24] A complete series of reports
by Miguel A have presented detailed study of
bond formation and charge transfer mechanism
for monomers and atomic chains of late transition
elements [21-24]. The most recent report along
these lines sheds light into change in structural
and electronic properties, on alloying these
atomic chains by single atom impurity of various
elements [24]. It has been reported that in case
of atomic chain made on a substrate, magnetism
of chain is highly influenced due to the weak
chain-surface hybridization [25-26]. For example,
Heinze et al. displayed that free standing
ferromagnetic Cr and Mn chains undergo the
transition ferromagnetic to antiferromagnetic
coupling when they are supported on Pd (110),
Ag(110), and NiAl(110) surfaces [25].

Despite a huge number of studies on 1D atomic
chains, two important aspects of atomic chains,
which are least explored, are; (a) how presence
of the substrates affect the structural, electronic
and magnetic properties of bimetallic chains, and

(b) does alloying of a chain modifies the
interactions between chain and substrate atoms.
In our earlier studies, we investigated electronic,
structural and magnetic properties of free
standing bimetallic atomic chains of Au-Pd, Au-Pt
and Au-Ag, using DFT based computations
[27,28]. It was found that free standing atomic
chains of Au-Pd and Au-Pt are magnetic and the
magnetic moment depends on number and
arrangement of Pd and Pt atoms in the chains. It
has also been seen that the most stable free
standing chain structures have zigzag geometry
and exhibit metallic properties.

How the presence of substrate surface
influences the electronic, structural and magnetic
properties of chain motivated us to take up study
of Au-Pd, Au-Pt and Au-Ag atomic chains
deposited on NiAl and Cu surfaces.

NiAl(110) and Cu(110) surface are most widely
and extensively studied for absorption of heavy
4d and 5d element.[13-26,29-32] However, there
have not been many studies that illustrate how
magnetic, electronic and transport properties of
bimetallic chains change when chains on a
substrate, as compared to free standing chains,
are considered. In other words, to what extend
electronic, magnetic and transport properties of a
bimetallic atomic chain are modified due to the
interactions between atoms of chain and
substrate? Study of effects of the substrate on
two different substrate which are most commonly
used for fabrication of one dimensional structure
is helpful in tailoring desired electronic, magnetic
and transport properties.

In this paper, we report structural, electronic and
magnetic properties of Au-Pd, Au-Pt and Au-Ag
atomic chains formed on NiAl(110) and Cu(110)
substrates. We compare our computed binding
energy of chains on two substrate and find that
total binding energy of all the three chains is
higher for the case of NiAl(110) substrate, as
compared to that for Cu(110) substrate.
However, interaction of chain atoms with the
substrate atoms is found higher for the case of
chains formed on Cu (110) substrate. The
computed projected density of states (DOS)
shows strong interactions of d-orbital of Pd and
Pt atoms of Au-Pd and Au-Pt chains with the d-
orbital of Ni atoms of NiAl(110) substrate. While,
Au atomic orbitals found to show almost no
interaction with the Ni atoms. On the other hand
Cu atomic orbitals, which are spread over wider
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energy range, shows good orbital overlap with
Au, Pd, Pt and Ag atoms. On comparing
computed results on electronic and magnetic
properties of chain-substrate systems with that of
free standing chains, we find that the magnetic
moment of Au-Pd and Au-Pt chains on NiAl(110)
and Cu(110) substrate vanishes due to
interaction of d-orbitals of Ni and Cu atoms with
that of chain atoms. The paper is divided into
four sections: Details of computation are reported
in section-2. Our computed results are discussed
in section-3, while conclusions are presented in
section-4.

2. COMPUTATIONAL DETAILS

We performed our computations with the use of

VASP code [33,34] that employs density
functional theory (DFT), with projector-
augmented wave (PAW) potential. [35] The
exchange—correlation interaction between

electrons are included through the spin-polarized
generalized gradient approximation (GGA) with
the Perdew—Burke—Ernzerhof (PBE)
functional. [36] The valence electrons are
described by a plane wave basis set using a
kinetic energy cut-off of 450 eV. The Brillion zone
for NiAI(110) and Cu(110) was sampled using a
6 x 16 x 1 and 7 x 16 x 1 k-points mesh,
respectively, generated by the Monk horst—Pack

[001]

[otT1]

scheme [37] with 0.1 eV smearing width in
Methfessel-Paxton method. Chosen K-points
sampling and kinetic energy cut off provide
convergence of 1 meV. Three-dimensional super
cell having chain along z-axis and a large
vacuum of 20 A along x-and y-directions to
separate the chain from periodic images and
interaction has been chosen for performing
computations. NiAl(110) substrate was modeled
using four layers of (4x2) super cell. Cu(110)
substrate was modeled using seven layers of
(5%2) super cell.

Bimetallic chains of Au-Pd, Au-Pt and Au-Ag are
modeled having alternating arrangement of Au
and Pd(Pt, Ag) atoms. Chain atoms are placed
on NiAl(110) and Cu(110) substrate along [001]
direction on Ni and Cu bridge sites, respectively.
On copper substrate in addition to chains having
alternating arrangement of Au-Pd(Pt or Ag), two
parallel chains structures of three possible
arrangements are placed on Cu bridge site as
shown in Fig. 1. To obtain relaxed geometry, first
two layers of both the substrates of NiAl(110)
and Cu(110) and atoms of chain were allowed to
change position in Conjugate Gradient
minimization scheme. Each chain/substrate

system has been fully relaxed until the Hellmann-
Feynman forces converged to a value less than
0.01 eV/A per atom.

Fig. 1. Au-Pd, Au-Pt and Au-Ag chains over Cu (110) substrate (left side figure) and NiAl(110)
substrate (right side figure). The copper atoms are represented by reddish yellow spheres. Al
atoms are shown by light blue spheres while light grey spheres display Ni atoms in NiAl
substrate. The chains atoms are shown by blue (Pd (Pt, Ag)) and yellow (Au) spheres,
respectively, when are placed chain on substrates. The rectangle is the supercell used for the
calculation
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3. RESULTS AND DISCUSSION

As compared to free standing bimetallic chains,
substrate-chain (bimetallic) system is expected to
have increased metal-metal interactions. In order
to study the effect of increased metal-metal
interactions on the structural, electronic and
magnetic properties of chains on a substrate, we
modeled two parallel chains of each of Au-Pd,
Au-Pt and Au-Ag on the substrates of NiAI(110
and Cu(110). When two parallel chains are
placed on the most stable Ni-bridge sites of
NiAI(110) substrate, the distance between the
two chains is found larger to observe any
notable interaction between the chains. In view of
this, we have modeled a two chain system
placed on Cu(110) substrate only. We further
found that there can be three possible
configurations for arranging two bimetallic chains
on Copper substrate. These are displayed in the
right panel of Fig. 2 and are termed as A, B and
C types.

3.1 Structure and Stability

3.1.1 Single chains on NiAl(110) and Cu(110)
substrate

To study how presence of substrate influences
the structural properties of bimetallic chains, we
compare our computed structure parameters of
chains made on NiAl(110) and Cu(110)
substrates with those of free standing atomic
chains. It has been affirmed from several past
studies that in case of NiAl(110) surface, Ni

xd
‘{*\T ?\Tji‘“

bridge site is energetically more favourable as
compared to Al bridge site [21-24], and [001] is
favoured direction for growth of a chain [21-24].
Ni bridge sites on NiAl(110) surface provides a
spacing of 2.89 A along [001] direction for chain
formation, which nearly matches with the nearest
neighbour distance in bulk structures of Au, Ag,
Pd and Pt. The nearest neighbour distances in
bulk structures of Au, Ag, Pd and Pt bulk
structure are; 2.88 A, 2.89 A, 2.75 A and 2.77 A,
respectively. Like NiAl(110) substrate, the [001] is
the most favoured direction of growth Cu(110)
too [29,30,32]. The available spacing for placing
the chain atoms along [001] direction is 2.54 A in
case of Cu(110) substrate, which is not very
different from interatomic distance for free
standing linear chains of Au-Pd (2.50 A), Au-Pt
(2.51 A) and Au-Ag (2.62 A).[38].

We find that the Pristine chains of Au, Ag, Pd
and Pt make linear structure over the substrate.
However alloyed chains of Au-Pd, Au-Pt and Au-
Ag do not exhibit linear structure when placed on
NiAl(110) and Cu(110) substrate. The alloy
chains make a zigzag structure that slight
deviates from linearity. The deviation is is
denoted by the angle ¢ for NiAl substrate and 6

for Copper substrate, which are reported in Table
1. The deviation from linearity can be attributed
to the difference in atomic radii of alloy atoms,
Au, Pd, Pt and Ag. Because of this difference in
atomic radii, each of these atoms in alloy sits at
different heights on the Ni or Cu troughs, which
results into zigzag geometry of bimetallic
chains.

a2
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Fig. 2. (i) Three different configurations, termed as A, B & C, of Bimetallic chains placed on
Cu(110) substrate. Relaxations of chain and substrate system yields three different possible
configurations termed as A, B & C (ii) Enlarged forms of chains without substrate are shown.

Grey atoms represent Pd(Pt, Ag), while Au atoms are shown by yellow spheres



Dave and Sharma; AJOPACS, 8(3): 7-18, 2020; Article no.AJOPACS.60385

Table 1. Our computed inter atomic distances (d), bond angle (¢,8), for the single chain placed
on NiAl(110) and Cu(110) substrate respectively are reported here. Magnetic moment of free
standing chain (p) is also listed in the table

dAl-Au  dNi-Au dCu- dAl- ddNi- dcu- @ o M
(A) (A) Au  Pd(Pt, Pd(Pt,Ag) Pd(Pt, (uBlato
(A) Ag) (A) (A) Ag) (A) m)
AuPd 276 2.58 265 265 255 2.57 178" 174" 042
AuPt 280 2.59 268 258 2.54 2.53 173° 170°  0.62
AuAg  2.79 257 265 2.92 2.62 2.72 174° 175" -

Table 2. Computed values of E¢.s and Ec.c for single chains on NiAl(110) and Cu(110)
substrates shown Fig. 1

Eg(eV/atom) Ec.s(eV/atom) Ec.c(eV/atom)
NiAl + AuPd -3.55 -2.39 -1.17
NiAl + AuPt -4.38 -2.88 -1.50
NiAl + AuAg -2.88 -1.53 -1.35
Cu + AuPd -3.43 -1.96 -1.47
Cu + AuPt -3.86 -2.33 -1.53
Cu + AuAg -2.79 -1.32 -1.47

The interatomic distance between chain atoms
and substrate atoms along with interaction
energy and PDOS give an idea about nature of
bonding and comparative strength of the
bonding. A stronger bond has shorter interatomic
distance, higher binding energy and better orbital
overlap.

Observing interatomic distance of chain atoms
and substrate atoms from Table 1 it can be said
that AuPt chains bonds most strongly with the
substrate compared to AuPd and AuAg chains.

Stability of a structure is described in terms of
Binding energy (EB) and interaction energy of

the structure. The Ez can be expressed as sum

of two contributions coming from chain-substrate
EC_S , and chain-chain, Ec.cinteractions. Thus ;
Eg=Ecs+ EC-C, where

_ Etot=Esurf—Eadats
EC—S -
Nat
Eadats—NatXEadats
Nat

(1M

Ecc= (2)

Our computed values of Ec_s and Ec.¢ for various
chain configurations use of Eqns.(1) and (2) are
reported in Table 2, which is given below :

As is seen from Table 3, the chain-substrate
interaction energy (Ec.s) shows higher magnitude
when NiAl(110) substrate is taken in place of
Cu(110) substrate. The bond formation of Au-Pd,
Au-Pt and Au-Ag atoms in the chains is stronger

11

with Ni atoms of NiAl(110) substrate, as
compared to that with Cu atoms in Cu(110)
substrate. Further, among the three bimetallic
chains, Au-Pt chain exhibit highest magnitude of
binding energy, followed by Au-Pd and Au-Ag
chains in both the cases of substrates. We find
this consistent with the past calculations on
single atom chains of Pt, Au, Pd and Ag made on
NiAl(110) and Cu(110) substrates [23]. It has
been found that the tendency of chain formation
is highest for Pt followed by Au, Pd and Ag
atoms. It is to be noted from Table 3 that except
Au-Ag chains on Cu(110) substrate, all other
bimetallic single chains on a substrate show
smaller magnitude of Ecc than that of Ecs,
suggesting a stronger interaction between atoms
of chain and substrate, rather than interaction
between the atoms of a chain. Another important
observation that can be made from Table 2 is
that bimetallic chains bind more strongly with

NiAl(110) substrate than that with Cu(110)

substrate.

3.1.2 Double zigzag chains on Cu(110)
substrate

We also studied the change in structure and
energetics for a system of two parallel chains of
Au-Pd, Au-Pt and Au-Ag placed over copper
substrate. As is shown in Fig. 2, two single
chains can be placed on copper substrate in
three different manners. After relaxation of chain-
substrate system, we found that double zigzag
structures or ladder structure geometries
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emerge, depending on the configuration of
atoms, which are depicted in the figure.

The interatomic distances a’l,af2 and d3, and the

bond angle 8, which characterize the equilibrium
geometries shown in Fig. 2, are reported in Table
2. The d; and d;denotes the distance between
atoms of two different chains, while d,
represents the distance between atoms of the
same chain. Since the atoms of the same chain
occupies equivalent Cu bridge sites, is found
almost same for all structures and it is of the
order of supercell parameter 2.54 A for most of

the structures. However, d2 values are larger

than 2.54 A (<2.64 A) for A-type structures of
AuPd (2.64 A) and AuPtA (263 A). This

increased value of dz is responsible for the

double zigzag geometry of the A-types of AuPd
and AuPt chains over Cu(110) substrate as can
be seen from Fig. 2.

Our computed values of Eg, Ecc and Ecs for
double zigzag structure chains over Cu(110)
substrate are given in Table 4. As is seen from
the table, binding of chain atoms with substrate is
strongest in case of Au-Pt and weakest for Au-

Ag. Also, chain-chain atoms bind more strongly
than chain-substrate atoms. We also notice from
table that for all three cases of Au-Pt, Au-Pd and
Au-Ag, binding energies show the trend; type-
A>type-B>type-C suggesting that the type-A
structure are most stable.

3.2 Electronic and Magnetic Properties

Strength of a bond can be deduced from the
projected density of states (PDOS) plots. Major
overlap of orbitals indicates a stronger covalent
character of the bond. Our computed PDOS of
bimetallic chains on NiAl and Cu substrates are
plotted in Figs. 3 to 6. These figures also exhibit
the PDOS for free standing chains of Au-Pt, Au-
Pd and Au-Ag. On comparing PDOS of chain
over substrate with those of free standing chains,
we find that the PDOS, which are confined to
narrow energy range with higher peak values in
case of free standing chain, are transformed to
those that have enlarged energy range and
smaller peak heights when chains are formed on
the substrates. It suggest suggests that the one
dimensional character that is observed electronic
properties of free standing atomic chains tends to
quasi-one dimensional when chains are placed
over the substrate.

Table 3. Inter atomic distances (dl,a’2 & d3), and bond angle (8), for double zigzag chains on
Cu(110) substrate , which is exhibited in Fig. 2

d1(A) d2(A) d(A) P M (uB/atom)

AuPd (A) 278 2.64 278 148° 0.23
AuPd (B) 2.90 2.55 2.71 170° 0.05
AuPd (C) 2.74 2.56 255 163° 0.23
AuPt (A) 2.81 2.63 2.81 150° 0.41
AuPt (B) 3.17 2.56 2.61 166° 0.08
AuPt (C) 2.77 2.56 2.54 167" 0.09
AuAg (A) 2.84 2.54 2.84 178" -

AuAg (B) 2.84 2.55 2.91 170° -

AuAg (C) 2.90 2.54 2.54 179" -

Table 4. Computed values of Ec.s and Ec_¢ for double zigzag chains/Cu(110) system as
exhibited in Fig. 2

Eg(eV/atom) Ec_s(eV/atom) Ec.c(eV/atom)
Cu + AuPd (A) -3.49 -1.51 -1.98
Cu + AuPd (B) -3.45 -1.55 -1.89
Cu + AuPd (C) -3.41 -1.43 -1.98
Cu + AuPt (A) -4.25 -1.73 -2.52
Cu + AuPt (B) -4.23 -1.63 -2.60
Cu + AuPt (C) -4.19 -1.68 -2.51
Cu + AuAg (A) -2.81 -1.06 -1.75
Cu + AuAg (B) -2.81 -1.13 -1.68
Cu + AuAg (C) -2.78 -1.12 -1.66
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From the plots of PDOS, we also observe a
significant reduction in orbital overlap in atoms of
chain, when chains are formed on substrate,
rather than taking these as free standing chains.
The reduction in overlap of atomic orbitals, for
chains on substrates, is an indication of the
weakening of bond strength between chain
atoms. In case of chain on substrate, interaction
of chain atoms with substrate atoms are found
stronger, as compared to that between atoms of
chain. We further find that the magnetic moment
observed in free standing chains of Au-Pt and
Au-Pd is not seen when these bimetallic chains
are formed on NiAl(110) and Cu(110) substrates.
The important transition from magnetic state to
non- magnetic state can be understood from two
changes that are observed in DOS plot: (i)
Shifting of d-band edge away from Fermi level,
and ii) stronger interaction of Pd/ Pt atoms in
chain with the Ni/Cu atoms of the substrate, as
compared to interaction between Au and Pd or
Au and Pt atoms. Shifting of d-orbital away from

Fermi energy in chain-NiAl system lowers the
total density of states at Fermi level, and
neutralize spin polarization originated from
reduced dimension of Pd and Pt d-orbital.

3.2.1 Single chains on NiAl(110) and Cu(110)
substrate

Fig. 3 compares PDOS of single chains of Au-
Pd, Au-Pt and Au-Ag on NiAl(110) and Cu(110)
substrates with that of free standing chains. On
comparing PDOS of Au, Pd, Pt & Ag atoms with
those of Ni, Al and Cu in substrates, we find that
there is minimal overlap between Au atoms and
substrate atoms. On the other hand, Pd and Pt
atoms show larger overlap of orbitals with the
substrate atoms. For example, in case of Au-Pd
chains placed on NiAl(110) substrate, Pd atoms
show highest overlap with Ni atoms, while Au
atoms show negligible overlap with Ni and Al
atoms. While, Au and Pd atoms shows good
overlap with Copper atoms of Cu(110) substrate.

AuPd/NiAl(110) AuPd/Cu(110) AuPd

/ A

LI )
§ ——%&-—v—- — | B = = ::d g@_%; =
Vi : A

U i { 3

E(eV) E(eV) Elev)

AuPt/NiAl(110) AuPt

\

AuPt/Cu(110)

|

AV
2l

i

2o

Ni

R
VI
\

5 -5 -1 1 3 5
Cu
i‘: b

Efev)

Auhg/NiAl(110)

AuAg/Cu(110)

|y
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. DOS
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% e

| B Y
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Fig. 3. Projected density of states (PDOS) are plotted as function of energy for chain-NiAl(110),
chain-Cu(110) systems. The PDOS for free standing chains of Au-Pd, Au-Pt and Au-Ag are also
displayed in the figure
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On comparing PDOS of Au-Ag chains in
presence and absence of the NiAI(110) and
Cu(110) substrate, it is clearly seen that Au and
Ag atoms of the Au-Ag chains have good orbital
overlap in presence of NiAl(110) and Cu(110),
while free standing Au-Ag chains exhibit small
orbital interaction. We can thus infer that
presence of substrate enhances Au-Ag chain
formation possibility.

In our earlier work on free standing bimetallic
chains [28] we found that free standing chains of
Au-Pd and Au-Pt are magnetic and the magnetic
moment depends on the interatomic distance. In
this paper, to find the effect of substrate on the
magnetism of a chain, we performed spin
polarized calculations in presence and absence
of NiAI(110), and Cu(110) substrates for the
cases of Au-Pd and Au-Pt chains. It is observed
that in presence of the substrate the chains lose
its magnetism. The magnetic moment per atom
of free standing single chains of Au-Pd and Au-Pt

are reported in Table 1. Here, we would like to
notify that the magnetic moments of the chains,
in absence of the substrate, is not computed for
the ground state of the freestanding chains but it
is computed with the same interatomic distance,
as is in the chains on the substrate, which is
larger than the ground state interatomic
distances.

3.2.2 Double zigzag chain on Cu(110)

Figs. 4 to 6 display PDOS of Au-Pd, Au-Pt and
Au-Ag chains, respectively, on Cu(110) substrate
for three different configurations ( A,B &C) that
are shown in Fig.1. Like the case of single
chains, a refitting of PDOS from Fermi energy is
observed when double zigzag chain structures
are placed on copper substrate. This
refitting of PDOS results into lesser number of
states near the Fermi energy for the chain
substrate system, as compared to free standing
chains.

AuPd(A)/Cu(110) AuPd(A)
| LA™ ;
A"
M —
g : — =
~10 W{ E -5 g—
W cu -
“ w
Elev) Elev)
AuPd(B)/Cu(110) AuPd(B)
/A,"M‘“\/k )
8 “ Za ) | ® —
Qe = Mm,f e g ek 8l - B
E(EV) E(ev)
AuPd(C)/Cu(110) AuPd(C)
M}
Al
’ . ! =
& 2\ g —_—
~10 ‘"—W \ ﬂ 5 C:
v Li
Elev) e aEleVl

Fig. 4. PDOS for different configuration of Au-Pd double zigzag chains on Cu(110) substrate
(left panel) and corresponding free standing chains of Au-Pd(right panel). The structures are
exhibited in Fig. 2
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It is interesting to note that on comparing
different properties of bimetallic chains; we find
that the computed binding energies of the A, B
and C configurations do not differ much from
each other, while computed PDOS plots of one
structure significantly differ from those of other
structures. Fig. 4 shows PDOS of three types of
Au-Pd chain configurations on Cu (110)
substrate. As is noticed from the figure, overlap
of orbitals is more in case of type-C structure as
compared to types A and B configurations. This
trend is very different from that observed in case
of free standing chains, where orbital overlap of
Au and Pd(Pt, Ag) atoms found larger in type-A;
followed by type-B and type-C configurations.
Considering alloying point of view, type-A shows
highest degree of alloying, followed by type-B
and type-C.

Similar trend is observed in case of Au-Pt chains
on Cu(110) substrate, as is seen in Fig. 5. When
chains are placed over Cu(110) substrate, Cu-
atoms exhibit stronger bonding with the Pd and
Pt atoms in the Au-Pd and Au-Pt chains, as
compared to the bonding between different

atoms in double zigzag chains of Au-Pd and Au-
Pt. On comparing interaction among various
atoms of bimetallic chains on Cu(110) substrate,
we find that Au-Ag chains shows stronger
tendency of  alloying in presence of the
substrate. As is seen from Fig. 6, there is very
good orbital overlap of Au and Ag atoms for all
the three types in case of Au-Ag double chains
placed on Cu(110) substrate. It can therefore be
inferred that different types of atoms in chains
exhibit weaker bonding among themselves, as
compared to their bonding with substrate atoms
in case of double zigzag structures over the
substrate.

Our computed PDOS for types A, B and C of
double zigzag chains of Au-Ag on Cu (110)
substrate are plotted in Fig. 6. On comparing
Figs. 4 to 6, we find that the most stable alloyed
double zigzag chain structure on Cu (110)
substrate appears for the case of Au-Ag. Also,
the comparison between double zigzag and
single chains formed from Au-Ag atoms over Cu
(110) substrate, it is found that double zigzag
structures are fairly stable.
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Fig. 5. PDOS for different configurations of Au-Pt chains on Cu(110) substrate (left panel) and
for corresponding free standing chains of Au-Pt(right panel), whose geometries are as shown
in Fig. 2
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Fig. 6. PDOS for different configuration of Au-Ag chains on Cu (110) substrate (left panel) and
for corresponding free standing chains of Au-Ag (right panel). The geometries of structures
are shown in Fig. 2

It is found that the magnetic moment for both
single chain and double chains on the substrate
are zero. Unlike the case of single chains on the
substrate, where E._c is lower than Ec_s, one can
expect a nonzero magnetic moment for double
chin structure on substrate. Because, in the
case of double chains on Cu(110) substrate,
chain atom interaction energy, Ecc is higher
than Chain-Substrate interaction energy, Ec.s as
seen from Table 4. Thinking that the cancellation
of magnetic moment is resulted from higher
chain-substrate interaction, we expected some
magnetic moment for the cases of double chains
on Cu (110) substrate. However, we do not
observe any magnetic moment for all the three
configurations of types A,B and C of the double
chains of Au-Pd and Au-Pt.

4. CONCLUSION

To summarize, we studied structure and
electronic properties of bimetallic chains of Au-
Pd, Au-Pt and Au-Ag on two different substrates
of NiAl(110) and Cu(110). It is found that the
presence of NiAl and Cu substrates significantly
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influences the electronic structure of the chains.
Atoms of single chains of Au-Pd, Au-Pt and Au-
Ag bind more strongly with Ni atoms of NiAl
substrate, as compared with Cu atoms in Cu
(110). The interaction between chain atoms is
stronger than the chain-substrate atoms, when
chains are placed on Cu substrate, while it is
other way round in case of chains on NiAl
substrate. On comparing PDOS and interaction
energy of free standing chains of Au-Ag with that
of chains placed on the substrate, we find that
presence of substrate induces bond formation
between Au and Ag atoms which are otherwise
not possible in free standing situation.

Another significant change in the presence of the
substrate is shifting of d band away from Fermi
energy. To study further the effect of increased
chain atom interaction, we placed two chains on
Cu (110) substrate in three different
combinations, termed as A, B and C. It is found
that, Au-Pd and Au-Pt bimetallic chains are
stabilize in double zigzag topology, when placed
on Cu (110) substrate. While Au-Ag chains
exhibit ladder topology on Cu (110) substrate.
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The comparison of computed binding energy of
three structures, we find that A- type atoms have
higher binding energy, as compared to B and C
types, when placed on the substrate. Our
calculations also show that the magnetic moment
of the chain atoms vanish in presence of the
substrate. Our plots of interaction energy and
PDOS suggest that the magnetic moment is
cancelled out due to two reasons; (i) stronger
interaction of Pd(Pt) atoms with that of the
substrate , and (ii) shifting of orbital away from
fermi energy

ACKNOWLEDGEMENT
Ms. Mudra R. Dave acknowledges the financial

support received from UGC, New Delhi in form of
UGC-BSR fellowship.

COMPETING INTERESTS

Authors have declared that

interests exist.

no competing

REFERENCES

1. Kharche N, Manjari SR, Zhou Y, Gear RE,
Nayak SK. "A comparative study of
quantum transport properties of silver and
copper nanowires using first principles

calculations”, Journal of
Physics:Condensed Matter. 2011;23:085-
501.

2. Zhou Y, Sreekala S, Ajayan PM, Nayak
SK. "Resistance of copper nanowires and
comparison with carbon nanotube bundles
for interconnect applications using first
principles calculations" Journal of Physics:
Condensed Matter. 2008;20:095-209.

3. Negulyaev NN, Dorantes-D’avila J, et al.
"Alloying route to tailor giant magnetic
anisotropy in transition-metal nanowires"
Phys. Rev. B. 2013;87:054-425.

4. Nitzan A, Ratner MA. "Electron Transport

in Molecular Wire Junctions" Science.
2003;300:1384-1389.
5. Joachim C, Gimzewski JK, Aviram A.

"Electronics Using Hybrid-Molecular and
Mono-Molecular Devices" Nature.
2000;408:541-548.

6. Hutchings GJ, Haruta MA. "Golden Age of
Catalysis: A Perspective" Appl. Catal. A:
Gen. 2005;291:2-5.

7. Nascimento APF, San-Miguel MA, da Silva
EZ. "Unveiling the Origin of Oxygen Atomic
Impurities in Au Nanowires." Phys. Rev. B.
2014;89(8):085-417.

17

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Yanson Al, Rubio-Bollinger G, van den
Brom HE, Agrait N, van Ruitenbeek JM.
"Formation and Manipulation of a Metallic
Wire of Single Gold Atoms." Nature
(London). 1998;395:783-785.

Ohnishi H, Kondo Y, Takayanagi K.
"Quantized Conductance through
Individual Rows of Suspended Gold

Atoms." Nature. 1998;395:780-783.
Rubio-Bollinger G, Bahn S, Agrait N,
Jacobsen K, Vieira S. "Mechanical
Properties and Formation Mechanisms of a
Wire of Single Gold Atoms." Phys. Rev.
Lett. 2001;87:026-101.

Nuri Oncel. "Atomic chains on surfaces", J.
Phys.: Condens. Matter. 2008;20:393-001.
Danny EP. Vanpoucke. "Modeling 1D
structures on semiconductor surfaces:
synergy of theory and experiment" J.
Phys.: Condens. Matter. 2014;26:1330-
0125.

Nilius N, Wallis TM, Ho W. "Building Alloys
from Single Atoms:Au-Pd Chains on

NiAI(110)", J. Phys. Chem. B.
2004;108:14616-14619.
Nilius TM, Wallis Ho W. "Tailoring

electronic properties of atomic chains
assembled by STM", Appl. Phys. A.
2005;80:951-956.

Wallis TM, Nilius N, Mikaelian G, Ho W.
"Electronic properties of artificial Au chains
with individual Pd impurities", The Journal
of Chemical Physics. 2005;122:011-101.
Nilius N, Wallis TM, Persson M, Ho W.
"Interplay between Electronic Properties
and Inter atomic Spacing in Artificial Gold
Chains on NiAI(110)", J. Phys. Chem. C.
2014;118:29001-29006.

Calzolari A, Cavazzoni C, Nardelli MB.
"Electronic and Transport Properties of
Artificial Gold Chains", Phys. Rev. Lett.
2004;939.

Wu P, Yin N, Cheng W, Peng Li, Min
Huang. "Structure and electronic
properties of palladium chains supported
by NiAI(110): A first-principles study",
Comput. Mater. Sci. 2016;124:398—-402.
Arrigo Calzolari1 and Marco Buongiorno
Nardelli, "First principles theory of artificial
metal chains on NiAl(110) surface", Phy.
Rev. B 72. 2005;045416.

Crain JN, Himpsel FJ. "Low-dimensional
electronic states at silicon surfaces", Appl.
Phys. A. 2006;82:431-438.

Miguel A. San-Miguel, Edgard PM.
Amorim, da Silva EZ. "Adsorptionof Pd, Pt,
Cu, Ag, and Au Monomers on NiAl(110)



22.

23.

24.

25.

26.

27.

28.

20.

Dave and Sharma; AJOPACS, 8(3): 7-18, 2020; Article no.AJOPACS.60385

Surface: A Comparative Study from DFT

Calculations", J. Phys. Chem. A.
2014;118:5748-5755.
Miguel A. San-Miguel, Edgard PM.

Amorim, da Silva EZ. "NiAl (110) Surface
as a Template for Growing Transition Metal
Linear Atomic Chains: A DFT
Investigation", J. Phys. Chem. C. 2015;
119:2456-2461

Bruno Fedosse Zornio, Edison Zacarias da
Silva, Miguel Angel San-Miguel "Exploring
from ab initio calculations the structural
and electronic properties of supported
metal linear atomic chains on the NiAl(110)
surface", Theor Chem Acc. 2017;136:63
Bruno Fedosse Zornio, Edison Zacarias da
Silva, and Miguel Angel San-Miguel,
"Theoretical Insights into 1D Transition-
Metal Nanoalloys Grown on the NiAl(110)
Surface", ACS Omega. 2018;38819-8828.
Mokrousov Y, Bihlmayer G, Blugel S,
Heinze S. "Magnetic order and exchange
interactions in monoatomic 3d transition-
metal chains", Phys. Rev. B: Condens.
Matter. Phys. 2017;75:104-413.

Lu YH, Shi L, Zhang C, Feng YP. "Electric-
field control of magnetic states, charge
transfer, and patterning of adatoms on
graphene: First-principles density
functional theory calculations”, Phys. Rev.
B: Condens. Matter Phys. 2009;80:233-
410.

Mudra R. Dave, Sharma AC. "First
principles calculation of the structural,
electronic, and magnetic properties of Au-
Pd atomic chains", AIP Conference
Proceedings. 2015;1665:050-105.

Mudra R. Dave, Sharma AC. "Structure,
Stability and Electronic Properties of
bimetallic atomic chains of Au-Ag and Au-
Pt" Pramana — J. Phys. 2019;93:55.

Tung JC, Guo GY. "An ab initio study of
the magnetic and electronic properties of

30.

31.

32.

33.

34.

35.

36.

37.

38.

Fe, Co, and Ni nanowires on Cu(001)
surface", Computer Physics
Communications. 2011;182:84—-86.

Tsysar KM, Kolesnikov SV, Saletsky AM.
"Magnetization dynamics of mixed Co—Au
chains on Cu(110) substrate: Combined ab
initio and kinetic Monte Carlo study, Chin.
Phys. B. 2015;24(9):097-302

Tung JC, Wang YK, Guo GY. "Magnetic
anisotropy and spin-spiral wave in V, Cr
and Mn atomic chains on Cu(0 0 1)
surface: first principles calculations”, J.
Phys. D: Appl. Phys. 2011;44:205-003.
Poorva Singh, Tashi Nautiyal, Sushil
Auluck. "Electronic and optical properties
of free-standing and supported vanadium
nanowires", Journal Of Applied Physics.
2011;111:093506.

G. Kresse, J. Hafner, "Ab initio molecular
dynamics for open-shell transition metals”,
Phys. Rev. B. 1993;48:13115.

Kresse G, Furthmller J. "Efficiency of ab-
initio total energy calculations formetals
and semiconductors using a plane-wave
basis set", Comput. Mater. Sci. 1996;615.
Blochl PE. "Projector augmented-wave
method", Phys. Rev. B. 1994;50:17953;
Kresse G, Joubert D. "From ultrasoft
pseudo potentials to the projector
augmented- wave method", Phys. Rev. B.
1999;59:17958.

Perdew JP, Burke K, Ernzerhof M.
"Generalized Gradient  Approximation
Made Simple", Phys. Rev. Lett. 1996:773-
865.

Monkhorst HJ, Pack JD. "Special points for
Brillouin zone integrations", Phys. Rev. B.
1976;135-188.

Arun Kumar, Ashok Kumar, Ahluwalia PK.
"Topology dependent electronic and
dielectric properties of free standing
alloyed ultrathin nanowires of noble metals
Physica E. 2014;62:136—-146,

© 2020 Dave and Sharma; This is an Open Access article distributed under the terms of the Creative Commons Attribution
License (http://creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and reproduction in any
medium, provided the original work is properly cited.

Peer-review history:
The peer review history for this paper can be accessed here:
http://www.sdiarticle4.com/review-history/60385

18



