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Abstract

The present work is a theoretical study of the electronic properties of

alloyed double metal ring (ADMR) threaded by magnetic flux. The
system that takes into account in the study is consisting of two rings
connected parallel, with two different types of atomic sites. This work
having; two parts. The first part a calculation of the energy spectrum,
persistent current, Drude weight and low-field magnetic susceptibility of
ADMR by the tight-binding method. While the second part is a is a
computation of electronic properties of the alloyed double metal ring by
density functional theory (DFT). The latter part is considered as a
simulation of what was studied in the first part. The results, of our
proposed work show that the on-site energies for both types of atoms,
inter-ring coupling strength and hopping strengths play an important role
in controlling the electronic properties.

Keywords: persistent current; double metal ring; Drude weight; DFT.

1. Introduction
Over the last few decades, the phenomenon of a persistent current in
mesoscopic ring systems has received much attention because it's an
important role in understanding quantum coherence in such ring systems.
Quantum interference phenomena hase been observed in mesoscopic ring
systems in the presence of a magnetic flux, such as the Aharonov-Bohm
effect in the persistent currents, which never decay with time. The
persistent currents are generated from the quantum orbital motion of
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electrons in mesoscopic normal-metal rings threaded by a magnetic flux

[1,2].

Mesoscopic ring systems must have two important characteristics to
obtain the persistent current. Firstly, the size of the system must be
comparable to the phase coherence length of electrons. The secondly, the
system must be at sufficiently low temperature. These two conditions
arise from the fact that the average energy level spacing must be greater
than the thermal energy. The average energy level spacing increases as
the size of the system decreases and therefore the persistent current will
flow in the mesoscopic ring systems. As a result, the discrete of energy
levels plays important role in the flow persistent currents in mesoscopic
rings [3, 4].

The basic idea of the persistent current in a normal metal ring was first
proposed by Biittiker et al. in 1983 [5] and Blttiker in 1985 [6]. Several
theoretical and experimental studies have achieved to investigate
interesting characteristic features of persistent currents in different
mesoscopic geometries. Most of the geometrical structures that studied
are simple mesoscopic ring [3, 7-10], an array of mesoscopic rings [11],
mesoscopic cylinder [12-14], Mobius strip [15]. In these studies,
persistent currents have been calculated with respect to temperature [16,
17], electron—phonon interaction [18], electron correlation [19], Rashba
and Dresselhaus spin-orbit interactions [20, 21] electric field [22].

In the last decade, it has also been possible to fabricate noble metals in
different nanostructures such as metal rings [23, 24], nanowires [25],
nanoplates [26] and nanotubes [27]. The high cost and difficulty of saving
of noble metals made their use limited in nanotechnology. Mixing of
noble metals with earth-abundant metals has improved their properties
[28]. Alloyed noble metals have received special attention as a result of
their extensive applications in the field of nanotechnology [29, 30].
Noteworthy that the alloyed Cu-Au [31], Au-Ag [32] and Cu-Ag [33]
metals with much better properties than pristine metals have been
synthesized for applications in several fields like electronics,
optoelectronics and bio-sensing.
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This work consists of two parts; the first part present an analytical

method for studying the electronic properties of alloyed double metal ring
subjected to an Aharonov-Bohm flux. All the electronic properties in this
part, as the energy spectrum, persistent current, Drude weight and
magnetic susceptibility, are calculated by the tight-binding Hamiltonian
without interacting electrons. While second part of this work, we present
a computational study as simulate of the studied systems in the first part
by using density functional theory (DFT). The equilibrium geometries,
density of states and electronic properties of CugAug, CugAdge, and
AgeAug Systems are computed.

The outline of this article is as follows: The theoretical model is
presented in Sec. 2, including the model Hamiltonian of the ADMR. In
Sec. 3, explaineded the computational details of the second part has been
of this work. The results of the analytical and computational part are
discussed in Sec. 4. The conclusion is dedicated to Sec. 5.

2. Theoretical model

The considered system is illustrated in Fig. 1. ADMR is subjected to

Aharonov-Bohm flux, a lower ring consists of one type of atomic sites

different from atomic sites in the upper ring.
@

Fig. 1. Alloyed double metal ring, threaded by Aharonov-Bohm flux @, a
lower ring consists of one type of atomic sites different from atomic sites
in upper ring.

The tight binding Hamiltonian of the system is given by,
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where E,, and Ej, are the on-site energies of upper and lower rings,
respectively, t,,, and t;, are the nearest-neighbor hopping strengths of
upper and lower rings, respectively. While V represents inter-ring
coupling strength. a;f (a;) and b;r (bj) represent the creation(annihilation )
operators for an electron at the atomic sites in upper and lower ring,
respectively. The phase factors of ADMR are ¢, = ;—”f, where a =

a =0

up, lo, @ is magnetic flux threaded by upper and lower ring , ®, = h/e
represents the elementary flux quantum, the number of atomic sites in
each ring is N, which will be equal in both rings (N, = Ny, = Ni,).

1.3. Energy spectrum
In order to calculate the energy dispersion relation for ADMR, let us
begin with Hamiltonian (1).
By using Fourier transforms can be rewritten Eq. (1) in k-space,
H=Yal ap(Ep — 2ty COS qupa) + X bl by (E,, — 2ty cos qoa) —

VYi(al b e + blage=*e), 2)
where q,a = i{—”(n + 3) with (@ = up, lo). The quantized values of
a 0

wavevector k are given by ZNL; where a is the lattice spacing, n is a
guantum number and it is restricted within the range: —N/2 < n < N/2

[34].
The Eqg. 2 can be written as a matrix,
H
E,, — 2t,, COS qupa —Vetka a
= (af . ( T )( H®
K —Vetka E,, — 2t;, cos qpa) \bi

The dispersion relations of ADMR can be given by,
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E
(A+B)+/(A—B)2 + 4V?2
= > )
where A = E,;,, — 2ty cos qupa and B = E;, — 2t;, cos q;oa

(4)

2.3. Persistent current
At absolute zero temperature (T =0 K), the persistent current in the
ADMR described with fixed number of electrons N, is determined by
I

0E,
=" %0 ()
where E,(®) is the ground-state energy as a function of A-B flux &
[21].
Once we get the energy eigenvalues as a function of flux &, we can easily
calculate persistent current for individual energy eigenstates. It is simply
the first order derivative of energy with respect to the flux. Therefore, for
an n-th eigenstate we can write the expression for the current as,

1
I, = > I(Xup + X10)

+ (Xup - Xlo)(A - B)l
~ J(A—-B)2+4v2

(6)

where

Xo sin—

N,
)

+ EO> (7)
where, +ve or —ve sign in the current expression appears depending on the
choice of n i.e., in which sub-band the energy level exists, with n =
0,+1,+2, ... At absolute zero temperature, total persistent current I for a
particular filling N, is obtained by taking the sum of individual
contributions from the lowest N, energy eigenstates [34]. Therefore, the
total persistent current can be written as,

4 2T (
n
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It

Ne
= Z I, (8)

There are many properties can be investigated in this study. These are
including drude weight and Low-field magnetic susceptibility. The Drude
weight is the second derivative of ground-state energy, which is given
by,
D
N 02%E
T 4w 99?
While, low-field magnetic susceptibility at magnetic flux is given by,
x(®)
N3 9I(®D)
= T Aran (10)
16m? 9(P)
Evaluating the sign of y(®)lead to predict whether the current is
paramagnetic or diamagnetic in nature. Here we will determine y(®)
only in the limit y(®) — 0 since we are interested to know the magnetic
response in the low-field limit [35].
3. Computational method
In view of the good performance of density functional theory (DFT), we
were instigated to perform DFT calculations at the B3LYP level of theory
on all of the metal rings we studied using the standard Gaussian 09W
software package and GaussView 5.0 program [36]. The geometries of all
species were optimized at the Becke 3-parameter hybrid functional [37]
combined with the Lee-Yang-Parr correlation functional, abbreviated as
B3LYP level of density functional theory, using the LANL2DZ basis set.

%)

4. Results and discussion

All energies and coupling strengths between subsystems were measured
in units of t;, = 1eV where ¢ = e = h = 1. All calculations achieved for
non-interacting systems of electrons.

4.1. Energy spectrum
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The energy spectrum of ADMR plotted as a function of the magnetic flux

in Figs. 2-4 for different factors at zero temperature. The number of
atomic sites in each ring is selected N,,, = N;, = 10, this means that the
total size of ADMR is N = N,;, + N;, = 20. The parabola behavior of
the energy levels as functions of the magnetic flux is still retained. The
energy bands are symmetric in magnetic flux, due to the eigenenergies of
ADMR are symmetric in the wavevectore. Energy levels in energy
spectrum have maximum or minimum values with depends on the value
of magnetic flux either half-integer or integer.

L R I )

Fig. 2. Energy spectrum of double mesoscopic ring with t,,,, = 1, E,;, =
—1, V=1, and the number of sites in each ring N=10 (a) E;, = 0.5,
(b) Eyp =1, (c) Eyp = 1.5,(d) Ejp = 2.

In Fig. 2, the energy spectrum as a function of magnetic flux presented for
several values of E;, = 0.5,1,1.5,2. The upper and lower energy bands
shifted to the top and down, respectively. The upper energy band shifted
by 0.4, while the lower energy band moves into down by 0.07. This
means that changing the on-site energy E;, greatly affects the upper
energy band while its effect is slight on the lower energy band. This
behavior reverses when Ej, is constant and E;,, is changed.
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Fig. 3. Energy spectrum of double mesoscopic ring with t,,, = t;, = 1,
E,, = —1, V=1, and the number of sites N,,,, = Nj, = 10, (@) t,,, = 0.2,
(b) t,p = 0.4, (C) ty,, = 0.6, (d) t,, = 0.8.

While in Fig. 3, the range of the overlap zone obviously reduced as ¢,
decreased because bandwidth becomes narrow when t,,, decreased.
Noteworthy, energy spectrum shows that two different bands of energy
levels were appeared, and they are separated by a finite energy gap. This
energy gap is controllable by the two parameters. The first, energy gap
decreases when nearest-neighbor hopping strength t,,, increases due to
the increasing the probability of hopping the electron from an atomic site
to nearest neighbor with the same ring. The second, the increment of
inter-ring coupling lead to decreasing of energy gap because the
probability of hopping the electron from one ring to another ring will be
increase, as illustrated in Fig. 4. To deeply understand the effect of inter-
ring coupling strength on the behavior of the energy spectrum, it is
presented in Fig. 4 for several values = 0.5,1, 1.5 and 2 . The two energy
bands symmetrically shifted into the top and down, but the magnitude of
shift increases as follows 0.3, 0.4 and 0.45, when inter-ring coupling
strength increases as follows 1, 1.5 and 2.
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Fig. 4. Energy spectrum of double mesoscopic ring with t;, = t,,, = 1,
E,, = —Ey, = 1, and the number of sites N,,, = N,, = 10, (a) V=0.5, (b)
V=1, (c) V=15, (d) V=2.

4.2. Persistent current

The persistent current measured in units t;,,. The current-flux
characteristics for ADMR are presented in Figs. 5-9. The size of each ring
is Ny, = N, = 10 with the number of electrons N, = 6,7,8 and 9 in all
Figs. 5-7. The persistent current behaves as saw-tooth with sharp jumps at
integer or half-integer multiples of flux-quantum &, respectively. This
behavior can be obviously understood through the energy spectrum, we
have seen that at integer or half-integer multiples of flux-quantum, energy
levels have either a maximum or a minimum value, therefore it gives
vanishing behavior of persistent current at these specific values of ®.
Because the current is obtained by taking the first order derivative of
energy E(®) with respect to magnetic flux ®. The amplitudes of current
are clearly increasing when the on-site energies increase. The amplitude
of persistent current become 3, 2.4, 1.7, 0.9 at E=0.8 for the number of
electrons N, = 6,7,8 and 9, respectively as shown in Fig. 5.
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The effect t,,,, on the amplitude of persistent current is presented in Fig. 6.
The amplitude of current at ¢,,,, = 0.8 is up to 2.65, 2.25, 1.6 and 1.1 for
the number of electrons N, = 6,7,8 and 9, respectively.
In Fig.7, the persistent current plotted for several values of inter-ring
coupling strengths. The amplitude of persistent current at V = 0.8 is 2.5,
2.1, 1.5 and 0.8 for the number of electrons N, = 6,7,8and?9,
respectively.
The following observation shows the study of persistent current in non-
half-filled and half-filled case for several values of N, = 6,16,26 and
N, = 7,17,27 with ring size N, = Ny, = 26 and N, = N, = 27 as
indicated in Figs. 8(a) and 8(b), respectively. Both results indicate that the
amplitude of persistent current is increases when the number of electrons
increases.

@ . (b
=02 ——e-02
= ——E=0.4
2 — s
— —
g [} g )
1 -1
2 -2
-3 -3
1 0.5 1 0.5 0 0.5 1
(]
© ) 1
——E=0.2
15 150 o
—E=0.8
1 1t 1
05 .
—_ —
£ g
= s = -05f
4 ab
15 15

Fig. 5. Persistent current as a function of magnetic flux with N, = N,, =
10, t, =1,t,, =0.5, V=1, for several values of on-site energies
Ej, = —Ey, = 0.2,0.4,0.6,0.8. The number of electrons are (a) N, = 6
and (b) N, =7 (c) N, =8 (d) N, =9.
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The electrons hop to the nearest neighbor sites depending on three

important factors are t,,,, V and E. Altogether these factors enhance
electron hopping, which leads to conducting phase in non-half-filled case.
While electron hopping reduced as these factors decrease. The half-filled
case can be clearly observed at N, = 26 and N, = 27. The persistent
current is completely vanishes at N, = 26 and N, = 27 for even and odd
number of electrons, in half-filled case (N,, = Ny, =26 and Ny, =
Ny, = 27 ), respectively. This case exhibits an insulating phase. The
vanishing behavior of current can be understood as follows. The
probability of hopping the electron to the neighboring sites will disappear
because most atomic sites are occupied with electrons in half-filled case.
(a) (b)

3 . . . 3r
tup=0.2

(D)

——tup=0.2 ——tup=0.2

-1 -0.5 0 0.5 1 -1 -0.5 o 0.5 1
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Fig. 6. Persistent current as a function of magnetic flux with N,,, = N,, =

10, E, =-Ey, =1,t,=1, V=1 for several values of ¢,, =
0.2,0.4,0.6,0.8. The number of electrons are (a) N, = 6 and (b)N, =7
()N, =8() N, =09.

33


https://jutq.utq.edu.iq/index.php/main

University of Thi-Qar Journal Vol.14 No.y June 2019

Web Site: https://jutq.utq.edu.ig/index.php/main
Email: journal@jutq.utq.edu.iq

@ _(b)
—v=02 —=02
—v=0.4
2 2 — s
1 1
— —
\e'_ 0 g 0
E] -1
2 -z§
-3 -3
-1 -0.5 -1 -0.5 o 0.5 1
D
C
— , G
v=0.. —v=0.2
15 15 e
—v=0.8
1 1
05 05
—_ —
e 0 e 0
N— N—
05 05
-1 -1
15 15
2 . . . ] 2 . . . J
-1 0.5 0 0.5 1 -1 0.5 0 0.5 1
(0] (0]

Fig. 7. Persistent current as a function of magnetic flux with N, = N,, =
10, E,, = —Eyp = 1, t;, = 1,ty,, = 0.5, for several values of V=0.2, 0.4,
0.6, 0.8 .The number of electrons are (a) N, = 6 and (b)N, =7 (c) N, =
8(d)N, =09.
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Fig. 8. Persistent current as a function of magnetic flux with E;, =

—Eyup =1, tjp = typ =1,V = 1.The number of electrons are (a) even
N, = 6,16,26 with N, = N,,,, =26 and (b) odd N, =7,17,27 with
Nio = Ny = 27.

7 - @ I(even)
B I(odd)

Imax
£ 6]
1

Fig. 9. Variation of persistent current as a function of ring size N with
E,=—-E, =1V =1t,=t,, =1 The even and odd number of
electrons are analyzed depending on N, = 4 and 3, respectively.

The variation of I,,,,, as a function of ring size is presented in Fig. 9. The
maximum absolute value of current amplitude I,,,, obtained from the
current-flux curve as a function of ring size is presented in Fig. 10. A
scaling relation I,,,,, = DN~% based by depending on the maximum
absolute values of the current amplitude, in order to investigate
asymptotic behavior of persistent current with ring size. The exponent «
becomes 1.495 and 1.053 in case odd and even number of electrons,
respectively. Whereas factor D depends on system size where D=81.629

and D=30.357 for the odd and even number of electrons, respectively. These
curves show that persistent current decays algebraically with increasing system size.

4.3. Drude weight

In order to determine the nature of conducting of considered system, we
presented the Drude weight as a function of the ring size in Fig. 10. The
Drude weight curves for several values of t,,, = 0.2,0.4,0.6 and 0.8 are
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calculated at N=4n+2 with the number of electrons N, = 10 at ¢ — 0.

The curves are distinct at the small sizes of rings. However, the curves at
tup small are vanishing faster than that at t,, large. The vanishing
behavior of Drude weight shows the crossing of the system from the
conducting phase to the insulating phase.

tup=0.2

Drude weight

2 1‘1 (; ill 1;) 1’;2 1:1 1; 1; 210 22
Fig. 10. Drude weight as a function of the ring size, E,, = —Ey;, = 1,
V=1, t, = 1, N, = 10. For t,, = 0.2,0.4,0.6,0.8.
4.4. Low-field magnetic susceptibility
The current can be controlled whether is paramagnetic or diamagnetic
by calculating low-field magnetic susceptibility at & — 0. In Fig. 11, the
total magnetic susceptibility with the quantum number n, which lies in the

range e cp< e plotted as a function of N, , where N, represents

2 2
the number of electrons. The low-field magnetic susceptibility has

diamagnetic behavior at & — 0, which means only diamagnetic persistent
current in ADMR. To understand this behavior, the Fig. 11 can be
compared with Figs. 5(a) and 5(b), the persistent current has a negative
slope at ® = 0, which means diamagnetic persistent current.

36


https://jutq.utq.edu.iq/index.php/main

University of Thi-Qar Journal Vol.14 No.y June 2019

Web Site: https://jutg.utg.edu.iq/index.php/main
Email: journal@jutq.utq.edu.iq

2000

-2000 -

-4000 -

-6000 -

Susceptibility

-8000 -

10000 -

-12000 [

_14000 1 Il 1 1 1 Il 1 1 1
0 10 20 30 40 50 60 70 80 90 100
Ne
Fig. 11. Low-field magnetic susceptibility as a function of the number of
electrons N, , Ej, = —Eyp, =1, V=L, £ =ty = 1.

3.5. Results of DFT

Before proceeding with calculating electronic properties, it is necessary to
get out the geometry optimization of the alloyed double metal rings. The
equilibrium geometries for all studied systems were optimized at the DFT
level of theory using a B3LYP functional together with the standard
LANL2DZ basis set. In order to deeply understand the changes in
electronic properties of the alloyed double metal rings, it is essential to
plot the electronic density of state (DOS) of the alloyed double metal
rings. The equilibrium geometries, DOS, HOMO plot and LUMO plot of
the alloyed double metal rings CugAug, CugAge, and AggAug are
computed as shown in Fig. 12. Since the DOS is associated with the
eigenenergies of the studied systems. The DOS is changed due to varying
the metal type.
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Fig. 12. Optimized structures, DOS spectrum, HOMO and LUMO plots
of alloyed double metal rings (a) Cus Aus, (b) Cus Age and (c) AgsAUs.

The energy of HOMO is often associated with the electron donating
ability of the studied system, whereas the energy of LUMO is associated
with the electron accepting ability of the studied system. Therefore, the
high value of HOMO shows a high contribution to donate electrons to
adequate acceptor molecule with low empty molecular orbital energy.
Likewise, the low value of LUMO shows a high contribution to accept
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electrons from the metal surface. The gap between the HOMO and

LUMO energy levels of the metal rings is another important character that
should be studied. Large values of the energy gap mean high electronic
stability and then low reactivity, but low values represent easily removing
an electron from the HOMO orbital to LUMO, which can lead to good.
The energy gap between HOMO and LUMO determines the chemical
stability of molecules. It is noted that the values of energy gap of alloyed
double metal rings are close. The energy gap varies in the following order
CugAug > CugAge > AgeAug. Therefore, these molecules could be
considered as the prototypical molecules for a whole series of cyclic all-
metal-containing metallacycles, thus establishing an important new field
in nanoelectronics.

Depending on HOMO and LUMO values for the studied systems, the
global chemical reactivity descriptors, such as electronegativity, chemical
hardness, chemical softness and electrophilicity are calculated as listed in
Table 1. The chemical hardness and softness are very important
parameters to describe the reactivity and stability of the molecules. Soft
molecules are more reactive than hard ones because they can easily offer
electrons. The AggAug ring acquired the highest value of chemical
softness with respect to its counterparts because it has the lowest value of
energy gap. Therefore, the AggAug ring may consider the more effective
system. The high stability of the metal rings is also reflected on the high
chemical hardness. According to the computed values, the stability of the
metal rings increases in order CugAug > CugAge > AgeAu, . Notice that
AgeAug rings, having much higher values of the electrophilicity, than
other rings, are stronger nucleophiles.

Table 1. The calculated data: HOMO energy, LUMO energy, energy gap
Eq, electronegativity (), chemical hardness (1), electrophilicity (w) and
softness (S) for the alloyed double metal ring. All energies measured in
eV units.

System  En EL Eq X n w S

CusAus  -5.421 -4.315 1.106 4.868 0.553 21.426 0.904
CusAgs -4.724 -3.669 1.055 4.196 0.527 16.704 0.948
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AgsAus  -5.308 -4.328 0.979 4.818 0.489 23.735 1.022

The energy gap is a key factor to enhance the electrical conductivity of a

Eg
2kBT) [38, 39],

where, o, kg,and T, are the conductivity, the Boltzmann’s constant, and
the temperature 298.14 K, respectively. Reducing the energy gap is an
important in the application of metal rings because of the new systems
have more reactive in charge transfer process and have good
semiconductor properties to use as nanoelectronic devices.

material, as shown in following relation ca exp (—

5. Conclusion

To summarize, the electronic properties of ADMR were examined in
dependence on the magnetic flux, which threaded the system. The two
different bands of energy levels are appearing in the energy spectrum, and
they are separated by a finite energy gap. This energy gap is tunable by
the two parameters are nearest-neighbor hopping t,, and inter-ring
coupling (V) strengths.
The amplitudes of persistent current clearly influenced by the three
parameters are on-site energy, nearest-neighbor hopping strength and
inter-ring coupling strength. The on-site energy is considered a more
effective parameter on the amplitude, while the inter-ring coupling
strength is the less effective parameter on the amplitude.
The energy gap, chemical hardness and softness are very important
parameters to describe the reactivity and stability of the studied systems.
Furthermore, the energy gap shows the semiconductor characteristic of
the studied systems. Thus, the AggAug ring may consider the more
effective system. Therefore, these systems establish an important new
field in nanoelectronics.
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