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ABSTRACT

In this article, we study the effect of electron-electron interaction in a doped nano
cluster sandwich between two electrodes. The Hamiltonian of the cluster is written in
the tight-binding model and electrodes are described in the wide-band approximation.
The GW approximation has been used for the calculation of the exchange-correlation
term in the cluster region. Our results showed that in the presence of the electron-
electron interaction the transmittance gap increases and current decreases. Also, in a
doped nano structure the transmission decreases and many body effect becomes more
important. By considering the exchange-correlation in a doped nano cluster in the GW
approximation the transmission and current decrease drastically.
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INTRODUCTION

Transportation through a nano device is an interesting topic for theoretical
and experimental physicist [1-4]. In realistic systems the impurity effects are
Inevitable. The presence of an impurity in a nano system changes the electronic
and transport properties of the device. In the one particle approach and in a
tight binding approximation the Hamiltonian of cluster is written according to
the on-site and hopping term between nearest neighbors in the cluster. In this
approach the the impurity effects are limited in the change of tight binding
parameters. But due to the electron-electron and electron-phonon interactions in
the nano device, we face a complex many-body problem. The effect of elec-
tron-phonon interaction has been studied in previous works[5-8]; in this article,
the effect of electron-electron interaction in a doped nano device is studied. The
electron-electron interaction plays an important role in solids and responsible
for the coulomb blockade and the Kondo effects [9]. Based on the Born-
Openheimer approximation, the electronic and the ionic degrees of freedom are
decoupled. The Hartree and Hartree-Fock (HF) methods try to deals the elec-
tron-electron interactions as a one-particle term in the total Hamiltonian. The
Hartree method simply adds the classical repulsion to the one particle Hamilto-
nian. In the GW approximation the self-energy is approximated with the first
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term in the expansion. Many body effects beyond the GW approximation could
be important in the calculation of different properties of solids [10-12] but the
GW approximation is reliable in different calculations [1, 3, 13-15]. The HF
approximation contains the classical electrostatic and exchange potentials but
the GW approximation includes the correlation between electrons in solids
[16]. In this work we investigate the many body effect in a doped nano cluster.

MODEL AND RESULTS

We consider a typical nano cluster with 6 atoms and attach the left and
right electrodes to the cluster, as shown in Figure 1. At first the transport in a
pure and doped cluster in a one-particle approach has been investigated. The
total Hamiltonian of the above system contains the Hamiltonian of isolated
cluster, electrodes and the interaction between them.

Fig. 1- A pure and doped nano cluster with 6 point between two electrodes

The non-interacting part of the Hamiltonian is written in the nearest
neighbor tight-binding approximation as follows,

i+l,0 ~i,o i,0 ~i+l,o

Hye =326C,C 0 —1:(Cl 5C o + oG o) (1)

The index 1 runs over the cluster sites. The operatorCi,J(Ci,c) cre-
ates/annihilates a m electron with spin o at the i-th site of cluster. i is the onsite
energy of the i-th sites and ti denotes the hopping integral between two neigh-
boring sites. The effect of electrodes on the Hamiltonian is fully described by
specifying the self-energy of the left and right electrodes. By using the Keldysh
Green’s function technique, the current running between two electrodes,
through the cluster, is calculated by Meir-Wingreen relation [2, 17]. Neglecting
the interaction in the central region, the Mier-Wingreen relation is simplified to
the well-known Landauer-Biittiker formula [18, 19],

I(VB)=%+F0’60 T (o) [f (@)~ fr(®)] )



26 Nanomaterials: Applications and Properties (NAP-2011). Vol. 2, Part |

Wherefyr = [exp [B (® — pur)] + 1] is the Fermi distribution function in
the left/right electrode with chemical potentialpy g =€; + (eV;/2) and Fermi
energy €;. T(m) is the transmission coefficient as a function of energy for elec-
trons and can be written as follows,

T(w)=Tr[I' Gy ()T G5 (0)], A3)
where G; (w) is the retarded Green's function of the non-interacting sys-

tem and is defined as,
Gg(w):[wI—HOC—ZL—ZR]_I 4)

I'Lrrepresents the coupling between the cluster and left/right electrode. In
this article, the spin-flip process has been neglected and the self-energy of elec-
trodes has been simply described within the wide-band approximation. In this
approximation, the real part of self-energy is neglected and the imaginary part
of the self-energy operator is written in an energy-independent form as [5, 20],
21r=(-i1/2) T g. In the pure cluster we set =0, t=3.0ev,and in the doped
cluster for the dopant site we use g4 =-1, ty =2ev, and electrodes described
with the following parameters, I't = T'r = 0.066 t0. Figure 2 shows the current
voltage characteristic and transmission as functions of energy for the above
clusters. In both cases the transmission peaks are correspondent to the eigen-
value of the non-interacting system.
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Fig. 2— Current volt-voltage characteristic and transmission as a function of energy
for the case of (a) pure and (b) doped nano cluster

The symmetry around the Fermi energy in the pure cluster is due to the
symmetry of the Hamiltonian in the pure cluster. In the doped structure the
symmetry around the Fermi energy vanishes. By increasing the applied voltage
the energy window opens and the current increases. When a transmission peak
enters in the energy window, current increases more rapidly which leads to a
step-like form in the current-voltage curve. In the next step, we consider the
interacting cluster and study the effect of electron-electron interaction on the
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transport properties of a pure and doped 2D cluster in the Hartree and GoW,.
The quasi-particle equation for interacting electrons can be written as [21, 22],

[Hye +Vy I, (1)+ [2(r,r e, (r) dr =¥, (r) (5)
Where Vy is the electrostatic or Hartree potential of the electronic system
and X is the self-energy which is a non-local, energy-dependent and non-
hermitian operator containing all exchange and correlation effects beyond the
Hartree approximation. In the GW method, the time-ordered self-energy opera-
tor is approximated as [1, 23, 24],
S (1) =2L [ do Wr,r,0)Grr ,o-w)e ™ (6)
+00
Where G is the one-particle Green’s function, W is the dynamically
screened coulomb interaction and § is a positive infinitesimal. The GW method
can be considered as a generalization of the HF approximation, in which the
bare coulomb interaction vu(r,r")= 1/|r-1'|is replaced with the dynamically
screened interaction W. In this article, the Green’s function is approximated
with the non-interacting Green’s function [16, 22, 25]. The screened interaction
can be calculated in terms of the inverse dielectric function &by means of,

W (o) = [dr &, @) o) g

In the direct space, the dielectric function can be written ase = 1 — vP. In
its simplest form, the polarization operator P can be written in the independent
particle approximation as [25],

Y)Y (r)

o—(&;—¢)+in

P(r’r’w):Z(fi_fj) (8)
ij

Where; f; is the occupation of the i-th state and inis a small imaginary part
which leads to an imaginary part of P. The above equation for polarization is
the form of the random-phase approximation (RPA) first used by Lindhard for
the homogeneous electron gas [26, 27]. The imaginary part has peaks ind( & —
g1— E) which shows the conservation of energy in case of excitation of an
electron from state i to state j. The retarded Green’s function can be written as,

Ge(o)=[ol —(Hye +Vy -2 —Z% —ZGy ()] )

Where X, is the retarded self-energy operator due to the electron-

electron interaction. A. Ferretti and et al. proposed a Landauer-like expression
for current in the presence of many-body interactions as follows[2],



28 Nanomaterials: Applications and Properties (NAP-2011). Vol. 2, Part |

c,0 e’ r r r a
177 (Vg) =% [ do Tr [T} G ()R AGE (@)L f (@) = fr(@)]  (10)

We set A =1and restrict the changes in the definition of the retarded
Green’s function which is correspondent to the strong coupling with electrodes.
Figure 3 shows the transmission as a function of energy in the Hartree and GW
approximations.
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Fig. 3— Current volt-voltage characteristic and transmission as a function of energy in

the Hartree and GW approximation for the case of (a) pure and (b) doped nano cluster

In the Hartree approximation, the /in the equation 4 is replaced with
H,—H,+V, . In the Hartree model the transmission spectrum in the pure

cluster does not change. But the transmission for the doped cluster decreases
and transmission gap increases with respect to the non-interacting case. A com-
parison between the Hartree and GW appears the many body effects in the
cluster region. In the GW approximation the real part of self-energy shifts the
transmission peaks and increases the conductance gap. The imaginary part of
self-energy leads to decreasing transmission and broadening in the transmission
peaks. Figure 3 shows the current-voltage characteristic of the cluster in Har-
tree and GW approximation. The exchange-correlation term described in the
GW approximation decreases the transmission and current which is correspond
with an additional resistance in the cluster. In the doped nano cluster the elec-
trons are accumulate in the dopant site. As a result the many body effect be-
comes more important in a doped cluster, thus the transmission reduces drasti-
cally in the GW approximation.

CONCLUSIONS

Briefly speaking, we have considered a typical nano structure and have
studied the effect of electron-electron interaction on the transport properties in
Hartree and GW approximations. Our results showed that in the presence of e-e
interaction, conductance gap increases and current decreases. The reduction of
transmission and current is increases in a doped cluster.
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