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Abstract

In this work, the tunneling current of adsorbed atom-sized quantum dot on metal surface with scanning tunneling
microscope (STM) is calculated using nonequilibrium Green’s function method of Keldysh. It is found that the
correction to the tunneling current is expressed in terms of the transmission probability, where the correction is negative
for the elastic part of the current and positive for the inelastic one. Depending on our calculations, we conclude that the
position of electronic state of quantum dot, the vibrational mode energy, the strength of electron-vibration coupling and
temperature, which important parameters to determine the physical features responsible for the processes concerned the
nanostructure that are performed on the solid surface.
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1. Introduction vibrational properties of a single adsorbate based on the
tunneling currents. This technique has opened a new

One of the ultimate goals in Nanoscience is a avenue of single adsorbate vibrational spectroscopy to
realization of atomic and molecular scale devices. identify the vibrational "fingerprints" of the chemical
Scanning tunneling microscopy/spectroscopy reactions at surfaces. In addition to the identification of
(STM/STS) a decisive technique to study the structural single adsorbed through vibrational fingerprint, it was
and electronic properties of surfaces and adsorbates demonstrated that the inelastic current may induce
with atomic spatial ™. Binnig et al. ™ proposed, soon dynamical motions of adsorbate including rotation,
after the invention of STM [, a strategy to explore the dissociation, desorption and diffusion [4-6]. These
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current-induced dynamic processes may be important
for a comprehensive understanding of the mechanism of
a single adsorbate manipulation processes [7]. Many
theoretical attempts have been made to elucidate the
elementary properties involved in the tunneling currents
of STM. Persson and Demuth [8] first discussed the
inelastic tunneling using Bardeen’s formula for electric
current. Later, Persson and Baratoff [9] developed a
theory of inelastic electron tunneling spectroscopy
(IETS) using an adsorbate-induced resonance model,
they predicted that the second derivative of the
tunneling current with respect to a bias voltage exhibits
a peak or dip depending on the energetic parameters of
the system such as the position and broadening of the
adsorbate induced resonance. Electron-vibration
interaction effects in tunneling junctions were also
studied by Caroli et al. [10], they derived analytical
expressions for elastic and inelastic currents based on
the nonequilibrium Green’s function method and
suggested a possible application to the internal
vibrations of adsorbate molecules. The calculation of
spatially resolved inelastic current was performed by
Mingo and Makoshi [10] using a linear combination of
atomic orbitals approach, and Lorente and Persson [12]
using density functional treatment. However effects of
vibrational damping rate on the inelastic current were
neglected in both studies. A refinement of theory of the
tunneling current of STM had been made by Tikhodeev
et al. [13] using Anderson Hamiltonian supplemented
with a phonon system using a nonequilibrium diagram
technique [14,15], they developed their theory to derive
the elastic and inelastic currents and a relation between
the inelastic fraction of tunneling current and the
vibrational damping. They concluded that the total
tunneling current either increases or decreases
depending upon the opening of the inelastic tunneling
channel.In this paper, we show that opening of the
inelastic channel influences the total tunneling current,
so that the total tunneling current at the threshold of the
vibrational excitation eV = hQ may change. Also, we
show that there is a competition between the elastic and
inelastic contributions to the tunneling current, where
the total correction is negative for elastic current and
positive for inelastic one. It is found that the positions
of the quantum dot electronic state, bias voltage, the
vibrational frequency, the strength of electron-vibration
coupling and temperature, all are involved in IET-
processes i.e. all of them determine the spectral features
of the tunneling current.
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2. Theory

The total system consists of subsystems, a
surface, a STM tip, a quantum dot (atom-sized) orbital
is adsorbed on the surface and a quantum dot's phonon,
whose energies (annihilation operators) are denoted
by Ex (Ci0), Ep (Cp), Eaot (Caot), and h2 (b)
respectively. For simplicity, only a single quantum dot
orbital and a single quantum dot phonon mode are taken
into consideration. The Hamiltonian is given by [9,13-
15]:

H :Zskc,fckJrZ E,C1C, +EgyyCh Cype +10 (NH )

+Z kdotc Cyoet huc. )‘l'Z pdotc Cgorthc)ty Cdot dor(bT‘I'b) (1)

The tip and surface systems are assumed to be in
thermal equilibrium at the temperature T and have
independent chemical potentials y; and pg respectively.
The difference corresponds to the bias voltage eV =
Us — H¢ . The finite bias voltage is necessary for real
vibrational excitations. The distribution function for
electrons of the tip and surface subsystems, n.(E) and
ng(E) are given by the Fermi distribution functions,

n,,(E) = {exp[gk Tm)-l- 1] (2)

Electronic tunneling matrix elements Vi qo¢ (surface-
quantum dot) and Vj, 4o (tip-quantum dot) give rise to
stationary current between the tip and the surface
through the quantum dot orbital. Temporal population
of electrons in the quantum dot orbital leads to the shift
of the quantum dot equilibrium position. This process
may induce dynamical motion of the quantum dot and
open inelastic tunneling channels via the vibrational
excitations and deexcitations. The electron-vibration
coupling constant is denoted by x. The resonant widths
caused by hybridization between the surface and the
qguantum dot (the tip and the quantum dot) are given by
As (At)'

Z\ el 0E-B) =4, ®

and the total resonant width is given by A= Ag + A, .
For simplicity, these are assumed to be independent of
energy i.e. we consider the wide-band limit [14].The
nonequilibrium process of the electron tunneling
between the tip and surface through the quantum dot
level is described by the Nonequilibrium Green’s
Function (NEGF) Method [16,17]. This method
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describes the dynamical and statistical properties of the
nonequilibrium system. So that we can find the
occupation numbers and the spectra changes which are
introduced into the system by the external action (the
tip-surface bias voltage) mediated by the interactions in
the system. NEGF method allows to go further and to
find not only the nonequilibrium quantum dot
population, but also the vibrational population [18].The
total stationary current I.(V) between the tip and
surface through the quantum dot as a function of bias
voltage in the stationary case (long after switching on of
the bias voltage) is given by [18-20]:

0= 2 22 48 ) [1,(8) (8] 0
where
()= = Im [E= By = 0(E) - Ego B ©)

Paot (E) is the full density of states (DOS) for electrons
in quantum dot state. The imaginary part of the second-
order retarded self-energy for electrons . (E) is given
by:

MBS, () =y’ J.dw pph(w] X {nph(w] [Paor E— w) + pgoe (B4 )]

H1 =14, (E = )] pyoe(E— ) + myp (E+ w) pype(E 4+ )} (6)

where ppp(w) and ny,(w) are the vibrational density
of states and the stationary distribution function for
phonons, respectively:

RO
) o ) ”
h -1 2
a0~ () T 0

X[, (E+ w) = n,(E+w)][n,(E)-n(E]] (8)

Eg. (8) includes the vibrational heating (in the second
term) by inelastic tunneling electrons [21]. The
vibrational damping rate y.,(w) due to electron-hole
excitation is given by:

) = [ 0E (B~ ng B+ )] X i (E)peE ) 6

where ng,. (E) is the stationary distribution function for
electrons,
b ny(E)+4,m,(E)

7 (10)

ndot(EJ =

Since ImZg..(E) is proportional to x?, the total
tunneling current can be decomposed into the terms of
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the zero and the second order of x . The elastic current
in zeroth order is given by [10,14,21]:

o _2e4h

ol _-h A J.dEpdor(E][ns(E)_n:(E]]

(11)

While the additional components of the elastic and the
inelastic currents in second order are, respectively,
given by:

A4,
A

1§ = (—anzh—e f E (pger(B)) ImE3,y(B) [y (B) ~ m,(E)] (12)

(2) ZEﬁsﬁ
in = 3{‘ AZ

so that

‘ J dE pgor(E) IS5 (E) [ (E) —n, (E)] (13)

L=1"4/@ where  1@=1P 4@ (14)
The elastic correction Ig) includes the process in which
an electron is tunneling elastically via the quantum dot
state from the surface to the tip emits and reabsorbs the
phonon energy w [10], it contributes to the inelastic

current and not to the elastic current. While the inelastic

contribution Ii(rf) corresponds to the tunneling process in
which an electron for an occupied surface state is
transported to an unoccupied tip state by emitting or
absorbing the phonon energy The inelastic
contribution is always positive, while the elastic one
gives always a reduction in the total tunneling current.
As a result of this competition, the influence of the

electron-vibration interaction on the elastic current Ig’)
is given by the second order correction to the total
current,

_2eb b,

I[Z) .
hoA°

f E Pgor(E)[1 = 27 Ay (E)] e (E) [ () —, ()] (£5)

which becomes positive or negative depending on the
sign of F(E),

AE
FE)=1-20 803 (E) =15 TCE) (16)
and,
A, A
I(£)= 4H’Ttpm(EJ (17)
where T(E) is the transmission probability

[22].Usually, the STM tip is made of tungsten while the
adsorbate and the surface is made in accordance with
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the objective and purpose for which the measurement
takes place. In this study the surface used is clean Cu
(100) with adsorbed atom-sized quantum dot. The
guantum dot is taken as a potential box with rigid walls
where energy states depend on the dimensions of the
box (Ly, Ly, L,). For a cubic potential box and
nondegenerate state ny = n, = n, =1 , the energy
states is given by the following relationship [23]:

3nthif 1
Em(LdDJ = ( )

* 2
Zm Ldor

(18)

Lgot represents the side length of the cube where
Lgot = Lx =Ly =L, and m"represent the effective
mass with m* = 0.06 m, , and m, represents the mass
of the electron.

3. Numerical Calculation

A numerical result is performed to: (i) calculate the
tunneling currents. (ii) study the competition between
the elastic and inelastic correction to the total tunneling
current. (iii) study how the tunneling currents are
change as a function of all the treatment's variables
especially the position of the quantum dot electronic
state Egot, the bias voltage eV, the vibrational
frequency (), the electron-vibration coupling x and the
temperature T at which the experiment is performed.
The tunneling currents calculations for the resonance
case is only presented. Fig. 1 shows 1 , 1® and I, that
are calculated numerically by using Egs. (11), (15) and
(14) respectively, for resonance case Egor = 0.0 meV
with T =15K,A=5meV,A;= 1000 meV and
hQ = 50 meV. The chemical potential of the surface
Er is chosen as the energy reference. It is found that 1§§’>
is independent of the electron-vibration coupling (see
Fig. 1a). while I®® decreases with rise of the electron-
vibration coupling strength (see Fig. 1b) when eV = hQ
i.e. the inelastic channel is opened. This inelastic
current adds to the elastic one, so that the total current
I; changes. I; is weakly dependent on the electron-

vibration coupling (see Fig. 1c), as a result IS’)
contribution to I is always greater. Fig. 2 , shows the
dependence of the tunneling current on the vibrational
frequency. The same previous remarks are concluded
for 19, 1® and I, that are shown in Fig. 1.In Fig. 3,
we check the dependence of tunneling currents on
temperature. It is clear from this figure that 10 , 1@

and I; are approximately independent on temperature,

but this conclusion is not accurate unless one knows the

behavior of (—1%’) and (I*) with temperature and

other variables mentioned above. Fig. 4 shows the
dependence of the elastic contribution (—IS)) and the

inelastic contribution (Ii(rf)) on the previous parameters,

It is found that:
1 1] =12 for |ev] < ha.
2.

1P| > 12 for |eV] > hQ, leading to the negative
correction to the total current.

The gradual increase in both [I2| and 1) below the

threshold at eV = hQ is due to the broadening of the

vibrational density of states. The elastic Ig) and

inelastic Ii(ﬁ) correction decrease with rise of the
vibrational frequency.

4. Conclusions

Depending on our the
conclusions are reported:

1- When the energy of tunneling electrons is
smaller than the vibrational energy hQ of the adsorbate,
no inelastic tunneling occurs. When V = hQ , the
inelastic channel becomes allowed.

2- An adsorbate overcomes the potential barrier by
vibrational activation through a competition between
gaining energy from the tunneling current and losing
energy to the electron-hole pair excitation.

3- The vibrational activation energy will be always
dominant especially at V> hQ.

4- Usually, at low temperatures where kT <« hQ),
the vibrational broadening is neglected. But it is taken
into consideration in our calculations.

5- The inelastic contribution is always positive,
while the elastic contribution causes always a reduction
in the total current. Therefore, the comparison between
the values of the contributions 12 and 1%’ for various
values of parameters is very important because it gives
an idea about the emission or absorption process to
excite a vibrational mode.

results, following
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Fig. 1: (a) The elastic current (Ig?)) for E o =
0.0meV, T = 15K, A= 5meV, A;= 1000 meV,
hQ = 50 meV. (b) The tunneling current (I®). (c) The

total tunneling cu+rrent ().
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Fig. 2: (a) The elastic current (1) for Egqo; =
0.0meV,T=15K , A="5meV, A= 1000 meV,
X = 500 meV. (b) The tunneling current (I®). (c) The
total tunneling current ().
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