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Abstract 

 

Quantum transport in a single molecular transistor device is studied at finite temperature in the presence 

of electron-electron and electron-phonon interactions and dissipation using the Anderson-Holstein-

Caldeira-Leggett model. The dissipation due to substrate is treated exactly by a canonical transformation 

and the electron-phonon interaction is eliminated by the Lang-Firsov transformation. Finally the effective 

Hamiltonian is studied using the Keldysh non-equilibrium Green function technique and the tunnelling 

current through the single molecular transistor is obtained at finite temperature.  
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1. Introduction 

 

Interest in the molecular-electronic devices like single molecular transistor (SMT) has been growing very 

rapidly because of the advances in the fabrication technology of nano-structures. An SMT is a voltage 

controlled electronic device that contains a central molecule or a Quantum dot (QD) characterized by 

discrete energy levels, connected to a source and drain (metallic leads) by tunnelling contacts. The first 

molecular electronics device was proposed theoretically in 1974 using a single organic molecule
1
 

connected to a source and a drain. Many research groups have studied the transport properties of an SMT 

device using different theoretical and numerical methods like kinetic equation method, rate equation 

approach, slave-boson mean-field method, modified perturbation method, numerical renormalization 

methodand non-equilibrium Green‟s function approaches (see Ref. 2 for references). In a recent work 

Raju and Chatterjee
2
 have studied the quantum dissipation effects on the transport properties of an SMT 

using the Keldysh non-equilibrium Green function technique at zero temperature. They have used the 

Anderson-Holstein model together with the Caldeira-Leggett (AHCL) term to describe the damping effect 

due to the substrate and they have shown that the electron-phonon (el-ph) interaction reduces the current 

density, but the damping rate enhances the current density.In the present work we study the quantum 

transport properties of an SMT at finite temperature using the Keldysh non-equilibrium Green function 

technique. 

2. Model 

 
We consider the AHCL model Hamiltonian to describe the SMT device which consists of a central QD 

coupled with two metallic leads acting as a source (S) and a drain (D).  The QD is assumed to have a 

single energy level  𝜀𝑑 , an on-site electron-electron (el-el) interaction with strength(𝑈), and also an on-

site interaction of the electrons with a single vibrational mode of frequency 𝜔0  with the coupling 
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strength𝜆. We also consider a hybridization term which gives hybridization of the local QD state with the 

continuum energy levels of two metallic leads (S and D). The system is embedded on an insulating 

substrate which acts as a heat-bath. Thus the phonons of the substrate interact with the phonon of the QD 

through a linear coupling which leads to a damping effect to the SMT device. 

 

 

 

 

 

 

 

 

 

 
FIG.1 Schematic diagram of an SMT device. 

 

 

The model Hamiltonian of the system is given by 
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where, the notations have their usual meaning.The linear oscillator–bath interaction is eliminated by 

performing a unitary transformation. As a result, the local phonon frequency gets renormalized to𝜔 0 =

  𝜔0
2 − Δ𝜔2 ,  whereΔ𝜔2 = 2𝜋𝛾𝜔𝑐 , 𝜔𝑐 being the cut-off frequency and 𝛾  the damping rate. The total 

transformed Hamiltonian reads as, 

 

𝐻 =  𝜀𝑘𝑛𝑘𝜍

𝑘𝜍𝜖𝑆,𝐷

+  (𝜀𝑑 − 𝑒𝑉𝑔)𝑛
𝑑𝜍

+ 𝑈𝑛𝑑↑𝑛𝑑↓ + ℏ𝜔 0𝑏
†𝑏

𝜍

 +  𝜆ℏ𝜔 0 𝑏
† + 𝑏  𝑛𝑑𝜍

𝜍

.                                         (2) 

 

Next the Lang-Firsov transformation
3
 is applied to Eq. (2) with the generator: 𝑆 = 𝜆 𝑏† − 𝑏  𝑛𝑑𝜍𝜍   to 

decouple the el-ph interaction term.  The effective Hamiltonian becomes  
 

𝐻𝑒𝑓𝑓 =  𝜀𝑘𝜍𝑛𝑘𝜍

𝑘𝜍∈𝑆,𝐷

+  𝜀 𝑑𝜍𝑛𝑑𝜍
𝜍

+ 𝑈 𝑛𝑑↑𝑛𝑑↓ +  𝑉 𝑘
𝑘𝜍∈𝑆,𝐷

 𝑐𝑘𝜍
† 𝑐𝑑𝜍 + 𝑕. 𝑐 ,                             (3) 

with,  

𝜀 𝑑𝜍 = 𝜀𝑑 − 𝑒𝑉𝐺 − 𝜆2ℏ𝜔0 ,    
 

𝑈 = 𝑈 − 𝜆2ℏ𝜔0 ,          
 

𝑉 𝑘 = 𝑉𝑘𝑒
𝜆 𝑏†−𝑏 .       

Using the Keldysh Green function technique, the tunneling current passing through the interacting region 

coupled to two metallic leads can be written as   
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𝐽 =
𝑒

2𝑕
  A𝑑𝜍  𝜔  𝑓𝑆Γ

𝑆 − 𝑓𝐷Γ
𝐷   + Γ𝑆 − Γ𝐷 𝐺<(𝜔) 𝑑𝜔,                                (4) 

where, 𝑓𝑆 𝐷  is the Fermi distribution function of the source (drain), Γ𝑆(𝐷) is the coupling strength 

between the QD and source (drain). Here we have considered symmetric coupling i.e.,Γ𝑆 = Γ𝐷 = Γ =

 Γ𝑆 + Γ𝐷 2 ,  so that we get 

 

Γ𝑆(𝐷) = 2𝜋𝜌𝑆 𝐷  𝜔  V𝑘  
2𝑒

−𝜆2 𝑓𝑝 +
1

2
 
 ,                                                                      (5) 

 

where, 𝜌𝑆 𝐷  𝜔  represents the density of states of the source (drain). The chemical potentials of the 

source and the drain are related to the bias and mid voltages as  𝑒𝑉𝐵 =  𝜇𝑆 − 𝜇𝐷 , 𝑎𝑛𝑑  𝑒𝑉𝑚 =

 𝜇𝑆 + 𝜇𝐷 /2 and the spectral functionA 𝜀 , which describes the possible excitation energy spectrum, can 

be written in terms of the Green functions as, 

 

𝐴𝑑𝜍  𝜀 =  𝑖𝐿𝑛  2𝜆2 𝑓𝑝 1 + 𝑓𝑝   𝐺 > 𝜀 − 𝑛ℏ𝜔 0   −   𝐺 < 𝜀 + 𝑛ℏ𝜔 0   ,                             (6)

∞

𝑛=−∞

 

 

where, 𝑛 is the number of phonons, 𝑓𝑝 = 1  𝑒𝛽ℏ𝜔 0 − 1  , 𝛽 = 1 𝑘𝐵𝑇 , and 
 

𝐿𝑛  2𝜆2 𝑓𝑝 1 + 𝑓𝑝  = 𝑒−𝜆2/2 2𝑓𝑝 +1 𝑒𝑛𝛽ℏ𝜔 0/2𝐼𝑛  2𝜆2 𝑓𝑝 1 + 𝑓𝑝  .                                (7) 

 

The lesser and greater Green functions can be written as,   
 

𝐺 > <  𝜀 = 𝐺 𝑑𝑑
𝑟  𝜀 Σ> <  𝜀 𝐺 𝑑𝑑

𝑎 (𝜀)  ,                                                            8  
where, 
 

Σ< 𝜀 = 𝑖 Γ 𝑓𝑆 𝜀 + 𝑓𝐷 𝜀   ,     Σ> 𝜀 = −𝑖 Γ 2 − (𝑓𝑆 𝜀 + 𝑓𝐷 𝜀 ) .                                    9  
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3. Results and Discussion 

 
 

 

 

  

 

 

 

 

 

 

 

FIG. 2 𝐽 𝐽0  as a function of 𝑒𝑉𝑏  for different values            FIG. 3 𝐽 𝐽0  as a function of 𝜆 for different 

values  of  𝑘𝐵𝑇 at  𝜆 = 0.6 . (Inset: 𝐽 𝐽0  as a function                 of  𝑘𝐵𝑇 at 𝑉𝑏 = 2.5 

of 𝑒𝑉𝑏  in logarithmic scale).                                                                    

 

In our numerical calculations, we measure all the energies in units of phonon energy ℏ𝜔0and have chosen 

the values of the other parameters as: Γ = 0.2, 𝑒𝑉𝑚 = 0.5, 𝑈 = 3, 𝛾 = 0.01 and 𝜀𝑑 = 0.Also we work 

with constant density of states for the conduction electrons in the source and drain.  Fig.2 shows the 

variation of the normalized tunnelling current density𝐽 𝐽0  , as a function of the bias voltage for different 

values of temperature at  𝜆 = 0.6. As we can clearly see, 𝐽 𝐽0 increases non-linearly with increasing bias 

voltage and decreases with increasing 𝑘𝐵𝑇. In Fig.3, we present 𝐽 𝐽0 as a function of el-ph interaction 

strength and we observe that 𝐽 𝐽0  decreases with increasing 𝜆 due to strong polaronic effect.   

4. Conclusions 

We have studied the electronic transport properties of an SMT device in the presence of el-el and el-ph 

interactions and phononic dissipation. We have used the Anderson-Holstein-Caldeira-Leggett model 

Hamiltonian to describe the device and calculated the tunnelling current density using the Keldysh Green 

function method. It is shown that current density decreases with   𝝀 , due to polaronic effect. With 

increasing temperature, the number of phonons increases, which enhances the polaronic effect, and also 

due to the thermal smearing, the current density decreases with increasing temperature. 
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