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1. Generality about molecular wires
- Si electronics to molecular electronics-
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CNT-FET Molecular
Diode

Molecular 
Memory

Molecular 
Wire

Bachtold et al. Science, 294, 1317. (2000)
Carroll et al. Angew Chem. Intn. Ed., 41, 4378. (2002)  



1. Generality about molecular wires
- Role of molecular wires -

• Connect two electrodes or devices
• Transport charges from one side to another
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it is important to evaluate the
conductivity of molecular wire accurately.

Length v.s. Conductance



1. Generality about molecular wires
- Definition of conductance -

Mechanically Controlled
Break-Junction
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€ 

G =
2e2

h
T(E,V )Landauer formulaconductance

€ 

G ≡
1
R

=
I
V

Scanning Tunneling
Microscopy

R. Landauer, IBM J.Res. Dev. 1, 223. (1957)  

If you can evaluate transmission probability T(E),
you can estimate the condutace of molecules.



1. Generality about molecular wires
-Exprimental conductance measurements of molecular wires -

Molecular junction

Electrode Electrode
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Bias = 0.5V

Distance dependence
of conductance

G = G0exp(-βd) β: Damping factor

d

R. E. Holmin, et al. J. Am. Chem. Soc. 123, 5075, (2001).€ 

G0 = 2e
2

h

Molecular wire

e-



1. Generality about molecular wires
- Energy diagram in molecular junction -

En
er

gy

Molecular junction
(After coupling)

Energy diagram

Electrode Electrode

Molecular wire
(E.g. Alkane dithol)
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e-
Barrier

G = G0exp(-βd)



1. Generality about molecular wires
- Energy diagram in molecular junction -
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(After coupling)

Energy diagram

Electrode Electrode

Molecular wire
(E.g. Alkane dithol)
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e-
Tunnelinge-

G = G0exp(-βd)



2. Motivation
- Does G = G0 exp(-βd) always continue ? -

En
er

gy

Molecular junction Energy diagram
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Sequencial 
tunneling

e-

Is G = G0exp(-βd) true for long or unsaturated wires? 

e-

d



2. Motivation
- Does crossover of transport mechanisms occurs? -
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2. Motivation
-Does crossover of transport mechanisms occurs?-
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hν
h+

e-

Giese, B. et al. Nature, 412, 318 (2001)



S SHSH

n

H
N SHSH

n

O SHSH

n

Polyene 
dithiols

Tour-wire
dithiols

Poly-thiophene
dithiols

Poly-pyrole
dithiols

Poly-fran
dithiols

2. Motivation
-The molecular wires investigated in this study-
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3. Method
- How to calculate T(E) with Landauer model -

€ 

G R (E) = (E + iδ )I −H −ΣL −Σ R[ ] −1

€ 

ΣL / R (E) = τ L / RgL / R (E)τ L / R
†

€ 

ΓL / R (E) = i ΣL / R (E)−ΣL / R
† (E)[ ]

€ 

T (E)= Trace G R (E)ΓL (E)G
A (E)ΓR (E)[ ]

[ΣL] [ΣR]
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Fisher-Lee relation

€ 

G =
2e2

h
T (E)

Green’s function

Self-energy function

Broadening function

Landauer formula

D. S. Fisher and P. A. Lee. Phys. Rev. B. 23, R6851. (1981)  
S. Datta “Electronic Transport in Mesoscopic Systems ” (1995)  

€ 

gL
R (E)= (E + iδ )I −HL[ ] −1

T(E,V)
e–

Electrode
(Tip)

Electrode
(Substrate)

[H]



3. Method
- Landauer model without Büttiker probes -

Conductor

€ 

G R (E) = EI −H −ΣL −Σ R[ ] −1

€ 

ΣL / R (E) = τ L / RgL / R (E)τ L / R
†

€ 

ΓL / R (E) = i ΣL / R (E)−ΣL / R
† (E)[ ]

p. 244. of S. Datta “Quantum Transport: Atom to Transistor” (2005)

€ 

TLR (E) = Trace G R (E)ΓL (E)G
A (E)ΓR (E)[ ]

[ΣL] [ΣR]
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Electrode

[H]

Electrode

Sharp !



3. Method
- Landauer model with a Büttiker probe -

Conductor

[ΣL] [ΣR]
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Electrode
[H]

Electrode

Büttiker probe [ΣB]

€ 

Ttot (E)= TLR (E)+TLB (E)TBR (E)

TLR

p. 246. of S. Datta “Quantum Transport: Atom to Transistor” (2005)
M. Büttiker, IBM J. Res. Dev. 32, 317. (1988)€ 

G R (E) = EI −H −ΣL −Σ R −ΣB[ ] −1

Broadened !



3. Method
- D’Amato Pastawski model -

Büttiker probes are 
attached uniformly.

Electrode

e-

Electrode

…… … ……

J. L. D’Amato and H. M. Pastawski. Phys. Rev. B 41, 7411 (1990) 14/36

Molecular wire

Büttiker probes
(Fictitious probes)

External reservoirs
(Fictitious reservoirs)

µ1 µiµj … µN…



3. Method
- D’Amato Pastawski model -

Electrode

e-

Electrode

…… … ……

J. L. D’Amato and H. M. Pastawski. Phys. Rev. B 41, 7411 (1990)

µ1 µiµj … µN µR = µN+1µL = µ0

  

€ 

∀i =1,2,K,N

€ 

(1−Ri,i )(µ i −µ R ) −   Ti, j (µ j −µ R ) −  Ti,0 (µL −µ R ) = 0,
j=1( j≠i )

N

∑

€ 

Ti,0

Ti,j Rii
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…

µL > µR
µL ≈ µR

(1)

Assumption



3. Method
- D’Amato Pastawski model -

  

€ 

∀i =1,2,K,N

€ 

(1−Ri,i )(µ i −µ R ) −  Ti, j (µ j −µ R ) −  Ti,0 (µL −µ R ) = 0,
j=1( j≠i )

N

∑

€ 

(1−R1,1 ) (µ1 −µ R ) −  T1, j  (µ j −µ R )
j=1( j≠i )

N
∑  = T1,0 (µL −µ R )

€ 

i = 1

€ 

(1−R2,2 ) (µ 2 −µ R ) −  T2, j  (µ j −µ R )
j=1( j≠i )

N
∑  = T2,0 (µL −µ R )

€ 

i = 2
  

€ 

M  

€ 

M

€ 

(1−RN,N ) (µN −µ R ) −  TN, j  (µ j −µ R )
j=1( j≠i )

N
∑  = TN,0 (µL −µ R )

€ 

i = N

  

€ 

1−R1,1 −T1,2 L −T1,N
−T2,1 1−R2,2 L −T2,N
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(1)

(2)



3. Method
- D’Amato Pastawski model -

  

€ 

1−R1,1 −T1,2 L −T1,N
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W

J. L. D’Amato and H. M. Pastawski. Phys. Rev. B 41, 7411 (1990)

€ 

I =
2e
h
Teff (µL −µR )

€ 

Teff =TN+1,0 + TN+1,iWij
−1Tj ,0

i, j=1

N

∑

  

€ 

∀i =1,2,K,N

€ 

µ i −µ R = Wi, j
−1

j=1

N
∑ T j,0[ ](µL −µ R )

Chemical potential of external reservoir

€ 

I =
2e
h

TN +1,i
i= 0

N

∑ (µi −µR )

Total current is obtained from contributions from all reservois.

L=0; R=N+1

W-1
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(2)

(3)

(4)



3. Method
- D’Amato Pastawski model -

Incoherent
Transport

Coherent
Transport

Effective transport
probability

J. L. D’Amato and H. M. Pastawski. Phys. Rev. B 41, 7411 (1990)
  

€ 

1−R1,1 −T1,2 L −T1,N
−T2,1 1−R2,2 L −T2,N

M M O M

−TN,1 −TN,2 L 1−RN,N

 

 

 
 
 
 

 

 

 
 
 
 

W=

18/36€ 

Teff = TN+1,0 + TN+1,iWij
−1T j,0

i, j

N

∑



3. Method
- D’Amato Pastawski model -

…… … ……

µ1 µiµj … µN µR=µN+1
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e-

Electrode Electrode

µL=µ0
0

Molecular length (nm)
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Length dependence of 
conductance

Γi

Γi (weak)Γi =0

Γi (strong)

…

We have calculated the length dependence of 
incoherent transport through molecular wires
changing broadening function Γi (scattering rates) 
as parameter.

~~ ~~ ~~ ~~~~ ~~



3. Method
- D’Amato Pastawski model -

…… … ……

µ1 µiµj … µN µR=µN+1
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€ 

Γi (eV)
h(eV ⋅s)

= ki (s
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τ
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e-
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4. Computational details
-Coherent T(E) calculation with Landauer model-

€ 

G R (E) = EI −H −ΣL −Σ R[ ] −1

€ 

ΓL / R (E) = i ΣL / R (E)−ΣL / R
† (E)[ ]

€ 

TLR (E) = Trace G RΓLG
AΓR[ ]

€ 

Σk (E)=
Vk
2

E −α k −δ k
=Vk

2gk (E)

€ 

δ k =
1
2
θ k − i 4βk

2 −θ k
2{ };

€ 

k = L,R.

€ 

θ k = E−α k

Newns-Anderson (NA) approximation

…
…

20/36 

Procedures for coherent
transmission calculation

1. We have optimized the molecule
with Au clusters(B3LYP/LANL2DZ).

2. We have extracted the optimized
structure.

3. We have set parameters for coupling
between  molecule  and electrodes
using NA approximation.

4. We have calculated transmission
probability using Fisher-Lee’s
relation and Green’s function
with Extended Hückel parameters.

Tcoherent(E)
e-



4. Computational details
-Incoherent Tinco(E) calculation with DP model-

Procedures for incoherent
transmission calculation

1. We have determined coupling Γi
between Büttiker probes and atomic
orbitals (setting of scattering rate ).

2. We have calculate Ti, j needed for the
calculation of incoherent transport.

3. We have made W matrix.

4. We have calculated effective
transmission probability using
D’Amato Pastawski model.

…
…

€ 

Teff =TN+1,0 + TN+1,iWij
−1Tj ,0

i, j=1

N

∑

  

€ 

1−R1,1 −T1,2 L −T1,N
−T2,1 1−R2,2 L −T2,N

M M O M

−TN,1 −TN,2 L 1−RN,N

 

 

 
 
 
 

 

 

 
 
 
 

W=

21/36 

Tincoherent(E)

e-



4. Computational details
-Programing and other conditions-

Coding : MATLAB (OCTAVE)

Optimization : B3LYP/LANL2DZ

Transmission calculation :
Extended Hückel basis

Bias : No bias voltage (0.0 V)

Electrode:
Newns-Anderson approximation

Fermi energy :
We have set Fermi energy in the
middle of HOMO-LUMO gap.
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5.1 Coherent transmission spectra
through molecular wires
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Collision frequency 
=4.09 x 1011 s-1

Coherent
Incoherent



5.2 Length dependence of coherent &
incoherent transports
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Total Conductance v.s. Length
Coherent
Incoherent

Coherent
Incoherent



5.1 Coherent transmission spectra
through molecular wires
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E=-10.90 eV
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5.2 Length dependence of coherent &
incoherent transports
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E=-10.90 eV E=-10.90 eV 



5.2 Poly-thiophene dithiols

S SHSH

n
Poly-thiophene

dithiols
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5.3 Does incoherent transports increase
with longer wires?
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5.3 Explanation to the increase of
incoherent transports

•Orbital interaction
  between units
•HOMO-LUMO gap decreases.

Positive effect

Negative effect
• The path gets longer.

S
S Au

Au

S
S Au

Au

e-

e-

Au Au …
AuAu…

AuAu… Au Au …

n=3

n=4
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n=3 n=4
HOMO

LUMO

LUMO

HOMO



5.3 Explanation to the increase of
incoherent transports
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5.4 Odd-even dependence

SS …… …… S Sm

(even number C atoms) (odd number C atoms)
1. Transmission spectra
2. Density of States (DOS)
3. Length dependence of coherent transport

• Length dependence was plotted at the energy of mid gap states.
• Transmission calculations were performed after stucture 

optimization of isolated molecules with gold clusters
• We used Newns-Anderson approximation for electrodes.

Notations

31/36 



5.4 DOS and T(E) of
Polyene-dithiols (even number C atoms)
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5.4 DOS and T(E) of
Polyene-dithiols (odd number C atoms)
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5.4 SOMO of Polyene-dithiole
with 2 Au clusters (11 C atoms)
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SOMO level



6. Summary

35/36 

• We have calculated the length dependence
of molecular wire including dephasing effect
using Büttiekr probes based on the
D’Amato-Pastawski model

• The results have shown that the incoherent
process becomes dominant transporting
mechanism in molecular junctions in long-
ranged transport.

• Length dependence of coherent
conductance shows quite different features
depending on the odd-even number of
carbon atoms.
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More accurate description of electrodes
is desirable.

€ 

Tlr = Vl,iGi, jV j,r
i, j
∑

€ 

Γi, j
L (E)= −2π Vl,iVl, j

* δ (El −E)
l
∑

€ 

Γi, j
R (E)= −2π Vr,iVr, j

* δ (Er −E)
r
∑

€ 

T (E)= Trace ΓL (E)G(E)Γ R (E)G †(E)[ ]

€ 

T (E)= Tl,r
l∈L,r∈R
∑



Description of Büttiker probes

Au…

33/35

Au AuAu Au

€ 

Σ(E) = τ
exp(i ⋅ ka)
2β

τ †

€ 

Σ(E) = i η
2

Wide-band limit

Newns-Anderson approximation

€ 

Γ(E) =η

€ 

Re[Σ(E)]= 0.0

…€ 

β

€ 

τ

€ 

τ€ 

β

€ 

β

€ 

β



2. Landauer model
with and witout Büttiker probe

Molecule

€ 

TLR (E) = Trace G R (E)ΓLG
A (E)ΓR[ ]

[ΣL] [ΣR]

Electrode

[H]

Electrode
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Büttiker probe [ΣB]

Molecule ElectrodeElectrode
TLR

[ΣL] [ΣR]

[H]

€ 

Ttot (E)= TLR (E)+TLB (E)TBR (E)

TLR
e- e-



Convolution of incoherent transport

€ 

T1

€ 

T2

€ 

T1T2

€ 

T1 (R2R1 )T2

€ 

T1 (R2R1 )
2T2

€ 

T1 (R2R1 )
3T2

  

€ 

Ttot = T1T2 (1+R1R2 +R1
2R2

2 +L) =
T1T2

1−R1R2

€ 

1−Ttot
Ttot

=
1−T1
T1

+
1−T2
T2

… …



€ 

T1

€ 

T2

€ 

1−Ttot
Ttot

=
1−T1
T1

+
1−T2
T2

€ 

T

€ 

T   

€ 

L

€ 

T

€ 

1−Ttot
Ttot

= N 1−T
T

€ 

Ttot (N ) =
T

N (1−T )+T

€ 

Ttot (N )∝
1
N (Large N)
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