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Introduction: molecular electronics 

http://www.asdn.net/asdn/electronics/molecular_electronics.shtml 

Advantages: 

Bottom-up fabrication 
Multiple functionality 
Mechanical flexibility 
Environment-friendly 
… … 

Challenges: 

Production?  Synthesize molecules with specific functionality  
Visualization?  Probe structural details at atomic resolution 
Characterization?  Measure electronic structure and charge transport property 
… … 

Molecular electronics is the study and application of 

molecular building blocks for the fabrication of electronic 
components. 



Introduction: STM / STS 

Morphology 

STM 

Electronic structure 

STS 

Transport property 

Manipulation + STS 

Molecular orbital Conductance 

1 nm 



Experimental setup 

Metal Molecule 

Ultrahigh vacuum 

Substrate 

Ultrahigh vacuum 

77K @ LN2 

4.8K @ LHe 

Low-temperature 

Sample preparation: 

Organic molecule source 
Metal atom source 

Characterization: 

STM: structural details 
STS: molecular orbital 
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Synthesis: introduction 

On-surface synthesis 
Oligomer 2 

 

 

Oligomer 1 

 

 

Oligomer 0 

 

 



Synthesis: oligomer 2 

Oligomer 2 

Br2-TPP @ Au(111) 

1 nm 

Ullmann coupling reaction  
@ 180oC annealing 

10 nm 



Synthesis: oligomer 1 

Co-deposition 
and  

180oC annealing 

Br2-TPP Br2-DPP 

@ Au(111) 

1 nm 

Oligomer 1 Oligomer 1 



Steric hindrance 

Synthesis: oligomer 0 

On surface: 

In solution: 

Synthesize in solution then deposit on surface  

Br2-2DPP  



Synthesis: oligomer 0 

Synthesis of 
Br2-2DPP in 

solution 

160oC 

@ Au(111) 200oC 



Synthesis: on-surface metalation 

Oligomer 0, 1 and 2 can be partially or fully metalated by Fe 

Metalation by 
Fe, Ni, Co, Zn, 
Mg, Mn, Ce …  



Molecular wires Metalation derivatives 

Oligomer 0 

Oligomer 1 

Oligomer 2 

Synthesis: summary 

Fe 
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Off-resonance tunneling 

Charge transport: mechanism 

Saturated: 0.8 Å-1 

Conjugated: 0.2 Å-1 

N. J. Tao, Nature Nanotech. 1, 173 (2006). 

L. Lafferentz, F. Ample, H. Yu, S. Hecht, C. Joachim, and L. Grill, Science 323, 1193 (2009). 

R. L. McCreery, H. J. Yan, and A. J. Bergren, Phys. Chem. Chem. Phys. 15, 1065 (2013). 

L. Xiang, J. L. Palma, C. Bruot, V. Mujica, M. A. Ratner, and N. Tao, Nature Chem. 7, 221 (2015). 

K. H. Khoo, Y. Chen, S. Li, and S. Y. Quek, Phys. Chem. Chem. Phys. 17, 77 (2015). 

G. Sedghi, L. J. Esdaile, H. L. Anderson, S. Martin, D. Bethell, S. J. Higgins, and R. J. Nichols, Adv. Mater. 24, 653 (2012). 

Thermally activated hopping: a power law decay 

Resonant transport: nearly length-independent 

Delocalized molecular orbital 

Long distance ? 



Charge transport: electronic property of oligomer 2 

HOMO  localized LUMO  delocalized 

-0.8 V 1.6 V 

dI/dV along molecular wire 

1 nm 

HOMO 

LUMO 



Charge transport: conductance measurement 

STM vertical manipulation 
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2 nm 



Charge transport: different contacts 

At lower tip height: 

Strong contact vs. weak contact 

ΔZ = 1.3nm 

Strong contact 
Weak contact 

Z displacement: > 5nm (19 %)  
                 < 3nm (81 %) 



Charge transport: first-principle simulation  

NEGF – simulation of transmission: 

Conclusion : weak contact  physical adsorption 
      strong contact  covalent bonding 
                      electrons transfer through delocalized LUMO 

S 

Weak: 

Strong: 



Charge transport: long-range resonant transport  

At higher tip height: 

Simulation: 

1.2 nm 



Charge transport: Fe-metalated oligomer 2 

At higher tip height: 

Resonant transport through delocalized molecular orbital 
magnetic impurities do not affect transport 



Charge transport: attenuation factor  
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Oligomer 2 Fe-metalated oligomer 2 
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β = 0.03A-1 β < 0.001A-1 β = 0.02A-1 β < 0.001A-1 

The magnitude of the first peak 

Nearly length-independent 



Charge transport: branched molecular wires 

Br2-TPP molecules @ Au(111) @ 250oC 

T-wire 

L-wire 

40 × 40 nm 



Charge transport: T-wire exhibiting NDC  

• Lift up T-wire by terminal S 
• Stretched after manipulation 
• Resonant charge transport 
• Negative differential conductance 

S 

5 nm 



Charge transport: T-wire exhibiting NDC  

• Lift up T-wire by terminal B 
• Flipped after manipulation 
• Resonant charge transport 
• NDC 

B 

5 nm 



Charge transport: why NDC ? 

• Multi-pathway for current ? 
• Structural kink ? 

S B 

T-shape Straight 



Charge transport: multi-pathway ? 

K 

Multi-pathway 

• 90o-kinked L-wire 
• Lift up by terminal K 
• No NDC 

2 nm 



Charge transport: 90o kink ? 

• 90o-kinked L-wire 
• Lift up by terminal T 
• 67 % with NDC 

T 

2 nm 2 nm 



Charge transport: 120o kink ? 

120o kink 

2 nm 



Charge transport: mechanism 

Redox reaction and 
resonance transport 

Polaron induced 
charge storage 

Changes in molecule-
electrode coupling 

Alignment and misalignment 
of delocalized molecular orbital 

NDC 

N. Kang, A. Erbe, and E. Scheer, Appl. Phys. Lett. 96, 023701 (2010)  
J. Zhou, S. Samanta, C. Guo, J. Locklin, and B. Xu, Nanoscale 5, 5715 (2013)  
M. L. Perrin et al., Nat. Nanotechnol. 9, 830 (2014)  
E. D. Mentovich, I. Kalifa, A. Tsukernik, A. Caster, N. Rosenberg-Shraga, H. Marom, M. Gozin, and S. Richter, Small 4, 55 (2008)  



Charge transport: first-principle simulation 

HOMO-1 becomes less delocalized at high bias 



Charge transport: summary 

 Resonant charge transport  
 
 
 
 
 
 

 Negative differential conductance 

Oligomer 2 
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Spin-spin coupling: introduction 

Direct coupling 
• overlap of orbitals with non-zero magnetic moment 
• dipole-dipole coupling  

 Indirect coupling 
• interacting through a certain medium 
• RKKY – mediated by conduction electrons 
• exchange – mediated by organic molecule 

Interaction between spins 

1.73 nm 0.89 nm 1.31 nm 



Spin-spin coupling: Fe-TPP  

Spin-excitation spectroscopy @ 4.8K 
Spin signature of individual atoms 

Fe-TPP monomer 



Spin-spin coupling: Fe-metalated oligomer 2 and 1  

Spins in the oligomers exhibit the same behavior as isolated spins: 
neighboring spins are decoupled 

Oligomer 2        Oligomer 1 



Spin-spin coupling: Fe-metalated oligomer 0  

Oligomer 0 

Spin-excitation quenched  neighboring spins are coupled 
Exchange interaction mediated by molecular backbone  

a 

a 

b c d e f 

b 

c 

d 

e 

f 



Spin-spin coupling: conclusion 

Spin-spin indirect interaction mediated by molecular backbone 
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Spin crossover: introduction 

Spin crossover 

High-spin Low-spin switching 

External stimulus: 
• Temperature  
• Light  
• Charge flow 
• Pressure 
• Electric field 
• … …  

Top Curr Chem (2004) 233:1–47  

Assemble of molecules Single-molecule level ? 

Switches in  
Molecular electronics 



Spin crossover: vertical manipulation + STS 

Bottom to top:            1.2 to 3.4 nm 

Kondo effect @ 4.8 K  



Spin crossover: width of Fano resonance 

Reversible  
control 

FWHM of  
Fano resonance: 

--- 
-- 

------- ------- 
-- 

---- 
-- 

--- ------- ------- ---- 
-- -- -- 



S = 1 S = 2 S = 2 S = 1 S = 1 

Spin crossover: DFT simulation  

unpolarized unpolarized 



Spin crossover: magnetic moment & Fe-N bond length 

ρJ  spin density  

Porphyrin conformation: 

Saddle      planar 



iii. 

S = 2 

S = 1 iv. 

ii. 

i. 

Summary  

i. Resonant charge transport  
ii. Negative differential conductance 
iii. Spin-spin coupling  
iv. Spin crossover  
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