
Lecture 4 
Correlation effects in hopping conductivity  

Topics: 

2.  Correlated transport via a two-site chain  

3.  Coulomb drag in hopping  transport 

4.   Spin correlations in  organic magnetoresistance   

1.   Coulomb gap and multielectron hops 



Coulomb gap      
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sites with energies close to the Fermi level are far from each other   

random on-site energies    
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Nonohmic hopping transport  at   0=T
The moments of hops                  ,  1→l

21→ and  r→2 are 

correlated due to:  

1.  On-site Hubbard repulsion 
hops occur only between singly-occupied   
and empty sites  

2.  Inter-site Coulomb interaction: 

   when the site 2  is occupied,  the energy  

 of  the site  is  shifted up by    1 U
“charging” energy 



Occupations of sites evolve with time as   ....010 →→
Within Miller-Abrahams description     

)(tn is replaced by  >< n

1 2is the energy of the site   when the site  is empty  

122ε is the energy of the site   when the site  is empty  

Waiting time for the hop     1→l

Fermi distribution in the lead     Tunnel width of the level    

1ε
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Waiting time for the hop     r→2
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21→Waiting time for the hop     

At large bias the current path  consists of the hops                   , 1→l 21→ and   

in arbitrary order, i.e.  waiting time  for         

r→2
1→l does not depend on the occupation of 2

Mean-field description      
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Charging effect  impedes hopping transport   at 
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Rigorous  description      

Four possible sets of occupation numbers of the sites   
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Waiting time for two-electron hop    
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allows  two-electron hop 

which facilitates the transport   

Finite U

vanishes  for    0=U (cotunneling) 
possible for 

Two-electron hop  is equivalent to transfer 
rl → followed by  12 →
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Can two-electron hops dominate the transport?    

r
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Current cycle   

Condition   

Current magnitude   
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direct tunneling  

for two-electron hop: 

1→l r→2 are blocked  

Conditions that two-electron hop is followed by  21→
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Pioneering papers  
on OMAR  

“The study of the effect of 
magnetic field on chemical 
reactions has long been a 

romping ground for charlatans” 
P.W. Atkins, Chem. in Britain, 

12, 214  (1976).  

 



 OMAR is due to hyperfine fields 

the device area  2mm10≈

organic spin-valve  

deuterated 
protonated  

ferromagnetic electrodes 



arXiv: cond-mat /0312204  



Feature at very small fields 

feature at   aBg B <<γµ ~  

both carriers are  coupled to one proton  



the hyperfine field is classical with gaussian distribution 
With large number of nuclei surrounding a radical 

Dynamic Spin Chemistry  
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a pair is initially in a singlet state 

Averaged (over hyperfine fields) probability to find a pair in the triplet state 

local hyperfine field 
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A basic physical picture of OMAR  electron  hole 

I. Bipolar device: current is passed via e-h recombination  

II. Electron and hole recombine only when their spins are in the singlet state 

Hamiltonian of a spin pair: 
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random hyperfine fields 
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Dynamics of a  pair contains  harmonics   

|||| 21 Ω+Ω=Σ
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with frequencies 

A crucial question for OMAR: why  recombination time averaged over random  

hyperfine fields  remains sensitive to         ?  B



Answer: Two specific sparse configurations of hyperfine fields  
 give rise to anomalously long recombination times 

I.  Effective fields  1Ω


2Ω


and  are either parallel or antiparallel 

Then a pair created in the state different from singlet  will never recombine 

II.                               (soft pair) will  never cross from  |||| 21 Ω=Ω


0T Sto 

Essence of OMAR: change of the number of “trapping” configurations with   B
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Natural choice of the quantization  

axis for  is along  

the bisector  

“Trapping” configurations block the 

current 

 
 
 



quantitative relation between recombination and current 

Most conductive 
current paths 

Most resistive junction within a given path 

Assembly of a pair  followed by recombination constitutes a cycle 
n

n t
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 cycle duration averaged over 

Simplest  transport model of parallel channels: 

the  initial states of the pair 

  
How does the 

concentration of soft 
pairs evolve with B? 
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Density of soft pairs 

Performing the 6-fold integration, 

it is more likely to find a 
soft pair in a weak field 
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Counting Soft 
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can be fitted well with 

poorer fit  with 



Preferential coordinate system  

determined by the condition  

 reside in the  plane 21, ΩΩ


−zx

Direction of the quantization axis is  
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Equations of motion for a pair:    
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In a preferential    
coordinate system  
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0T is an eigenstate 

of a soft pair 

Dynamics of a 
non-interacting 

pair 

 
 



Eigenvalues:   21 λλ −= 43 λλ −=and 

2

212
1 2

||||







 Ω+Ω
=



λ
2

212
3 2

||||







 Ω−Ω
=



λ

( ) ( ) 02222222 =Σ∆+∆+∆−Σ−





 + zzxziziii

i λλ
τ

λλ

[ ] { }SSiH
td

di ,
2

,ˆ ρ
τ

ρρ
−=

SWith recombination from    the dynamics of the pair is governed  by  

The 16 eigenvalues of the matrix equation  can be cast in the form    *
ji λλ −

iλwhere  satisfy the equation 

4
|| 2

212 Ω+Ω
=Σ



z

( )
2

21

22
2

2
12

||4
||||

Ω+Ω
Ω−Ω

=∆ 



Z 2
21

2
212

||
||

Ω+Ω
Ω×Ω

=∆ 



x

Spin-dependent  
recombination turns a 
pair into interacting 

 
 



( )
( )2222

22

22 xzzi

zi
i

i
∆+∆+Σ−

Σ−
−=

λ
λ

τ
λδ

Slow recombination:   |||,|1
21 ΩΩ<<


τ

ii λδλ +






 Ω±Ω
±=

2
|||| 21



Solving  perturbatively 









ΩΩ
Ω⋅Ω

−−=
||||

1
4 21

21
2,1 



τ
λδ i

2Ω


1Ω


Anomalously long decay times when and  are  parallel or antiparallel 

All the modes of 
“general type” decay 

slowly 

 
 

τλ
λδ

04,3

4,3 1~
bNote that  both in low and  in high fields  









ΩΩ
Ω⋅Ω

+−=
||||

1
4 21

21
4,3 



τ
λ i



Slow recombination in soft pairs 
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Average recombination time  

Initial state of a pair is a random superposition of  +− TTTS ,,, 0

What is the average waiting time            for this state to recombine? 
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II.   Slow recombination; soft pairs 
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Most conductive current paths 

Most resistive junction within a given path 
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outside averaging is over the  

Turning to the calculation of current 

realizations of the hyperfine fields 



Average duration of the current cycle 
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 No feature near  
zero magnetic field 
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asymmetry  
between hyperfine fields:  
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21 bb =even for  an asymmetry in g-factors 
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Phase diagram of different regimes  

soft pairs 

collinear configurations   

slow recombination  

fast recombination  

no OMAR in the domain  12
0 <Db ττ

ts II δδ ~boundary 

OMAR is dominated by   

OMAR is dominated by   



Related research   

upon averaging  parallel -antiparallel  
soft pairs  

hyperfine field lifts the Pauli blockade 



Summary 
 parallel-antiparallel mechanism: soft pairs with electron-hole  asymmetry:  

soft pairs with fixed asymmetry in g-factors 
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