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  Pump=>We need a 
bias. 
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A nano-
machine to 
extract a work 

The current can flow in 
a mesoscopic system 

without dc bias 
=>Quantum pumping. 



 Experiments  
◦ Pothier et al. (1992) get a classical pumping for a 

mesoscopic system. 

◦ Switkes et al. (1999) control the gate voltage and 
get 20 electrons current per a cycle in a quantum 
dot system. 
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 Adiabatic quantum pumping (theories) 
◦ Thouless (1971) for a closed system 

◦ Open quantum system (P. W. Brower, (1998)). 

 Ren-Hänggi-Li (2010) analyzed a spin-boson 
system and to clarify the role of Berry phase. 
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 To clarify the general framework of getting 
adiabatic quantum pumping  

 To demonstrate adiabatic pumping for 
Fermion transport by controlling the bias 
such as chemical potentials. 

 To clarify the role of spins 

 To clarify the connection between Berry phase 
and the path dependent entropy 

 To clarify the limitation of the adiabatic 
treatment 
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 Projection measurement 

 

 

 

 Measurement:  
◦ Number of electrons transfer from left to the system： 

 

 Distribution          & cumulant generating 
function 
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 We assume that the total Hamilitonian 
satisfies von-Neumann equation. 

 We calculate the modified von-Neumann 
equation via the counting field: 
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χ  



 

Control parameters 
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where  

14/32 



 

15/29 

The interaction between 
dots plays an important 
role. 

The interaction 
between 
 dots plays an 
important role. 



 We introduce the interaction between dots as 

 

 

 The results depend on the value of U. 
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 Pumping through Intra dot repulsion through 
spins 

 

 

 Double dots model 
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1 2 

spin for conduction electrons 

dot spin 



 Curvature in  

the parameter space 

 

 

 Pumping current 
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 The calculation of quantum pumping is 
applicable to entropy production. 

 Actually, non-equilibrium entropy is a 
geometric quantity which depends on the 
path 

 Non-equilibrium entropy is defined by 

 
 

 

 

 See Sagawa and HH, PRE 84, 051110 (2011). 
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Appropriate  
definition from 
thermodynamics 



 Our entropy reproduces known results for 
equilibrium entropy. 

 

 

 In weakly non-equilibrium case, the entropy 
satisfies the symmetrized von-Neumann 
entropy (by KNST for classical systems and 
Saito and Tasaki for quantum systems) 
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 We demonstrate the existence of path 
dependent entropy. 
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 The entropy production exists even for non-
interacting model through a cyclic 
modulation of energy levels. 
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 So far, all obtained results are based on 
adiabatic and Markovian approximation. 

 Of course, this is true for very slow 
modulation, but how can we verify its 
validity for realistic situations. 

 For this purpose, we study the spin-boson 
system in details as an extension of Ren-
Hänggi-Li (2010) for the non-adibatic and 
non-Markovian case.  
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Non-Markovian weak coupling equation  

Spectrum density  
is the Ohmic model. 
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Parameter modulation 

Dynamical phase is not important but  
the direct time dependence of  
the density matrix is dominant. 
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<= Excess term 



Note that Ω >0.01 for Ren-Hanggi-Li 

Initial 
temperature 
βs = 0.1 

The discontinuous change occurs at Ω 
= 2.32 ×10-4 THz 

It looks a 
discontinuous 
jump. 
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 We can calculate non-adiabatic & non-
Markovian process for high Ω 

<⊿q> 

This non-Markovian result is obtained from 
20 divided calculation in each period. 

t 
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 We have analyzed a quantum pumping effect on 
Fermion transport. 

 We confirm that there exist geometric effects if 
there exists the interaction for spinless Fermions. 

 Spin effect is also obtained for Kondo problem. 

 Such an idea can be used for entropy production. 
◦ Geometric effects produces the path dependent entropy. 

 We have confirmed the region that adiabatic and 
Marovian approximation can be used from the 
calculation of a spin-boson system. 
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