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ABSTRACT. Modulations of the quantum spin pumping were investigated in magnetic field effect 
semiconductors. With Floquet technology, theoretical realizations of the semiconductor pump are shown clear 
and feasible. Due to perpendicular magnetic fields in a semiconductor with two types of spin-orbit couplings 
(SOCs), spin polarized pumpings can be produced. Moreover, pure spin currents are enhanced by proper 
modulations of the magnetic fields and SOCs, and thus a good quantum spin pumping can be realized. 
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1. Introduction 

Quantum pumpings (QPs), regardless of whether there is any bias voltage in a system, can be used to realize 
quantized spin/charge rectifications by variation of the systemic parameters. It was proposed for the first time in 
atomic chains to generate directed and quantized currents [1].  Similar to classical pumping applications of 
driving the matter moved in designated directions, for two or even more parameters of the system, a QP will be 
prominently formed when the cyclic adiabatic changes appear [2-7]. In order to get more significant rectified 
currents in mesoscopic structures, formations and manipulations of the pumping have been attracted lots of 
interests [8-11].  Specially, realization of the QP based on semiconductors and driven by time-dependent 
potentials has been attracted wide investigation interests[12,13], and chronically semiconductor pump 
manipulated by in helps of ferromagnetic materials has been focused[4]. 

Usually, oscillated currents of QPs are not only modulated by the driven potentials, but also simultaneously 
by serial parametric controls such as the magnetic fields and the spin-orbit couplings (SOCs)[14-16]. 
Manipulations of procession and flipping of the spin electrons can be realized simply, and so far as to an 
enhanced pure spin pumping in some proper parametric modulations. More actually, formation of the most 
enhanced pure spin current can be produced by co-effects of the magnetic fields and two SOCs. In order to make 
sure the physical mechanisms and image interpretations of the most enhanced pure spin pumping, the QP 
modulations are given in detail in this work. 

Rests of the paper are shown as follows: the research model and related theoretical methods are given in 
Section II; the numerical results are presented in Section III and a brief conclusion is shown in Section IV. 

2. Model and Formulation 

 
Fig. 1 The two SOCs effect semiconductor pump. There are normal leads in the left and right side, and a 

semiconductor due to the R-D SOCs and perpendicular magnetic fields in the middle. A double time dependent 
potential is located between the interfaces. 

The suggested model is made up by three different regions, a semiconductor and two normal wires as shown 
in Fig. 1. Both of the interfaces are placed by double time dependent delta potentials. The left and right regions 
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are leads, they are Nα  ( ,L Rα = are side of the leads or potentials) and with no SOCs. Here a quasi-one-
dimensional quantum wire is suggested to describe the system. While one chooses the electron dynamic 
direction along x axis, Hamiltonian of the leads can be written as [3,15] 
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where the driving potentials are included, xp  is the momentum operator and fm  is the effective electron 

mass. Sum part of above Hamiltonian are potentials, where x x xa a¢ = -  and xα  marks positions of interfaces, 

and the semiconductor size is fixed as R Lx x= − . For driven potentials, the static and dynamic potentials are 

same settings and they are expressed as ( ) ( )cos ,s du t u u ta a a au j= + +  with u  an oscillation frequency 

and R Lj j j= -  a phase difference. Due to a perpendicular magnetic field, Hamiltonian of the middle region 
is[15] 
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Here sm  denotes the effective electron mass in a semiconductor, /k kα β are corresponding to the 

Rashba/Dresselhaus SOCs, they construct a combined SOC wave-vector 2 2
sok k kα β= +  

and so sosin / ,cos /k k k kβ αθ θ= = − . Consequently, spin operator of the combined SOCs can be recorded as 

soˆ ˆ ˆsin cosx zs s θ s θ= +  ( , ,i x y zs =  are Pauli matrix). As affected by magnetic fields B⊥ , which is 
perpendicular to spin-movement plane of the electron transport, the wave vector can be get 
as s2 /k m B⊥ ⊥=  . 

The time dependent driven potentials can be made up by series position wave functions, and thus the Floquet-

eigenstates are ( ) ( ), .ni tn
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Y = å    Where ( )/n n u e u= +  is the oscillation frequency of 

the nth propagating mode, e  is an insert energy and u  is an energy quantum. With spin operation of the two 

normal leads, the electron spinors are , ,as s= = ¯ which is equated to ( ) ( )† †1,0 , 0,1+ = - = with 

ˆ zs s s=± . In x direction, electron forwarding in the nth propagating mode of the normal leads general 
has expressions as 
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Where ( 1)nh= -  is a location factor and decided by the side difference of Ran d= , ,n na bs s
a a  indicate 

the incoming and outgoing amplitudes and s2 /n nk m u=  are wave vectors. In nth eigenstate of the central 

region of [ ],L Rx x xÎ , the electron wave functions are made by linear combination of the momentum and the 
spin operator 
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Where njc  are parameters to be determined and ,nj nj exk k ikβc↑ = +  

( )2 21 ,
2nj nj n njk k k kαc τ↓ = − + s f/m mτ =  means the effective mass difference of vary regions and njk  are 

wave vectors derived from eigen-equations. 

In propagating modes, wave functions n
αψ  and n

Sψ , which are belong to regional Floquet eigenstates, can be 
resolved by continuity conditions including the wave functions and current conservations[15,16]. By taking into 
account wave functions to the continuity conditions, pumping properties can be solved by the Floquet scattering 
matrices 
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 (5) 
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Where the matrix elements details are nj Rik
nj nj njc e αδs s

αc c=   and 0 0n
s
α α α s sc δ δ δ′ ′=  with s  the opposite 

spin of s , the potential parameters are s
2n
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As involving expressions of the lead spin indices ,a as s¢  ( ,a a  mean opposite leads of each other), the 

reflection and transmission coefficients can be written as nr a as s
a

¢ and nt a as s
a
¢ . Which is derived from Floquet 

scattering matrix of spin elements n n nb T aa a a as s s s
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scattering matrix related to amplitudes of the outgoing { }nb as
a  and the incoming { }na as

a
¢ .In the pumping 

procedure, an adiabatic current flowing can be derived from the transmission coefficients. For any leadsα , the 

pumping currents have expressions as ( )2 2

2 n n
n
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′ ′= −∑ and all propagating modes make 

effects to the current flowing. In α  lead, the pumped charges are cI I Iα α
↑ ↓= + , where the spin up and spin 

down sub-bands are both take into account. While for sI I Iα α
↑ ↓= − , which means that the spin currents depend 

on the electrons of spin up but subtract the spin down. 

3. Numerical Results and Discussions 

Throughout the letter, the SOCs are realized in a typical InAs-based semiconductor and 0.053τ =  
represents the mass difference of vary regions[3,15,16]. Size of the device is chosen as 100nm= , the insert 
energy is 0.3eVe=  and one percent of which is an energy quantum u . Furthermore, a controlled energy 
wave 0 00.01kk =  corresponds to the energy wave vector -1

0 3k nm= , and driving potentials of the static/ac 
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properties are set as d s3 0.2u u= = ε . In this scheme, the right lead is applied to all charge and spin currents, 

which have the representations of cI  and sI . All over the calculations, the phase differences of the potentials 

are always fixed as / 2j π= , and in order to get a more straightforward picture of the pure spin pumpings, the 
assisted dash-dot-dot lines are added in following figures.. 

 
Fig. 2 Pumping properties versus phase differences in vary perpendicular magnetic fields. Strength of the R-

D SOC is chosen as so 0 so5 , 143 ,k k θ= =   and the currents are plotted with vary lines in two panels 
corresponding to the charges and spins. 

Modulations of the pumped current driven by phase differences are shown in Fig. 2. In this situation, the 
pumping is subjected to a settled R-D SOCs ( so 0 so5 , 0.79k k θ π= =  are corresponding to 

03 4 12k kα β k= = ) with vary perpendicular magnetic fields. For solid lines of 0B⊥ = , which mean that there 
are no magnetic fields along the semiconductor, and the whole pumping is only subjected to two SOCs. The 
lines show that anti-sinusoidal charge currents without spin currents appear in this clean system (as shown by the 
two panels of Fig. 2). Addition of the magnetic fields makes different modulations to the charge current, as 
shown by the dashed lines of 0B k⊥ = . Oscillations of the current are still keeping same amplitudes but the 
periods are increased, and thus the spin currents are pumped.  Meanwhile, the charge currents are larger than the 
spins. This result makes the spin pumping is hard to be enhanced, but the phase difference can produce many 
pure spin currents, as shown by the right panel of Fig. 2. Generally, the figure reveals that increasing of the 
perpendicular magnetic fields induces the systematic time reversal broken heavily, and modulations of the 
spin/charge currents are strengthen [15]. 

 
Fig. 3 Current pumpings as a function of combined SOC strength. The solid, dotted lines are pumping of charges 

and the rests are pumping of spins. Production of enhanced pure spin current pumpings can be achieved by 
proper adjustments to the SOC component. 

Usually, spin polarizations of the system are greatly modulated by the SOC strengths and components in 
different magnetic fields. Therefore, Fig. 3 shows that spin currents present significant oscillations with the 
SOCs.  The figures also show that in every settled SOC component and magnetic field, tunings of proper SOC 
strengths can obtain an enhanced pure spin current. Physical mechanism of the phenomenon mainly comes from 
that in the R-D system, the perpendicular magnetic field makes the spins oscillate with large contrary phases. 
Furthermore, a stronger magnetic field imposed, an easier pumping can be realized to the charges and the spins, 
the phenomena can be seen in Fig. 3(b). Comparing with the charges and spins of the panels, one can get that 
there are even more smoothly and stronger oscillations of the spins, and they make the pure spin currents 
changed. For specific performance four pure spin current pumping in different SOC strengths are shown. 
Increasing the D SOC strength, and referred the assisted points in the left-up panel of Fig. 3(b), a larger SOC 
strength makes the spin pumping oscillation peaks increase to the two negative oscillation peaks, and the pure 
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spin currents can even achieve some positive values. This induces a method of producing an extremely enhanced 
pure spin currents pumping. The results come from that in large magnetic fields increasing proper R-D SOC 
strengths makes spin pumping of the semiconductor much more precise and significant. 

 
Fig. 4 The spin current pumping as a function of the perpendicular magnetic fields in settled SOC strength. 

With proper modulations of the SOC components, an increased pure spin current can be achieved. The most 
enhanced pure spin current pumping can be seen in the left-down panel, and the right-down panel is the 

relationship of the R-D SOCs. 

Moreover, magnetic field effect to the semiconductor bulks is always investigated by its prominent 
modulations to the electron charges and spins. It is important to reveal dramatic influence of the magnetic fields 
to quantum pumpings in semiconductors, extremely involve the spin currents pumping. In Fig. 4, the spin 
pumpings are plotted with vary perpendicular magnetic fields in different SOC types. Compared both of the 
amplitudes and periods of the spin currents, the magnetic fields induced oscillations are always large and quick. 
This easily leads to a pure spin current pumping. Moreover, for settled SOC couplings and magnetic fields, a 
pure spin current can be enhanced by variation of the SOC component. All these spin currents are produced by a 
settled SOC strength, which makes there are no any charge pumping in proper perpendicular magnetic fields, 
thus a pure spin current can be produced. Furthermore, in this condition, varying of the SOC components can 
change the spin current pumping, thus one can make the most enhanced pure spin current, it is present by the left 
dash-dotted line added in the figure. One can also see that oscillations of the spin current pumpings are large 
increased in amplitude as the D SOC component strengthened. Actually, the largest oscillation amplitude is not 
appear in the whole D SOC component, but in a coexist of a large D SOC with a small R SOC, i.e., 

so 0.52θ π= , which means that as influenced by the magnetic fields, electron spin oscillations in the 
semiconductor will be adjusted by two types SOCs with different amplitude and phase. 

5. Conclusion 

In summary, descriptions and discussions of the pumped currents modulated by vary perpendicular magnetic 
fields in semiconductors are present. Pure spin currents can be obviously modulated by the magnetic fields, and 
the SOCs in both of the strength and component properties. As easily modulated by some perpendicular 
magnetic fields, a good spin pumping modulation can be significant enhanced by component tunings of the 
SOCs. The results are meaningful for design of the specific quantum pumping devices, especially for realizations 
of the spin pumping devices. We thank the support from the Major Scientific Research Fund of Hunan 
University of Arts and Science (Grant No. 16ZD04) and the Scientific Research Foundation of Education Bureau 
of Hunan Province (Grant No.17C1080). 
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