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Spin photovoltaic effect in quantum wires with Rashba interaction
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Department of Physics and Astronomy, Michigan State University, East Lansing, Michigan 48824-2320

(Received 4 February 2005; accepted 13 April 2005; published online 19 May 2005

We propose a mechanism for spin-polarized photocurrent generation in quantum wires. The effect
is due to the combined effect of Rashba spin-orbit interaction, external magnetic field, and
microwave radiation. The time-independent interactions in the wire give rise to a spectrum
asymmetry irk space. The microwave radiation induces transitions between spin-splitted subbands,
and, due to the peculiar energy dispersion relation, charge and spin currents are generated at
zero-bias voltage. We demonstrate that the generation of pure spin currents is possible under an
appropriate choice of external control parameter2005 American Institute of Physics

[DOI: 10.1063/1.1935747

The Rashba spin-orbit interacti¢80l) (Ref. 1) in trans- We consider a QW in the direction created via a lateral
port and equilibrium phenomef& plays a central role in the confinement(in the y direction of a 2DEG in the(x,y)
fast growing fields of spintronics and quantum computation. plane. The Hamiltonian for the conduction electrons in the
In particular, it was recently discovered that the joint actionQW in the presence of the microwave radiation can be writ-
of the Rashba SOI and in-plane magnetic field on electronten in the fornt,™*
confined in one-dimensional quantum wir@3W) results in 2 .
unique propertied:* Several useful applications based on H= p -+ V(y) - iao 7 +9 KB, B(t) +U(zt). (1)
these properties were proposed, including a scheme for mea- 2m Yox 2
suring nuclear spin polarizati%rand a spin filte? We assume the microwave field propagating in tkey)

In this letter, we theoretically investigate the effect of @plane and we fix the electric-field component in theirec-
microwave radiation in a QW with Rashba SOI and an in-tion_ |n Eq.(1), p is the momentum of the electrom is the
plane magnetic field. This setup was stimulated by recenglectron effective mas3/(y) is the lateral confinement po-
experiments on the modifications of the Hall effect in thetential due to the gates; is the SOI constanig is the vector
presence of a microwave fleJrBWe will show below that of Pauli matrices’MB and g’c are the Bohr magneton and
spin and charge photocurrents can be generated in micreffectiveg factor, andU(z,t) is the potential due to the elec-
wave irradiated QW<spin photovoltaic effegt The effect tric field component of the radiatiorB=By+B; cogwt),
originates in the broken symmetry of QW subbands causeg@hereB, is the in-plane constant magnetic field @gis the
by the interplay of SOI and constant magnetic field. We emmagnetic-field component of the microwave radiation, and
phasize that this mechanism is based primarily on spin des the radiation frequency(z,t) can be neglected because it
grees of freedom in contrast to other mechanisms of the phatoes not couple spin-splitted subbands. The third term in Eq.
tovoltaic effect considered beforeee, e.g., Ref. 31and (1) represents the Rashba SOl for an electron moving in the

differs from the optical spin current generatijc?n. x direction. We assume that the effects of the Dresselhaus
In our model, a ballistic QW of length is connected to SOl can be neglecte]r}.

two electron reservoirs having equal chemical potentials At B, =0, the solutions of the Schrddinger equation can
This geometry is realized, for instance, in a QW created by &€ written in the form
split gate technique in a two-dimensional electron gas. For KX /o

. . L +g'¢
the sake of simplicity, we assume that only the QW region is P, (k) = ?(‘ >¢|(y), 2)
irradiated by the microwave field. Without microwave radia- B v2\ 1

tion, the currents in QW from the left to the right reservoir
and from the right to the left reservoir balance each other sg, .\, - function of the transverse modése to the con-
that the total current through the QW is zero. The microanE}inement potential/(y)]. The eigenvalue problem can be
radiation induces transitions between spin-splitted SUbband§olved to obtain

The electron wave vectde is conserved in such transitions,

where p=arctaf—By/ Box—2ak/(g usBox)] and ¢ (y) is

however, in the presence of SOI, the electron velocity is not E2. KB B
simply proportional tck. The direction of the electron veloc- Ers(k)= ZR+ET £ E,\/1+ =2 +12, ©)
ity, in specific intervals ok, can be reversed after the tran- Eq Bo

sition. The intersubband transition rate, due to the asymmetrpglere"&:ka/EZ E,=2m" a?/#2, E;=g’ ugBo/ 2, andEY is the
of QW subbands, is different for left- right-moving electrons, |, eigenvalue oﬂc}(y). Assuming the parabolic confinement
and produces a net charge current. The spin current is al%btential in they direction, we haveE"=Aw(l+1/2).

influenced by the microwave field, since spin flips occur in The energy spectrum corresponding to E2). is illus-

these transitions. trated in Fig. 1, for the two spin-split subbands characterized
by 1=0 andB, directed atsr/4 with respect to the axis in
¥Electronic mail: pershin@pa.msu.edu the (x,y) plane. Notice that the down-splitted subband has a
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FIG. 1. (Color onling Energy dispersiori, (k) (with respect toEg) for FIG. 2. (Color onling Current through QW as a function of the excitation
E,=0.1E, and By=(By/\2,B,/\2,0). Spin orientation is illustrated by ar- frequencyw. { is the in-plane angle betwedy andx axis, 4=0, T=0.
rows [(ay) is plotted along, (ay) is plotted alongg, and{co)=0].

) ) of linearized Eq(5) with the specified above boundary con-
clearly defined asymmetry. This subband features several Igjitions was found analytically. We calculate the currentas:
cal extrema, namely,_ two minima and one maximum. The =ﬁEV:if°_°xvy(k)fy(k)dk We found that the transitions con-
energy branches avoid the crossing and form a local gap. Theyying the velocity direction do not change the charge cur-
expectation values of spin polarization in the std@®sare o The current as a function of the excitation frequency is
(#oy+)= tcode(K)] a”d<i|.‘7y|i>: +sine(k)]. While the  pqn in Fig. 2 and has a two-peak structure. The first peak
external magnetic field realigns the electron spins in the gag, thjs structure corresponds to transitions between the states
region, far from this region the spins are polarizedyidi-  \yith k neark™ the second peak corresponds to transitions
rection by the Rashba SQFig. 1). The velocity of an elec-  penyeen states witk neark™™2 The direction and ampli-
"0.”1'5 determ|n2ed by.(k)=JE./# k. Denoting by K™, tude of the charge photocurrent shows a significant depen-
K", kD' k"™“ the positions of the local extrema & . dence on the direction oB,, especially in the first peak

andE -, we rﬂ'.?d from Eq.(3) thﬁ v+ <0 frggxk<kT":ﬁmUZ+ region, because the spin structure in this region is strongly
>0 for k>k.™ v_<0 for k<kI™" and kKZ*'<k<kI™?  affected by the magnetic field direction.

U—>mgx for KM <k< kI and k> k™2, Generally, k_Tm As electrons carry spin as well as charge, the time-
# k=™ Thus, there are two intervals kfwhen the directions  dependent magnetic field also influences the spin current
of v_(k) andv.(k) are opposite. through the wire. The spin current can be defined as the

Next, we consider transitions generated by the timetransport of electron spins in real space. When the electron
dependent magnetic fieldl, cogwt). It can be shown that transport is confined to one dimension, the spin current is a
the transition rate differs from zero only for transitions be-vector. Its components can be calculated usi
tween subbands characterized by the same nurhlbéth :Eyzifo_cw<y|o'y|V>Uy(k)fy(k)dk where y=(x,y,2). Figure 3
conservation ok (examples of such vertical transitions are gshows thex andy components of the spin currefit=0)
presented in Fig.)1 We calculate the transition rate using the cajculated for two different values of the chemical potential

expression w. The main features of the spin current a(®: The spin
o g 2 current is coordinate dependertii;) transitions conserving
W="—"—"|{ + ﬂgsl -)| 8(E .-E _-tw). (4) the direction of the electron velocity also contribute to the
h ' ’ spin currentyiii ) generation of a pure spin curremtithout a

It follows from Eq. (4) that the transition rate depends on the charge currentoccurs for transitions withv_(kjv..(k) > 0.
relative orientation of the spin polarization in a statand ~ 1h€ Spin current components calculategkatO have a com-
the direction ofB,. This property allows one to use the di- Plex dependence om. At u=-0.2,, the role of different
rection of the oscillating magnetic field as an additional pa_transnu_)ns can be more e_aS|Iy l_Jnderstood. With increase of
rameter that controls spin and charge currents in the QW. @ We first observe excitations with.(k)v.(k) <0, and, then,

In order to take into account the effect of the time- after passing the second minimumf(k) (see Fig. 1, with
dependent magnetic field on transport properties of the QW-(Klv.+(k)>0. The insets in Fig. 3 show that the first type of
we solve the Boltzmann equations transitions leads to changes in spin currermt=a0 andx=L,

while the second type of transitions changes the spin current

af- atx=L only. The asymmetry of the spin current components

U:(")g =WH(1-fo) -Wiz(1-1.), ®)  atx=0 andx=L is a signature of pure spin currents in the
o _ _ system.

for the distribution functionsf.(k,x). Assuming that the We now discuss the conditions for an experimental ob-

chemical potential is below the minimum Bf(k) and a low  servation of this spin photovoltaic effect. First, a QW should
temperature, we supplement E§) by the following bound-  be fabricated from a structure with large Rashba SOI. A
ary conditions: Fow_(k) >0, f_(x=0)=f(u); for v_(k)<0,  promising candidate are InAs-based semiconductor hetero-
f_(x=L)=f(u); for v.(k)>0, f,(x=0)=0; for v.(k)<O, structures, which have a relatively Iarge15 The character-
f.(x=L)=0, wheref(u) is the Fermi function. The solution istic energy of the SOI for these structurds=4.5
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used only for convenience. In a real experiment, the whole
7 system(QW and leadpis subjected to a finit&,. The effect

of the leads depends on the particular system studied, but
should not considerably affect the scheme proposed here,
especially if there is no appreciable SOI in the leads. The
spin and charge currents can be measured by any appropriate
experimental technique. We believe that the charge current
can be measured in a standard way, for example, using a
sensitive amperemeter. The most convenient technique for

—
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