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Abstract. We report concepts and modeling results on nonmagnetic 
semiconductor heterostructure spin devices, including resonant tunneling 
spin filters, bi-directional resonant tunneling spin pumps, and resonant 
spin lifetime transistors. 

1. Introduction 
An important component of semiconductor spintronics (spin-based electronics) research 
is the development of spin-polarized current sources [ 11. One interesting approach uses 
non-magnetic semiconductor heterostructures, without external magnetic fields or optical 
excitation. Voskoboynikov et al. first proposed the concept in an asymmetric resonant 
tunneling structure (aRTS) [2]. Subsequently, several new device concepts have 
emerged, including the triple-barrier resonant tunneling diode (TB-RTD) [3], the 
asymmetric resonant interband tunneling diode (aRITD) [4,5], the bi-directional resonant 
tunneling spin pump [6], and the [110]-RITD [7]. In this paper we present a brief 
overview of these device concepts. 

2. Resonant Tunneling Spin Filter Concepts 

2. I. 
Spin degeneracy in non-magnetic semiconductor heterostructures results from time 
reversal and spatial inversion symmetries, and can be lifted by the presence of structural 
inversion asymmetry (SIA) or bulk inversion asymmetry (BIA). SIA and BIA induced 
spin splittings can be described by the Rashba effect [8] and the Dresselhaus term [9], 
respectively. In general, spin splittings in nonmagnetic heterostructures are induced by 
the spin-orbit interaction, given by 

(1) 
For quantum well states, the effective magnetic field Ben determines the size of the 
Zeeman splitting and the direction of spin. The form of  be^ readily reveals the 
following features: (1) Ben I VV. Deferring discussions on BIA until Sec. 4, and 
focusing now on SIA, then spatial variations of Y are along the growth direction, 
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Figure 1. (a) Lowest conduction subband (cbl) in an asymmetric quantum well 
showing Rashba spin splitting. Available quasibound states in the cbl with energy 
below the emitter Fermi level are shown as shaded disks in hl-space. Arrows indicate 
spin directions. (b) Same as (a), but with the Fermi surface in the incidence electrode 
displaced by the application of a lateral E-field along the x direction. 

implying that spins are in the plane of the quantum well. (2) BeRI p, or, since the in- 
plane wave vector kll is a good quantum number, Ben1 kll. Hence spins are perpendicular 
to kll. (3) IBeffl cc Iklll. Thus spin splitting vanishes at the zone center. Using the aRTS as 
an example, we illustrate the properties of quasibound quantum well states Fig. 1 (a). The 
lowest conduction band (cbl) states are spin split by the Rashba effect. The shaded disks 
are kll-space representations of available quasibound states with energy below the Fermi 
level in the incident electron reservoir. When the spin directions of two spin-split 
subbands are plotted along the disk perimeters, they appear in counter-clockwise (ccw) 
and clockwise (cw) pinwheel patterns. Therefore we label the subbands “ccw” and “cw.” 
Note that ccw and cw subband states at the same kll have opposite spins, and that states 
with opposite kll within a given subband have opposite spins. Thus, to achieve efficient 
spin filtering we must provide mechanisms for preferentially selecting a particular spin- 
split subband, and also for lateral momentum selection. 
2.2 Subband Filtering 
Subband filtering is accomplished by exploiting the fact that the spin of a resonantly 
transmitted electron aligns with the spin direction of the quasibound state traversed 
[lO,ll]. The shaded disks in Fig l(a) represent the available cbl resonant tunneling 
channels in the aRTS. Although the two subbands have opposite spins, due to spin 
splitting, the cw disk has a larger radius, resulting in a net “subband current polarization” 
in favor of the cw subband. But since states with opposite 41 in a given subband also 
have opposite spins, the transmitted current still exhibits no net spin polarization. To 
obtain non-zero net spin polarization, one must create an anisotropy in the lateral 
momentum distribution of electrons undergoing resonant tunneling. This will be the 
topic of discussion in the next sub-section; here we focus on methods for optimizing 
subband filtering efficiency, defined as ~(Jccw-Jcw)/(Jccw+Jcw), where Jccw and Jcw are 
the resonant tunneling current density components associated with the ccw and cw 
subband tunneling, respectively. 
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There are two alternative schemes for creating anisotropy in the lateral momentum 
distribution. Datta and co-workers [3] proposed the use of a one-sided collector, which is 
placed on, for example, the positive x side to collect only electrons with positive k,, as 
illustrated in Fig. 3. Note that the individual spins in the ccw or cw half disk are not 
aligned, but rather point in directions given by azimuthal angle ranging from 0" to -1 80". 
This introduces a geometric factor into the calculation of net current spin polarization 9 
=(J+y-J-y)/(J+y+J-y), where J+y and J-, are resonant tunneling current density components 
spin polarized along the positive and negative y directions, respectively, and the 
superscript in 9 serves as a reminder that the one-sided collector collects only half of the 
transmitted currents. It can be shown that 9 = (2/.n)q, thus limiting ph to a theoretical 
maximum of ( 2 h )  = 63.7% for the one-sided collector geometry [ 121. 

Another scheme, proposed by Chow and Moon [5 ] ,  uses lateral side-gates fabricated 
on the mesa sidewalls of the resonant tunneling structure. The side gates are electrically 
isolated from the mesa itself. It should be noted that lateral side gating scheme used here 
differs conceptually from the method proposed by Voskoboynikov et al. originally, 
although both schemes make use of a lateral E-field to induce the lateral momentum 
distribution anisotropy required for spin filtering. Voskoboynikov et al. envision the use 
of the lateral E-field to induce a lateral current in the emitter, thereby imparting a net 
lateral momentum to incident electrons. The net lateral momentum induced is limited by 
momentum relaxation processes and the size of lateral current physically sustainable in 
the emitter region. In the lateral side gating scheme, there is no lateral current in emitter 
region, and lateral momentum is induced by the lateral E-field in a lightly doped drift 
field region (as well as the active region) following the emitter. Since the lightly doped 
drift field has somewhat longer momentum relaxation time, and can sustain larger lateral 
E-fields than the heavily doped emitter region, the side-gating scheme allows the 
possibility of a larger net lateral momentum, which is advantageous for spin filtering. 
2.4 Modeling Results 
As an example, Fig. 4 shows the computed subband current densities Jccw and Jcw, and 
one-sided collector current spin polarization ph as functions of applied bias for an aRITD 
depicted in Fig. 2. It shows that the aRITD can be a highly efficient spin filter, with 9 
approaching the theoretical maximum of 63.7% at relatively large current density levels. 
A key requirement for the operation of resonant tunneling spin filters is coherent 
tunneling, which is more likely to occur when resonant tunneling lifetimes are shorter 
than typical scattering times in the quantum well. For the aRITD structure studied in this 
case, the typical tunneling lifetime is on the order of 10 ps. 
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Figure 4. The left panel shows the current density components associated with the 
ccw and cw subbands in an aRITD as functions of applied bias. The right panel 
shows the corresponding one-sided current polarization efficiency. 
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3. Bi-Directional Resonant Tunneling Spin Pump 
A bi-directional spin-pump [6] is similar in structure to resonant tunneling spin filters. 
In the spin pump, we do not intentionally apply any bias along the growth (2) direction, 
but apply a small lateral E-field only in the emitter region. Figure 5 shows the k-space 
carrier distributions for the spin pump emitter and collector, which are made from the 
same material and doped to equal carrier concentrations. The application of an in-plane 
E-field displaces the emitter Fermi surface. Figure 5 shows that the displacement creates 
an excess of carriers on the +k, side, which can tunnel to the collector, and a deficit of 
carriers on the -k, side, which becomes available to receive electrons tunneling back 
from the collector. Assuming the spin filter structure is designed such that resonant 
tunneling through the cw states dominates over the ccw states at zero bias, then 
resonantly transmitted electrons on the +kx and -k, sides will be spin polarized along the 
-y and +y directions, respectively. This results in a forward (emitter to collector) 
electron (particle) current with -y spin polarization, and a backward current with +y spin 
polarization. The bi-directional spin pump induces the simultaneous flow of oppositely 
spin-polarized current components in opposite directions through spin-dependent 
resonant tunneling, and can thus generate significant levels of spin current with very little 
net electrical current across the tunnel structure, a condition characterized by a greater- 
than-unity current spin polarization. It works the best with an efficient spin filter 
structure, such as the aRITD [4] or a slightly asymmetric spin blockade structure [ 131. 

4. Bulk Inversion Symmetry Device Concepts 

4.1. 

The devices presented so far focused on the effective use of SIA for spin filtering, and 
have neglected bulk inversion asymmetry (BIA) effects [9,14]. Under the right 
conditions, BIA can be used to enhance the efficiencies of spin filters [ 121. We can use a 
simple two-band model to demonstrate this effect. In this model the spin-dependent part 
of the Hamiltonian, Hs, for a [00 11 quantum well structure can be written as the sum of an 
SIA (Rashba) part HSIA= asIA (oxky - oykx) [8], and a BIA part HEIA= aEIA (cxkx - cyky) 
[15,11], where ox and oy are Pauli matrices, and czsw and CZBN are the coefficients 
measuring the strengths of SIA and BIA effects, respectively. In general, the BIA term 
modifies SIA-only quantum well state spin directions shown in Fig. l(a) anisotropically. 
However, it could be seen readily that, if c z s ~  and UBIA have the same sign, then the HBIA 
and HSZA terms always reinforce each other for k, = ky. In other words, in the kll-plane, at 

Bulk Inversion Symmetry Enhanced Resonant Spin Filter 
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Figure 5. Schematic illustration of the 
emitter and collector reservoirs in a bi- 
directional spin pump structure. A lateral 
E-field is applied to the emitter, but not 
the collector. 

Figure 6. Schematic illustration of 
quasibound state spin directions for 
two spin-split subbands on a constant 
kli contour, for CY.SIA/CY.BIA =l.  
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the azimuthal angle of p=+45", SIA and BIA effects always reinforce each other. Thus if 
we apply the lateral E-field (or put the one-sided collector) along 4145" instead of along 
the x direction as we did when considering SIA effects only, we obtain noticeably higher 
current spin polarization. This is most pronounced for the special case of CXSIA=CXBIA in as 
shown in Fig. 6, where directions of states on either side of the 135"-axis are completely 
aligned or anti-aligned with the axis, allowing a one-sided collector at 4 4 5 "  to collect an 
ensemble of spin-aligned transmitted electrons. In that case we obtain ph=q for the one- 
sided collector geometry, instead of ph=(2/71)77 when BIA effects were neglected. 
4.2. Resonant Spin Lifetime Transistor 

An interesting property arising from the interplay between SIA and BIA effects is that the 
D'yakonov-Perel' mechanism of spin relaxation becomes suppressed when CLSIA=CXBM 
[16]. This led us to the concept of a variant of the Datta-Das spin transistor [17] called 
the resonant spin lifetime transistor (RSLT) [ls]. In RSLT the switching action is 
accomplished by electrically controlling the spin lifetimes of electrons in the channel, 
where the size of CXSW can be tuned by gate biasing while ~ B I A  remains essentially fixed. 
The RSLT is similar in concept to the non-ballistic spin-field-effect transistor [19], and 
can be used in non-volatile memories and magnetic readout heads [ 181. Finally, we note 
that the resonant interband tunneling spin filter and the spin lifetime transistor may be 
implemented in [ 1101 grown structures, where BIA effects play a dominant role [7]. 
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