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Nonmagnetic semiconductor spin transistor
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We propose a spin transistor using only nonmagnetic materials that exploits the characteristics of
bulk inversion asymmetr{BIA) in (110 symmetric quantum wells. We show that extremely large
spin splittings due to BIA are possible {110 InAs/GaSb/AISb heterostructures, which together
with the enhanced spin decay times (10 quantum wells demonstrates the potential for
exploitation of BIA effects in semiconductor spintronics devices. Spin injection and detection is
achieved using spin-dependent resonant interband tunneling and spin transistor action is realized
through control of the electron spin lifetime in an InAs lateral transport channel using an applied
electric field(Rashba effegt This device may also be used as a spin valve, or a magnetic field
sensor. ©2003 American Institute of Physic§DOI: 10.1063/1.1609656

A number of semiconductor spintronic devices havestrate that large BIA spin splittings are possible (10
been proposed in recent years that rely on the energy splithAs/GaSb/AISb heterostructures, exceeding reported Ras-
ting between electron spin states arising from structural inbha spin splittings in this systerfr and in InGaAs/InAlAs
version asymmetry;® also known as the Rashba efféct. heterostructure’!®?’ The device, which is depicted sche-
Among these device concepts, those involving ardpmag-  matically in Fig. Xa), utilizes spin-dependent resonant inter-
netic materials are especially attractive since they avoid théand tunnelingRIT)>*®in a (110 InAs/AISb/GaSb hetero-
complex materials issues and unwanted stray magnetic field$ructure for both the generation and detection of spin-
associated with the incorporation of magnetic contacts, anglolarized electrons. Spin transistor action is realized through
because their operation relies on applied electric fields onlythe application of an external electric field to a symmetric
which may be modulated at considerably higher rates thainAs two-dimensional electron gd2DEG) between the in-
magnetic fields. The 6.1 A lattice constant family of hetero-jector and detector, which reduces the spin relaxation time
structures(AISb/GaSb/InA$ offers substantial advantages through the Rashba eff@ét>~*"*%ielding unpolarized car-
for such applications because of the high electron mobility ofiers following lateral transport. The electronic structure and
InAs and the large spin splittings characteristic of theseSPin relaxation times are calculated using a nonperturbative
heterostructure”® However, in devices relying entirely on 14-bandk-p nanostructure modélin which BIA is included
the Rashba effect, a tradeoff exists between the spin splittingaturally to all orders of the electron wave vector.
and the spin relaxation timef¢) due to characteristics of the ~ The central feature exploited in this device is the struc-
associated crystal magnetic field. In a lll-V semiconductofture of the BIA crystal magnetic field 1110 symmetric

heterostructure, the magnitude and direction of the wave

vector-dependent crystal magnetic field determines the size SPnINector g i Manipulation P anr
of the spin splitting and the rate of spin relaxation through (a) (Transistor Action)

precessional decdy’ The Rashba effective magnetic field nAs S, ¢S Ve A4 s
lies in the plane of the heterostructure and perpendicular t¢, = L Zash
the electron wave vectdf. In this case, regardless of the | = Y} A A
choice of the nonequilibrium spin orientation to be used| AlSb

within a specific spintronics device, promising designs that InAs Substrate

incorporate a large Rashba spin splitting will suffer from M

rapid precessional spin relaxatiShplacing serious limita- Sy
tions on feasible device architectures. 40 ® —q, (CG)

Here we propose a spin transistor using nonmagneticg 20 //_\ _ 3¢ 4t
materials that exploits the unique characteristics of bulk in- g /|’1’7aju /
version asymmetryBIA) in (110-oriented semiconductor & \—/ TT#;A’U/ [110)
heterostructures. Since the BIA crystal magnetic field in *=-20 )

(110 symmetric quantum wells is oriented approximately in 4
the growth direction for all electron wave vectdis),'? in 0 1 2 3 4 5 8
devices based on such structures there is a natural choice u 0 (radians)

quantization axis for spin along which precessional spin reg|G. 1. (a) Schematic diagram of a nonmagnetic semiconductor spin tran-

laxation is suppresséﬂ_‘“m the present work, we demon- sistor.(b) Calculated crystal magnetic field for HH1 in the GaSb/AISb quan-
tum well for an in-plane electron wave vectdq) of 0.03 A~* vs angle(¢).
#»=0 corresponds to thg001] direction. (c) Schematic diagram of the
¥Electronic mail: kimberley-hall@uiowa.edu calculated field in(b).
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<50 @ A s which is not used in the present devicesi20% smaller and
QEJ 40 s is considerably larger than the conduction band Rashba spin
= Bukk [IRC2SolN | splitting in InGaAs/InAlAs heterostructurds®!) These
S30 | "% 208 T large spin splittings, which reflect the strong spin—orbit in-
§20 T teraction in GaSh, would permit filtering of electron spins at
c room temperature.
& 10 - 30 Since the crystal magnetic field for each of the HH1 spin
T ok 0 subbands reverses sign on either side of[b@&l] axis, net
T 0 ' ] '2 ' " spin injection is achieved by applying a lateral Biaalong

000 00 k(g;-?) mgjos 0.0 [110] using side gates across the InAs emitter. This situation

is depicted in Figs. @®)—2(d). The spin of electrons that

200 %50 resonantly tunnel from the bulk InAs emitter to the InAs
100 % 2DEG will be aligned with the resonant states in the quan-
2 8 of tum well>3% i.e., in the =z direction (+z=[110]). As
Z 0 5_50 shown in Fig. Zc), under the application of a lateral bias to
g %:50 the bulk InAs emitter, the requirements of conservation of
5100 7, energy and in-plane momentum for the tunneling electrons

e of lead to the dominance of tunnel current that involves elec-

2001 \ N & 0 trons of one spin { z is shown; the direction of spin polar-

-0.10-0.050.00 0.05 0.10 004 000 004 ization is determined by the polarity of the lateral biakhe

[170] k(A1) [T101  [170] k (A1) [T10] situation in Fig. 2c) corresponds to 100% spin-polarized in-

jection, leading to a partially spin-polarized distribution in
FIG. 2. Spin filter and detector based on RIT in an InAs/AlSb/GaSb hetero ; _ 17 A= 3- ;
=1X
structure(a) Calculated HH1 spin splitting in the GaSb/AISb quantum well the |Ight|y dOped Nd 1 10_ cm = Fermi energy 30
vs well thickness I ys,= 60 A). (b) Overlay of the band structure of the 13 MeV) INAs 2DEG channel. Spin-dependent RIT is also used

A Gasb/AISb quantum well, the bulk InAs emitter, and the 215 A InAs/ for detection of spin-polarized electrons. As shown in Fig.
(S 2o y o et et D o esanan 20 2t sin polaization inthe 2DEG produces a balistic
tunneling, under cogditions aofc) spin injection and(d) spin detection. !ateral Currem in the quleCtor due to the Preferentlal tﬂnnel'
+2(~2) polarized electrons are indicated by the shattéidgonal stripei  iNg Of spins on one side of space relative to thg001]
region. (+z=[110]). direction, thereby generating a voltage at the side gates
across the collectorThis occurs if the range of energies
between the Fermi levels of the minority and majority spin
electrons is in resonance with the BIA-split levels of the
GaSb quantum well, realized through appropriate choice of
doping level in the 2DEG.The polarity of this voltage indi-
cates the orientation of the spin polarization in the 2DEG. If
no spin polarization survives following transport in the
r5DEG, the tunnel current will have equal contributions on
both sides ofk space, and produce no voltage across the
Tollector side gates. Because this spin detection scheme re-

arhe mamtalmed for .m]—cplian.e wgvevectors beyqf?dAf ) lies only on a difference in population between the two spin
The crystal magnetic field in Figs(t) and c) differs fun- states, it does not require ballistic transport in the InAs

damentally from the Rashba fiéfd since for(110 symmet- 55 channel.
ric heterostructures there is a natural choice of quantization Spin transistor action is achieved through control over

axis for spin in the growth direction. In this case, the BIA the spin relaxation time in the 2DEG using the electric field-
field lifts the degeneracy of the electron spin states but inyhgyced Rashba effeé#15-719T, for electrons in thé110)
duces only very small precessional relaxation, resulting inpnas/AlSh quantum well is shown in Fig. 3 vs. electric field
long spin lifetimes. The strong enhancemenflgfin (110-  strength(E). For E=0, T, is extremely long because both
oriented heterostructures was recently observed in GaAshe injected electron spins and the BIA crystal magnetic field
AlGaAs quantum welfs’ and InAs/GaSb superlatticé$. are oriented primarily in the growth directiofiT; in (110
Electron spin injection in the proposed device isquantum wells is limited only by a small, in-plane BIA mag-
achieved through spin-dependent R Resonant tunneling netic field component due to contributions of higher than
has been utilized in both magnéti¢* and nonmagnetfc®  third order in the electron wave vectbFor comparisonT,
spintronics device proposals in recent years. As shown in thigg more than three orders of magnitude smaller for the cor-
inset of Fig. 2a), electrons in the conduction band of the responding(001) InAs/AISb quantum well, thus reflecting
InAs emitter tunnel through the two HH1 spin states of thethe in-plane orientation of the BIA magnetic field §0801)
GaSb quantum well, whose degeneracy is lifted by BIA, toheterostructures. The electric field applied introduces struc-
the InAs 2DEG. The calculated HH1 spin splitting in the tural inversion asymmetry that produces an in-plane Rashba
GaSb quantum well is shown in Fig(&2. For thin GaSh magnetic field component,as shown in the inset of Fig. 3.
layers, this spin splitting exceeds 30 méVhe spin splitting  This in-plane magnetic field induces rapid precessional re-

for the first conduction subband of the GaSb quantum welllaxation of the growth-direction-polarized electron spins in
Downloaded 19 Jan 2005 to 128.255.34.225. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp

guantum wells. As shown in Figs(Hd) and Xc), the salient
features of this field aréi) it is oriented primarily in the
growth direction andii) for each spin subband, the carrier
spin points in the opposite direction on either sidk apace
(about thg 001] axis). These primary characteristics are re-
produced by both valence and conduction states in the vici
ity of k=0 for any (110 I[lI-V semiconductor quantum
well. (For the GaSb/AISb quantum well, these characteristic
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- 108 electrons in the InAs channel is indicated by the magnitude
a ° o5 Ky =.005A" _E=50 .

105 5. P and polarity of the voltage measured at the collector RIT.
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