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We present a theoretical study of a spin field-effect transistor realized in a quantum well formedapad
ferromagnetic-semiconductor—nonmagnetic-semicondudésromagnetic-semiconductor hybrid structure.
Based on an envelope-function approach for the hole bands in the various regions of the transistor, we derive
the complete theory of coherent transport through the device, which includes both heavy- and light-hole
subbands, proper modeling of the mode matching at interfaces, integration over injection angles, Rashba spin
precession, interference effects due to multiple reflections, and gate-voltage dependences. Numerical results for
the device current as a function of externally tunable parameters are in excellent agreement with approximate
analytical formulas.
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[. INTRODUCTION for device operation. The obvious challenges involved in the
fabrication of hybrid systems consisting of metallic and
Spintronics has attracted great interest in the scientifisemiconducting parts, as well as a physical limitdffaa the
community>? advocating the use of the spin degree of free-amount of spin injection that can be achieved in the absence
dom in electronic devices. Combining this idea with mesos-of tunnel barriers at the interfaces, have so far prevented the
copic transport has stimulated investigations of coherentealization of any spin FET device. A possible solution to
spin-dependent phenomena. Many proposed device setupscumvent these difficulties may be provided by the use of
exploit the effect of spin-orbit coupling on the carrier diluted magnetic semiconductdtsas source and drain. This
motion3~° The most popular proposal for a coherent spin-motivates our present study where we investigate transport
tronic device is the spin field-effect transistFET) pro-  through 2D hybrid structures with ferromagnetic contacts re-
posed by Datta and D&% It consists of a two-dimensional alized in semiconductor heterostructures. An important as-
(2D) electron gas confined in a semiconductor heterostrucpect of our work deals with the fact that ferromagnetic
ture that is attached to two ferromagnetic contacts acting adll,Mn)V compounds are intrinsicallp doped, implying
source and drain. Majority-spin electrons injected from thethat currents are carried by holes rather than electrons. The
source experience a spin precession due to the Rashkspin properties of carrier states in the intrinsicgiiike va-
effect?~1*if the magnetization direction in the source con- lence bands of Ill-V semiconductors are very different from
tact is parallel to the direction of current flow or perpendicu-that in theslike conduction band. To begin with, several
lar to the plane of the 2D electron gas. Tunability of thevalence bands with different effective masses exist. More
spin-orbit coupling strength by gate voltages enables extern@nportantly, however, spin-orbit coupling in the valence
control of this spin precession and, hence, manipulation obands has a more complicated structure than that of
the current transmitted at the second ferromagnetic contactonduction-band electroR&?*
In addition to gate-voltage control of the Rashba spin-orbit The aim of this article is a detailed study of an all-
coupling experienced by 2D electrons, which has been sucsemiconductor spin field effect transistor in which the con-
cessfully demonstrated experimentafly}’ efficient injec-  ducting channel is provided by a 2D hole g2OHG). The
tion of spin-polarized electrons from ferromagnetic contactgevice structure we propose is depicted in Fig. 1. A
into the nonmagnetic part of the spin FET is a key ingredienMnGaAs/GaAs/MnGaAs heterostructure is overgrétiin
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Vg interference effects appear due to multiple reflections at the
interfaces. In Sec. V, we describe an analytical model that
Ga/s cap layer approximates the numerical simulations very well and helps
AlGaAs ]
us to understand how the precession lergth depends on
MnGaAs \ JDHG | MnGaAs L] the Fermi energ§ in the 2DHG. In Sec. VI, we address the

e response to external gate voltages. The possibility to control

GaA the spin precession by a single gate voltagethat simulta-
afs neously modifies Fermi energy and Rashba spin-orbit cou-

pling is discussed in detalil.
FIG. 1. (Color online Schematic illustration of the proposed
device. The two-dimensional hole g2DHG) in the GaAs part is

attached to spin-polarized source and drain contacts, formed by II. ENVELOPE-FUNCTION DESCRIPTION

2DHG'’s in the MnGaAs parts. The gate electrode on the top con- OF 2D VALENCE-BAND STATES

trols both the carrier concentration and the Rashba spin-orbit cou-

pling strength. In this section, we obtain effective Hamiltonians that de-

o . scribe the valence bands in the different regions of the spin
the z direction with AlGaAs such that a 2DHG forms at the FET, namely, the ferromagnetic source and drain contacts
interface. In fact, Mn doping is only required within the goped with MR* ions and the undoped nonmagnetic chan-
quantum well formed at the interface to the AlGaAs layer,ng| in petween. In all these regions, holes are confined within
but the Mn ions outside the well do not disturb. In the pro-5  2p guantum well. We use an envelope-function
posed setup, source and drain are defined by 2D quantugbscriptiod®28 of the 2D system. The Hamiltonian for the

wells a_ccommodating spin polarized holes. The carriers i’honmagnetic semiconductb, is the sum of a 2D quantum-
the entire 2DHG are subject to the Rashba effect which leadg,g| HamiltonianH ,, plus a Rashba terf g, which arises

to_spin precession. The strength of the Ra_shba spin-orbit COy e to the asymmetry of the confinement potenidgl(z).
pling can be tuned by a gate voltage applied to the top of they, the other hand, the total Hamiltonian for the ferromag-

4
sample’ netic contactd; is given byH, plus the termH 4, which

The key ingredient for the functionality of the device is (51es into account the coupling between thike valence
the tunable Rashba Spin prECESSion in the 2DHG. In Ref. Zq.loles and the half-filledd-shell MnZ+ ions with Spin S
we studied this part within a simplified model allowing for _ g,

an analytic treatment, which enabled us to discuss features Bullk systems host heavy- and light-hole bands with total

that are universal for both electron and hole transport. In th%mgular momentunj=3/2. These bands are degenerate at
present paper, we aim at a more complete numerical treafn "1 and edge and are well separated, due to spin-orbit cou-
men'[_o?c transport th_rough the entire device. This |nc|ude§)”ng, from the split-off bands with total angular momentum
describing the semiconductor valence bands by >a44 i_ 15 |5 quantum wells, each of these bands is transformed
Kohn-Luttiger Hamiltonian instead of restricting ourselves toin 4 sequence of quasi-2D subbands, and the degeneracy be-
heavy-hole ?arr:ds oncliy. we tﬁ"‘? 'nt? accounththe matChIn%Neen heavy- and light-hole bands is lifted. In the following,
properties of the modes at the interfaces to the source anfle 4o interested in the situation at low carrier concentra-
drain contacts, which automatically includes interference ef, < sich that only the lowest subbands, one heavy-hole

fects due to multiple reflection. As in Ref. 25, we allow for band(HH1) and one light-hole banfLH1), have to be taken
all possible injection angles instead of restricting to a quasis :

di ional | s dv th Ilnto account. This is the simplest realistic case that occurs
one-dimensional setup. In our analysis we study the purely e the riangular quantum well is narrow enough to suffi-

ballistic regime. Scattering due to impurities or to the Iateralcienﬂy lift the energy of higher subbands. Inclusion of higher
finite size of the device due to the functional form of the energy subbands, in particular HH2, would be straightfor-
spin-orbit coupling Hamiltonian for holes affects the total ward, but would only lead to higher order corrections. In-

angular mo'mentun]] .and not oply the spin. This Iea'ld.s _to eed, the low hole density typically present in experiments
extra damping of spin-precession and should be minimize plies that the only occupied propagating modes are in

to improve device functionality. Finally, for addressing the ;41 \whose shape is influenced by the band midngith
response of transport to the gate voltage, we employ a €§41 anq in a negligible way with HH2. Coupling with HH2

pacitiye model that takes the. variation of. both the carrierwould affect the shape of LH1, and therefore only evanes-
density and the Rashba coupling strength into account.

o ; . . cent modes. In the basis of total angular momentum
The article is organized as follows. We introduce, in Sec.

II, the Kohn-Luttinger Hamiltonian for the ferromagnetic

and nonmagnetic parts of the semiconductor quantum well. |1)=|j=3/2,=3/2),
In Sec. Ill, we describe the mode-matching technique used to T

calculate transmission coefficients for transport through the 12)=1j=3/2],=—1/2),

structure. Our results from numerical simulations of trans- |3)=|j=3/2],=1/2),

port are presented in Sec. IV. After discussing the case of |4y=|j=3/2j,= —3/2) (1)
only one interface between a ferromagnetic and a nonmag- e

netic 2DHG, we turn our attention to the full transistor ge-

ometry with two ferromagnetic contacts. In the latter casethe HamiltonianH ,p, read$®
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FIG. 3. The first subband$iH1 and LHJ of a semiconductor
Suantum well in the presence of Rashba spin-orbit coupling, which
F%moves the spin degeneracy. The coupling congight) is 0.05
eV nm.

FIG. 2. Dispersion of the lowest quasi-2D subbafidsll and
LH1) of a semiconductor quantum well when no exchange field an
no spin-orbit coupling are present. The subband-bottom energies al
computed usingE, equal to 4 10° eV/m and vertical masses of

mHHZ=O.38nO and mLHZ= 009‘n0
-j. Here,E is the electric field due to the confining potential

HH d 0 0 Vo{(z) andB is a material parameté?:2! In our systemE
& LH 0 o =E,z andHg, reads
2

Hop=

0O O LH d | 3
0 0 d* HH 0 0 e 0
with 0 0 i Ee_m
2
h? Hpe=iBEk
HH:EHH1+ k2 Rs z )
ZmHHH — Eeia eila O O
12 2
LH=E"14+ ——Kk?
MLy 0 —\/756“" 0 0
J3h2_ .
- _ 24—i2a (5)
d T AL 3)

In Fig. 3 we show the HH and the LH subbands for the
Here we have adopted the momentum-space representatiggnmagnetic semiconductor as a functionkpbbtained by
in polar  coordinates for the wave Vﬁﬁforkl\ diagonalization oH,=H,p+Hgs. We see that the splitting
=L(Hk1c_03a,ksma) in the 2D plane. The quantitis™" and gt small wave vectors is linear for the light-hole subbands
E™"" in Eq. (3) are the subband-bottom energies derivingpyt cubic for the heavy-hole subbands.
from the solution of the Schinger problem for the trian-  The Hamiltonian for the ferromagnetic-semiconductor
gular well, and the factoN takes into account the scalar part is given byH;=H,p+HgstH,q. We use a phenom-

product between the envelope functidfis™ "™ for the HH1  gnojogical description of the ferromagnetic semiconductor,
and LH1 subbands. We observe that in E2). there is no

coupling between LH and HH subbands with the same sign
of j, since the corresponding matrix element is proportional
to the vanishing integra(fH™k,| f-).

The effective masses appearing in E8). are given by

0.3

€ (eV)

mHH\lzm/(Yl"';)

Mg =m/(y1— %), (4)

where the two coefficienty, and y=(y,+ y3)/2 are the

Luttinger parameters, taken in the so-called axial

approximatiort® In Fig. 2 we show the HH1 and the LH1 K (nm-1)

subband dispersion relations as a function of the magnkude

of 2D wave vector. FIG. 4. The ferromagnetic-semiconductor 2D quantum-well
The Rashba spin-orbit coupling arises from the structurasubbands for the case of magnetization perpendicular to the 2DHG

inversion asymmetry due to an asymmetric confining po- plane. The interaction constant J54=0.06 eV nni, the manga-

tential. It is described by the Hamiltoniadrs= B(kXE) nese concentration My,,=1 nm 3, and(BE,)=0.05 eV nm.
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in which local moments witi5=5/2 from Mrf" ions are lll. QUANTUM STATES FOR HOLES PROPAGATING
antiferromagnetically coupled to the itinerant hol&s*In a THROUGH THE SPIN FET

mean-field treatment, combined with a virtual-crystal e calculate coherent transport through the spin FET us-
approximatior,*~itinerant holes experience an exchangeing the scattering formalism described, e.g., in Ref. 38. It
field h=J,sNwn(S), where the average Mn-ion spBihas  rejates the current to transmission amplitudes for scattering

directionn=(cos¢sin 6,sin¢ sin ,cosé), Ny, is the doping  states defined in the contacts. To obtain these, proper match-
concentration, and,4 describes the coupling strength. This ing of wave functions at interfaces is required, that we de-
exchange-coupling field is accounted for ,4=h-o, scribe in this section. The imposed conditions at the interface
where the spin matrices in the basis given in Eql) are are the continuity of the wave function and conservation of
the component of probability current that is perpendicular to

the interface. To illustrate the subtleties associated with the

1 second condition, let us consider an interface between a fer-

0 0 23 0 romagnetic and a nonmagnetic regiorxatxy. The continu-
ity equation for the current is
1 1
0 0 2 o= ff —.p
3 2\/5 Ux‘ﬂ (Xo,y)—vxlﬂp(XO,y), (9)
o= : (6)
23 3
o LdH¢p
o = o o U= TRy 19
2\3
which derives from the operator relatian= (i/%)[H,X].
1 Note that, due to the presence of spin-orbit coupling, the
0 o _-_—_ 0 derivative of wave functions needs not to be continuous at
23 X=Xp. Instead, Eq(9) guarantees current conservation.
In both the ferromagnetic and nonmagnetic regions, four
0 0 1 _ different channels are availables 1, . . . ,4,associated with
3 23 the four-dimensional Hilbert space of the valence-band sub-
oy=i , (7) space under consideration. Let us consider a wave incoming
i - E 0 0 from the ferromagnetic region with wave vectdk|
23 3 =ki|(COSa,Sina), which is in theith subband. The wave is
1 partially reflected at the interface to the nonmagnetic region.
_ 0 0 The wave function in the ferromagnetic source electrode is
23 then
fl
and lﬂf(X y): Xi(ki) eik!(x cosa+y sina)
ENHUS
1 4 f R
E 0 0 0 + 2 fin X“(k”) e%kﬁ(x c05a§+ysina5),
1 A= Jea(kn)]
0o - 5 0O O (11)
oy . . ®) f _ _ _
0 0 - o where y,, are the eigenfunctions d¢dl; in k-space represen-
6 tation, the normalization factorrﬂ(kn) is the velocity expec-
1 tation value computed for the state vect\dr(kn), andr;
0 0 O ~3 are the reflection coefficients to be determined from the

matching. The wave vectokS=kR(cosa® sinaf) of the re-
flected waves are determined by the following three condi-
In Fig. 4 we show the HH and the LH subbands in thetions.

ferromagnetic-semiconductor contacts as a functiok ob- (@) The moduluskff is the solution of the implicit equation
tained by diagonalization of;. The splitting of the two eL(kﬁ)=EF, wheree;(k) is the dispersion relation.
heavy-hole subbands for small valueskofeads to full po- (b) The anglesaR are derived from the continuity of the
larization at low densities. The magnetization direction in themomentum parallel to the interface due to translational in-
figure is perpendicular to the 2DHG plares (0,0,1). variance along that spatial direction.
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T

(c) Among these solutions we allow those that satisfy ' '
{Re[vy(k)]>0 and Infu, (ki) ]=0} or {Im[vy(k7)]>0}. »

The two possibilities correspond to propagating and evanes- é“
cent modes, respectively. é
Similarly, the wave function in the nonmagnetic region is =
S
4 p/, T =
Xn(kn) QT T T
p X,y)= t. e|kn(x cosa,+y sin an), 12
PPxy)= 2 tin O] (12

wheret; ,, are the transmission coefficients, and all the other
quantities in Eq(12) have the same definitions given for the
corresponding quantities in EGL1). The eight coefficients

rin andt; , are determined by the two conditions of conti-
nuity of the wave function and current conservation, €,

given thaty"P has four components in the total momentum
space. We emphasize that it is important to include all modes
even when some of them are evanescent since transmission
and reflection at the interface are influenced by tunneling
into classically forbidden channels.

Iy (6=0,0)

IV. RESULTS OF NUMERICAL SIMULATIONS . , , .

For our numerical simulations we takeJ,q
=0.06 eV nnd, Ny,=1 nm 3, and S=5/2. The Rashba L (nm)
term is characterized b§BE,)=0.05 eV nm, and the Fermi
energy is taken a8 =0.08 eV, which corresponds to a hole FIG. 5. Spin components of the current density in a nonmag-
density of 4x 10'* m~2. We assume that the leads’ magne- Netic 2DHG plotted as a.function of the distaricérom the inter-
tization direction is either perpendiculaf 0) or within the face with a ferromagnetic 2DHG. Results are shown for a half-
plane (= /2) of the quantum well. metallic ferromagnetic contact having magnetization directon

To clarify the underlying physics, we will approach the =(0.0,1). The Fermi energy is equal to 0.09 eM@hand to 0.045
full spin FET design step by step. First, we consider Rashb_SV in pangl(b). It is apparent that the_per!od qf current oscnlatlo_ns
spin precession for holes transmitted through a single intef$S Proportional to 1. For both spin directions, the current is
face between a ferromagnetic and a nonmagnetic 2DHG fdfo"™malized to the incident hole flux.

a fixed injection angle. Then, we include a second interface . o
with the magnetization of the source and drain electrode be- In Fig. 6 we show results for the case of magnetleanon
ing parallel, keeping the angle of incidence for spin-direction in the ferromagnetic 2DHG beingn
polarized holes still fixed. As a result of the Rashba effect,=(1/y/2,14/2,0). For in-plane magnetization in the half-
the total transmission will oscillate as a function of the chan-metallic contact, the amplitude of the current modulation in
nel length in the nonmagnetic 2DHG. Finally, we take thethe nonmagnetic 2DHG depends on its azimuthal arfgle
full 2D nature of the device into account by adding up theThe largest oscillation amplitude occurs 0, i.e., when
current contributions for all injection angles.

Let us start by considering a single interface between a 0.8 ' T T ;
ferromagnetic and a nonmagnetic 2DHG. In Fig. 5 we show
the spin-up and spin-down currents as a function of the dis-
tance from the interface in the case of magnetization perpen-
dicular to the planéﬁ=(0,0,1)] and perpendicular injection
(a=0) of spin-up current for two different values BE . We
find that both the spin-up and spin-down current density os-
cillates with modulation length s, indicating Rashba spin
precession in the nonmagnetic region. With increasing Fermi

Iy (0=n/2,0=1/4)

energy, the oscillation length decreases. This result is in clear 0 100 200

contrast to the case of the spin FET based on electrons, L (nm)

where the spin precession length is independent of the Fermi

energy*® Moreover, the modulation lengths(«) also de- FIG. 6. Same as Fig.(8) but for the case where the magneti-

pends on the injection angke (not shown in Fig. & For a  zation direction in the ferromagnetic 2DH(@nd, hence, the quan-
realistic sample; integration over all possible injection anglesization axis for spin components of the curpeig equal ton

is required. We will see later that, after integration, the over=(1/y2,14/2,0), i.e., lies in the 2DHG plane. Note the diminished
all modulation length is given by that for perpendicular in- amplitude of current oscillations which would disappear altogether
jectionLg(0). for n=(0,1,0).
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FIG. 7. The transmission probability of spin-up electrons forthe k1. g, The total current density as a function of the quantity
case of two interfaces separated by a distabceThe high- | ;| _ in the 2D system treatment, wheteis the channel length

frequency oscillations are due to resonances arising from multiple,q Lso is the total modulation length. The magnetization in the
reflections between the two interfaces. It turns @ate below that contacts is perpendicular to the plane of the 2DHG.
such features tend to be smeared out when the transmission is av-

eraged over the injection angle. Parameters are the same as

Fig. 5 #®n operation corresponding to E¢L3) for magnetization

direction in the contact 2DHG’s beingy=(0,0,1).

the magnetization direction is perpendicular to the interface.
No oscillations exist forp= /2, because majority spins in- V. ANALYTICAL RESULTS FOR TRANSPORT
jected into the nonmagnetic 2DHG are then eigenstates of
Hgs.

We now turn to the simulation of the spin FET transistor
consisting of a finite strip of nonmagnetic 2DHG with two

interfaces with ferromagnetic contacts, onexat0 and the and the total current density. A similar model has been al-

other one atx=L. Now we have to apply the mode- ready proposed in Ref. 25, where it was used to discuss

{n?tlc?lng prpcgdurﬁl for eﬁ‘;g mte;facc;. In_ Fig. 7, v;/e pltgt thegniversal features of hole and electron spin precession. The
otal transmission through the entre gevice as a function o pproximate formulas derived in this section clearly show

the widthL of the nonmagnetic region. We find a modulation how the precession length depends on system parameters

of the transmission with modulation lengthso, which is 54 therefore, allow for a deeper understanding of the un-

due tg Eas]:hba Sp'.rlll pfecessli‘”;{ Th'z mociulat]on 'ﬁ Sl::pe”n}ferlying physics than looking at the purely numerical results
posed by fast oscillations of the order of twice the ermlpresented in the previous section can provide.

wavelengthhr which are due to interference effects from = o noqe is developed following some approximations
multlpllle reflictllon Wr']thm tfhe dout.)llle-_barrlerllrlsttr)ucttl?f;eAs | that are justifieda priori by physical considerations aral
we will see below, t ese ast oscl ations wi bea most al-,osteriori by the comparison between analytical and numeri-
ways smeared_ out after Integration over th_e |nject|on_angle al results. First, we make use of the fact that for typical
a, 1.e., they will not appear in real 2D devices. Only in the o, .» aters only the lowest heavy-hole subband is occupied.
limit of very low hole densities, remnants of these oscilla- 55 an approximation we can, therefore, omit all nonconduct-
tions W”l be V'S'bkle'. he full 2 f th ing subbands from our model. Furthermore, we assume per-
Finally, we take into account the full 2D nature of the o ransmission at the interfaces, i.e., we neglect reflection.
device, i.e., we add up the current contributions for all injec-»|| amiltonians are now represented as 2 matrices, Us-
tion angles. We assume an isotropic angular dlstrlbutl_on Ofng the basig(1) restricted to vectorsl) and|4). The off-
injected holes since all our simulations are performed in th iagonal matrix elements are obtained from perturbation

linear response regime. As a result, the transmitted curre%eory for the degenerate cd9%The nonmagnetic 2DHG
densityJ/J, is given by the formula region is then described by

In this section we show that most features of the numeri-
cal results presented in the previous section can be under-
'stood within a simplified analytical model. In particular, we
derive analytic expressions for the precession lehg{ «)

—i3a

/2 212
~ A2k (1 , 0
Jo=2 | Ton(a)cosada, (13 ( +|<ﬁhEZ>k3(ei3a 0 ) (14

P 2muy |0 1

whereT, (@) is the transmission probability from chanmel where g, is proportional to the spin-orbit coupling of holes
to m for holes injected at an angle. Since the modulation and is different from theg defined in Eq.(5).

lengthL so( @) of the transmission i dependent, one might ~ The corresponding eigenenergies are

expect that the integration washes out the effects of the spin

precession. It turns out, however, that oscillations are still

visible, although damped. The modulation length of the re- €1AK)= 2m
sulting oscillations coincides with that for perpendicular in-

cidenceLsy(0). In Fig. 8 we show the result of the integra- with eigenvectors

2

k2i<:8hEz>k3 (15)
HH||
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1 1 T0’¢(a) = CO§ 0T0’¢+ SinzﬁTw/Z’q; . (23)
X12 \/E( ¥ ie‘3”‘)' (16) Equations(21)—(23) cease to be valid once one of the trans-

. o ) . mitted states in the nonmagnetic 2DHG becomes evanescent,
The spin splitting of the eigenvalugs5), together with the o is totally reflected. This condition defines critical angles
conservation of the wave vector parallel to the interface, im-, .. that in the limit of weak SO coupling reag; ;1 »

plies the presence of a double refraction phenom&tdn —Ko/keF 2 AK/Kke~Ko /K= ar;. We note that very similar

where a hole wave incident on the interface from the ferroformylas for the transmission can be obtained for electfons.
magnet gives rise to two transmitted waves in the nonmag-" From Eqs.(21) and (22) we find the precession length
netic 2DHG having slightly different wave vectors. Their

magnitudesk, , are obtained from the implicit equation 2 7?2\ %cosag

€1(k)=Eg . Typically, spin-orbit coupling can be treated as Lsola)= (BnE,) | 2m ) E

a perturbation, which means that we can linearize the expres- h o H_H” - )

sion ofkj , in the spin-orbit coupling strength, and arrive at Which depends on both the injection angleand the Fermi

ki,=ko+Ak/2. Herek, is the Fermi wave vector in the €nergyEg. The physical reason for the latter dependence is

absence of spin-orbit coupling, and the cubic spin splitting of the heavy-hole subband. For a 2D
device under consideration in this paper, one has to integrate
over all injection angles, see E(L3). The final result then

. ZmHHH 2
Ak= 2 (BhE,EE, (17  reads

(24)

which explicitly depends on the Fermi energy. The corre- I 3o={coS OF () +sirPe[sir ¢+ F(y)cos'p
sponding angles of the transmitted waves’ propagation direc- +G(y)cog2¢)]}, (25)
tion with the interface normal are found, again in the limit of

weak SO coupling, to be where J, is the injected current density, and the functions

F(vy) andG(y) are defined as

oy o= aoi(Ak/Zko)tanao, (18) 2
N Fop==|” g —2|d (26
whereay is defined by (M=3 _P0SHC0S ocy |9 )
kesina=Kkgsinag. (19

G(y)= EF/Z cosa sin2(3a)sin2($>da. 27

Hence, the transmitted hole is described by the wave func- 2] _.n

tion
_ _ _ _ A good analytical approximation fdf(y) andG(vy) is given
cpy e'kilxcosartysinal) oy glka(x cosaztysinaz) in Ref. 25. The result Eq25) describes damped oscillations
(20 of the current density as a function of the length of the non-

. : magnetic part, where the modulation length is given, in
By assuming a perfectly transparent interface, we can com;:

. : . agreement with our numerical findings, by the precession
pute the coefficients, , simply by matching the wave func- | : S =
. ) ' d : . ength for perpendicular injectiobhgg(@=0).
tions in the ferromagnet and in the nonmagnetic semiconduc-
tor. At the interface ak=L to the second ferromagnet, for _
the case of its magnetization pointing in positdirection, VI. GATE-VOLTAGE MANIPULATION OF THE CURRENT.
only the|+) component will be transmitted. Hence, the out- CAPACITANCE MODEL

going state in the right ferromagnet reads | this section we consider the response of the hole spin
ellr(xcosatysindloog AKL/(2 cosag)]|+). As a result, the FET to external gate voltages and point out important differ-
transmission probability is ences in its behavior compared to the electron version. With
standard densities of about¥0n~2, only the lowest spin-

' (21) split 2D HH subbands are occupied. Thkfr spin splitting
leads to an inversely linear dependence on the Fermi energy
Er for the hole precession IengtH;O. Hence, variation of
gate voltages will modify_'go by changing, at the same time,
the asymmetry of the hole confinement in the 2DHG and the
Fermi energy. We analyze how the device performance
changes when, instead of only a top gate voltage, both top
gate and back gate voltages are applied.

We model the effect of the top and back-gate voltages
. through a linearized capacitance model as shown in Fig. 9.

) The capacitance per unit area between the top gate and the

point A, where the 2DHG is located, I€5= €g€gans/da

Finally, we can write the transmission for arbitrary magneti-~2x 103 F/m? for an effective distancel,=50 nm be-
zation direction as tween top gate and 2DHG, while the capacitance associated

Y
CoSag

To4(a)=cos

where we have used the relatidrkL/2=y and the depen-
dence ornu is througheg via Eqg.(19). In a similar way we
can obtain the transmission probabilities for arbitrary mag
netization direction in the ferromagnetic 2DHG’s. The trans-
mission probability for in-plane magnetization reads

Y
CoSag

T,T/zv(b(a):COS? +Sln2[3ao—¢]SIn2

CoSayg

045304-7
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CA CBG ] T T T T
’ 2DHG 0.8514%
—
Vs L A Ve
I I ° ors|
= - CQ — 2
1 -
L Vo =Vs 0.65|
FIG. 9. Linearized capacitance model for the influence of top- 0.55 ) ; ) ) )
anq back-ge}te voltages on thg spin FET. The 2DHG is located at 0 ~0.1 ~0.2 ~0.3 ~04 ~05
point A, Vg is the voltage applied at the top gaiés that of the
back gate. The voltages at the draW) and sourceVs) contacts Va (V)

are assumed to be equal since we consider the linear response re-

gime.

to the variation of the back-gate voltageGgs=C,/2 for a

distance of 100 nm from the 2DHG. The capacitance be
tween the 2DHG and the source and the drain is well ap

proximated by the quantum capacitan€g=myye* 7#i?

FIG. 10. The modulation of the current density through the spin
FET when the top-gate voltage is varied. The magnetization direc-
tion in the ferromagnetic 2DHG's is given by=(0,0,1). The
Fermi energy foVg=0 isEL=0.09 eV, the Rashba coupling term
(BE,=0.05 eV nm.

~8X 1072 FIn? and is due to the finite density of states in 2S€ wheré/gg is kept constant. In both cases, however, a

the 2DHG?2 The variation of the voltage at the poiAtand
of the electric fieldE, read then

dV,= Ca dVg+ Coc 4y
A Ca+Co+tCps ¢ Cpt+Cqo+Cps °°
Co+C
dE,=— —>—"5(dVo—dVae)
€0€GaAs
_ (CotCre)[CadVg—(Cat+Cq)dVpg]
€o€cand Cat Cqo+Cgo) ’

while the variation of the Fermi energy reads

- e( CAd VG + CBGd VBG)

dEF:_edVA: (28)

clear modulation of the current as a function of gate voltage
V¢ is obtained. These are slightly damped due to the super-
position of current amplitudes for all possible angles of inci-
dence.

VII. CONCLUSIONS

We have performed careful numerical and analytical stud-
ies of transport through jrtype all-semiconductor spin FET.
The design of such a device would overcome problems as-
sociated with the fabrication of hybrid devices involving
metal-semiconductor contacts. Despite the more complicated
nature of spin splitting in 2D valence-band states, clear cur-
rent modulation as a function of device parameters such as
the width of the nhonmagnetic region are observed. Using a
phenomenological model for the action of external gate volt-

) o ) ) ages, we have shown the possibility of current manipulation
It is clear that variation of only/ (i.e., keepingdVge=0) 45 was envisioned in the original electron spin FET proposal
simultaneously changeS, and Eg. In order to leave the py patta and Da&® Our numerical simulations that were

Fermi level pinned, we have to manipulate both top andyerformed for realistic sample parameters, as well as analyti-
back-gate voltages such thdVge=—(Ca/Cge)dVs. Re-  ca| formulas reported in this work, should serve as a useful

sults of our simulation for the case that only the top-gateysis for experimental realization and functional optimiza-
voltage is varied ¢Vgc=0) is shown in Fig. 10. Here the o of ap-type spin FET.

current density obtained from E¢L3) is plotted as function

of the gate voltagd/ for the case when the magnetization
direction in the contacts is perpendicular to the 2DHG. Spin-
precession-induced current oscillations are clearly visible.
The oscillation period actually varies with changivg due

to the induced variation oEg, as mentioned in Sec. lll.
Note that, for the parameters of Fig. 10, the effect of the gate
voltage on the position of subband bottoms is negligible
since the electric field is changed only by a few percent from

085 |}

0.75

Jo

0.65

its initial valueE,~epl epegans- (Herep is the hole density. 0.55
For comparison, we show results for the case where both top 0 -0.2 -0.4 -0.6 -0.8
and back-gate voltages are varied simultaneously such that Vg (V)

the hole density in the 2DHG remains unchanged in Fig. 11.

Here the precession length changes only due to the gate- FIG. 11. The modulation of the current density in the spin FET
voltage-induced variation of the structural inversion asym-when the top-gate voltage and the bulk-gate voltage are simulta-
metry, measured here by the electric fielgd. Current oscil-  neously varied in a way such th& is unchanged. The contact
lations have then a larger period as functioVgfthan inthe  magnetization points along=(0,0,1).
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