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Two-dimensional hole precession in an all-semiconductor spin field effect transistor
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We present a theoretical study of a spin field-effect transistor realized in a quantum well formed in ap-doped
ferromagnetic-semiconductor–nonmagnetic-semiconductor2ferromagnetic-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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I. INTRODUCTION

Spintronics has attracted great interest in the scien
community,1,2 advocating the use of the spin degree of fre
dom in electronic devices. Combining this idea with mes
copic transport has stimulated investigations of coher
spin-dependent phenomena. Many proposed device se
exploit the effect of spin-orbit coupling on the carri
motion.3–9 The most popular proposal for a coherent sp
tronic device is the spin field-effect transistor~FET! pro-
posed by Datta and Das.10,11 It consists of a two-dimensiona
~2D! electron gas confined in a semiconductor heterost
ture that is attached to two ferromagnetic contacts acting
source and drain. Majority-spin electrons injected from
source experience a spin precession due to the Ra
effect12–14 if the magnetization direction in the source co
tact is parallel to the direction of current flow or perpendic
lar to the plane of the 2D electron gas. Tunability of t
spin-orbit coupling strength by gate voltages enables exte
control of this spin precession and, hence, manipulation
the current transmitted at the second ferromagnetic con
In addition to gate-voltage control of the Rashba spin-o
coupling experienced by 2D electrons, which has been s
cessfully demonstrated experimentally,15–17 efficient injec-
tion of spin-polarized electrons from ferromagnetic conta
into the nonmagnetic part of the spin FET is a key ingredi
0163-1829/2004/69~4!/045304~9!/$22.50 69 0453
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for device operation. The obvious challenges involved in
fabrication of hybrid systems consisting of metallic a
semiconducting parts, as well as a physical limitation18 to the
amount of spin injection that can be achieved in the abse
of tunnel barriers at the interfaces, have so far prevented
realization of any spin FET device. A possible solution
circumvent these difficulties may be provided by the use
diluted magnetic semiconductors19 as source and drain. Thi
motivates our present study where we investigate trans
through 2D hybrid structures with ferromagnetic contacts
alized in semiconductor heterostructures. An important
pect of our work deals with the fact that ferromagne
~III,Mn !V compounds are intrinsicallyp doped, implying
that currents are carried by holes rather than electrons.
spin properties of carrier states in the intrinsicallyp-like va-
lence bands of III-V semiconductors are very different fro
that in thes-like conduction band. To begin with, sever
valence bands with different effective masses exist. M
importantly, however, spin-orbit coupling in the valen
bands has a more complicated structure than that
conduction-band electrons.20,21

The aim of this article is a detailed study of an a
semiconductor spin field effect transistor in which the co
ducting channel is provided by a 2D hole gas~2DHG!. The
device structure we propose is depicted in Fig. 1.
MnGaAs/GaAs/MnGaAs heterostructure is overgrown22,23 in
©2004 The American Physical Society04-1
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the z direction with AlGaAs such that a 2DHG forms at th
interface. In fact, Mn doping is only required within th
quantum well formed at the interface to the AlGaAs lay
but the Mn ions outside the well do not disturb. In the pr
posed setup, source and drain are defined by 2D quan
wells accommodating spin polarized holes. The carriers
the entire 2DHG are subject to the Rashba effect which le
to spin precession. The strength of the Rashba spin-orbit
pling can be tuned by a gate voltage applied to the top of
sample.24

The key ingredient for the functionality of the device
the tunable Rashba spin precession in the 2DHG. In Ref.
we studied this part within a simplified model allowing fo
an analytic treatment, which enabled us to discuss feat
that are universal for both electron and hole transport. In
present paper, we aim at a more complete numerical tr
ment of transport through the entire device. This includ
describing the semiconductor valence bands by a 434
Kohn-Luttiger Hamiltonian instead of restricting ourselves
heavy-hole bands only. We take into account the match
properties of the modes at the interfaces to the source
drain contacts, which automatically includes interference
fects due to multiple reflection. As in Ref. 25, we allow f
all possible injection angles instead of restricting to a qua
one-dimensional setup. In our analysis we study the pu
ballistic regime. Scattering due to impurities or to the late
finite size of the device due to the functional form of t
spin-orbit coupling Hamiltonian for holes affects the to
angular momentumj and not only the spin. This leads t
extra damping of spin-precession and should be minimi
to improve device functionality. Finally, for addressing t
response of transport to the gate voltage, we employ a
pacitive model that takes the variation of both the carr
density and the Rashba coupling strength into account.

The article is organized as follows. We introduce, in S
II, the Kohn-Luttinger Hamiltonian for the ferromagnet
and nonmagnetic parts of the semiconductor quantum w
In Sec. III, we describe the mode-matching technique use
calculate transmission coefficients for transport through
structure. Our results from numerical simulations of tra
port are presented in Sec. IV. After discussing the case
only one interface between a ferromagnetic and a nonm
netic 2DHG, we turn our attention to the full transistor g
ometry with two ferromagnetic contacts. In the latter ca

FIG. 1. ~Color online! Schematic illustration of the propose
device. The two-dimensional hole gas~2DHG! in the GaAs part is
attached to spin-polarized source and drain contacts, formed
2DHG’s in the MnGaAs parts. The gate electrode on the top c
trols both the carrier concentration and the Rashba spin-orbit
pling strength.
04530
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interference effects appear due to multiple reflections at
interfaces. In Sec. V, we describe an analytical model t
approximates the numerical simulations very well and he
us to understand how the precession lengthLSO depends on
the Fermi energyEF in the 2DHG. In Sec. VI, we address th
response to external gate voltages. The possibility to con
the spin precession by a single gate voltageVG that simulta-
neously modifies Fermi energy and Rashba spin-orbit c
pling is discussed in detail.

II. ENVELOPE-FUNCTION DESCRIPTION
OF 2D VALENCE-BAND STATES

In this section, we obtain effective Hamiltonians that d
scribe the valence bands in the different regions of the s
FET, namely, the ferromagnetic source and drain conta
doped with Mn21 ions and the undoped nonmagnetic cha
nel in between. In all these regions, holes are confined wi
a 2D quantum well. We use an envelope-functi
description26–28 of the 2D system. The Hamiltonian for th
nonmagnetic semiconductorHp is the sum of a 2D quantum
well HamiltonianH2D plus a Rashba termHRs, which arises
due to the asymmetry of the confinement potentialVcon(z).
On the other hand, the total Hamiltonian for the ferroma
netic contactsH f is given byHp plus the termHpd , which
takes into account the coupling between thep-like valence
holes and the half-filledd-shell Mn21 ions with spin S
55/2.

Bulk systems host heavy- and light-hole bands with to
angular momentumj 53/2. These bands are degenerate
the band edge and are well separated, due to spin-orbit
pling, from the split-off bands with total angular momentu
j 51/2. In quantum wells, each of these bands is transform
in a sequence of quasi-2D subbands, and the degenerac
tween heavy- and light-hole bands is lifted. In the followin
we are interested in the situation at low carrier concen
tions such that only the lowest subbands, one heavy-h
band~HH1! and one light-hole band~LH1!, have to be taken
into account. This is the simplest realistic case that occ
when the triangular quantum well is narrow enough to su
ciently lift the energy of higher subbands. Inclusion of high
energy subbands, in particular HH2, would be straightf
ward, but would only lead to higher order corrections. I
deed, the low hole density typically present in experime
implies that the only occupied propagating modes are
HH1, whose shape is influenced by the band mixing26 with
LH1 and in a negligible way with HH2. Coupling with HH2
would affect the shape of LH1, and therefore only evan
cent modes. In the basis of total angular momentum

u1&5u j 53/2,j z53/2&,

u2&5u j 53/2,j z521/2&,

u3&5u j 53/2,j z51/2&,

u4&5u j 53/2,j z523/2& ~1!

the HamiltonianH2D reads26

by
-

u-
4-2
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H2D5S HH d 0 0

d* LH 0 0

0 0 LH d

0 0 d* HH

D , ~2!

with

HH5EHH11
\2

2mHHi
k2

LH5ELH11
\2

2mLHi
k2

d52
A3\2

2m
ḡNk2e2 i2a. ~3!

Here we have adopted the momentum-space represent
in polar coordinates for the wave vectorki
5(k cosa,ksina) in the 2D plane. The quantitiesEHH1 and
ELH1 in Eq. ~3! are the subband-bottom energies derivi
from the solution of the Schro¨dinger problem for the trian-
gular well, and the factorN takes into account the scala
product between the envelope functionsf HH1,LH1 for the HH1
and LH1 subbands. We observe that in Eq.~2! there is no
coupling between LH and HH subbands with the same s
of j z since the corresponding matrix element is proportio
to the vanishing integral̂f HH1ukzu f LH1&.

The effective masses appearing in Eq.~3! are given by

mHHi5m/~g11ḡ !

mLHi5m/~g12ḡ !, ~4!

where the two coefficientsg1 and ḡ5(g21g3)/2 are the
Luttinger parameters,29 taken in the so-called axia
approximation.30 In Fig. 2 we show the HH1 and the LH
subband dispersion relations as a function of the magnituk
of 2D wave vector.

The Rashba spin-orbit coupling arises from the structu
inversion asymmetry12 due to an asymmetric confining po
tential. It is described by the HamiltonianHRs5b(k3E)

FIG. 2. Dispersion of the lowest quasi-2D subbands~HH1 and
LH1! of a semiconductor quantum well when no exchange field
no spin-orbit coupling are present. The subband-bottom energie
computed usingeEz equal to 43107 eV/m and vertical masses o
mHHz50.38m0 andmLHz50.09m0.
04530
ion
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• j . Here,E is the electric field due to the confining potenti
Vcon(z) andb is a material parameter.20,21 In our system,E
5Ezẑ andHRs reads

HRs5 ibEzk1
0 0

A3

2
e2 ia 0

0 0 2eia A3

2
e2 ia

2
A3

2
eia e2 ia 0 0

0 2
A3

2
eia 0 0

2 .

~5!

In Fig. 3 we show the HH and the LH subbands for t
nonmagnetic semiconductor as a function ofk, obtained by
diagonalization ofHp5H2D1HRs. We see that the splitting
at small wave vectors is linear for the light-hole subban
but cubic for the heavy-hole subbands.

The Hamiltonian for the ferromagnetic-semiconduc
part is given byH f5H2D1HRs1Hpd . We use a phenom
enological description of the ferromagnetic semiconduc

FIG. 4. The ferromagnetic-semiconductor 2D quantum-w
subbands for the case of magnetization perpendicular to the 2D
plane. The interaction constant isJpd50.06 eV nm3, the manga-
nese concentration isNMn51 nm23, and^bEz&50.05 eV nm.

d
re

FIG. 3. The first subbands~HH1 and LH1! of a semiconductor
quantum well in the presence of Rashba spin-orbit coupling, wh
removes the spin degeneracy. The coupling constant^bEz& is 0.05
eV nm.
4-3
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in which local moments withS55/2 from Mn21 ions are
antiferromagnetically coupled to the itinerant holes.31–33In a
mean-field treatment, combined with a virtual-crys
approximation,34–37 itinerant holes experience an exchan
field h5JpdNMn^S&, where the average Mn-ion spinS has
directionn̂5(cosf sinu,sinf sinu,cosu), NMn is the doping
concentration, andJpd describes the coupling strength. Th
exchange-coupling field is accounted for inHpd5h•s,
where the spin matricess in the basis given in Eq.~1! are

sx51
0 0

1

2A3
0

0 0
1

3

1

2A3

1

2A3

1

3
0 0

0
1

2A3
0 0

2 , ~6!

sy5 i 1
0 0 2

1

2A3
0

0 0
1

3
2

1

2A3

1

2A3
2

1

3
0 0

0
1

2A3
0 0

2 , ~7!

and

sz5S 1

2
0 0 0

0 2
1

6
0 0

0 0
1

6
0

0 0 0 2
1

2

D . ~8!

In Fig. 4 we show the HH and the LH subbands in t
ferromagnetic-semiconductor contacts as a function ofk, ob-
tained by diagonalization ofH f . The splitting of the two
heavy-hole subbands for small values ofk leads to full po-
larization at low densities. The magnetization direction in
figure is perpendicular to the 2DHG plane,n̂5(0,0,1).
04530
l
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III. QUANTUM STATES FOR HOLES PROPAGATING
THROUGH THE SPIN FET

We calculate coherent transport through the spin FET
ing the scattering formalism described, e.g., in Ref. 38
relates the current to transmission amplitudes for scatte
states defined in the contacts. To obtain these, proper ma
ing of wave functions at interfaces is required, that we d
scribe in this section. The imposed conditions at the interf
are the continuity of the wave function and conservation
the component of probability current that is perpendicular
the interface. To illustrate the subtleties associated with
second condition, let us consider an interface between a
romagnetic and a nonmagnetic region atx5x0. The continu-
ity equation for the current is

vx
f c f~x0 ,y!5vx

pcp~x0 ,y!, ~9!

with

vx
f ,p5

1

\

]H f ,p

]kx
, ~10!

which derives from the operator relationv̂x5( i /\)@Ĥ,x̂#.
Note that, due to the presence of spin-orbit coupling,
derivative of wave functions needs not to be continuous
x5x0. Instead, Eq.~9! guarantees current conservation.

In both the ferromagnetic and nonmagnetic regions, f
different channels are available,i 51, . . . ,4,associated with
the four-dimensional Hilbert space of the valence-band s
space under consideration. Let us consider a wave incom
from the ferromagnetic region with wave vectork i

I

5ki
I(cosa,sina), which is in thei th subband. The wave is

partially reflected at the interface to the nonmagnetic regi
The wave function in the ferromagnetic source electrode
then

c f~x,y!5
x i

f~k i
I !

Auv i
f~k i

I !u
eiki

I (x cosa1y sin a)

1 (
n51

4

r i ,n

xn
f ~kn

R!

Auvn
f ~kn

R!u
e2 ikn

R(x cosan
R

1y sin an
R),

~11!

wherexn
f are the eigenfunctions ofH f in k-space represen

tation, the normalization factorvn
f (kn) is the velocity expec-

tation value computed for the state vectorxn
f (kn), and r i ,n

are the reflection coefficients to be determined from
matching. The wave vectorskn

R5kn
R(cosan

R,sinan
R) of the re-

flected waves are determined by the following three con
tions.

~a! The moduluskn
R is the solution of the implicit equation

en
f (kn

R)5EF , whereen
f (k) is the dispersion relation.

~b! The anglesan
R are derived from the continuity of the

momentum parallel to the interface due to translational
variance along that spatial direction.
4-4
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TWO-DIMENSIONAL HOLE PRECESSION IN AN ALL- . . . PHYSICAL REVIEW B 69, 045304 ~2004!
~c! Among these solutions we allow those that sati
$Re@vn

f (kn
R)#.0 and Im@vn

f (kn
R)#50% or $Im@vn

f (kn
R)#.0%.

The two possibilities correspond to propagating and evan
cent modes, respectively.

Similarly, the wave function in the nonmagnetic region

cp~x,y!5 (
n51

4

t i ,n

xn
p~kn

T!

Auvn
p~kn

T!u
eikn

T(x cosan
T

1y sin an
T), ~12!

wheret i ,n are the transmission coefficients, and all the ot
quantities in Eq.~12! have the same definitions given for th
corresponding quantities in Eq.~11!. The eight coefficients
r i ,n and t i ,n are determined by the two conditions of con
nuity of the wave function and current conservation, Eq.~9!,
given thatc f ,p has four components in the total momentu
space. We emphasize that it is important to include all mo
even when some of them are evanescent since transmi
and reflection at the interface are influenced by tunne
into classically forbidden channels.

IV. RESULTS OF NUMERICAL SIMULATIONS

For our numerical simulations we takeJpd
50.06 eV nm3, NMn51 nm23, and S55/2. The Rashba
term is characterized bŷbEz&50.05 eV nm, and the Ferm
energy is taken asEF50.08 eV, which corresponds to a ho
density of 431016 m22. We assume that the leads’ magn
tization direction is either perpendicular (u50) or within the
plane (u5p/2) of the quantum well.

To clarify the underlying physics, we will approach th
full spin FET design step by step. First, we consider Ras
spin precession for holes transmitted through a single in
face between a ferromagnetic and a nonmagnetic 2DHG
a fixed injection angle. Then, we include a second interf
with the magnetization of the source and drain electrode
ing parallel, keeping the angle of incidence for sp
polarized holes still fixed. As a result of the Rashba effe
the total transmission will oscillate as a function of the cha
nel length in the nonmagnetic 2DHG. Finally, we take t
full 2D nature of the device into account by adding up t
current contributions for all injection angles.

Let us start by considering a single interface betwee
ferromagnetic and a nonmagnetic 2DHG. In Fig. 5 we sh
the spin-up and spin-down currents as a function of the
tance from the interface in the case of magnetization perp
dicular to the plane@ n̂5(0,0,1)# and perpendicular injection
(a50) of spin-up current for two different values ofEF . We
find that both the spin-up and spin-down current density
cillates with modulation lengthLSO, indicating Rashba spin
precession in the nonmagnetic region. With increasing Fe
energy, the oscillation length decreases. This result is in c
contrast to the case of the spin FET based on electr
where the spin precession length is independent of the F
energy.10 Moreover, the modulation lengthLSO(a) also de-
pends on the injection anglea ~not shown in Fig. 5!. For a
realistic sample; integration over all possible injection ang
is required. We will see later that, after integration, the ov
all modulation length is given by that for perpendicular i
jection LSO(0).
04530
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In Fig. 6 we show results for the case of magnetizat
direction in the ferromagnetic 2DHG being n̂
5(1/A2,1/A2,0). For in-plane magnetization in the hal
metallic contact, the amplitude of the current modulation
the nonmagnetic 2DHG depends on its azimuthal anglef.
The largest oscillation amplitude occurs forf50, i.e., when

FIG. 5. Spin components of the current density in a nonm
netic 2DHG plotted as a function of the distanceL from the inter-
face with a ferromagnetic 2DHG. Results are shown for a h

metallic ferromagnetic contact having magnetization directionn̂
5(0,0,1). The Fermi energy is equal to 0.09 eV in~a! and to 0.045
eV in panel~b!. It is apparent that the period of current oscillatio
is proportional to 1/EF . For both spin directions, the current
normalized to the incident hole flux.

FIG. 6. Same as Fig. 5~a! but for the case where the magne
zation direction in the ferromagnetic 2DHG~and, hence, the quan

tization axis for spin components of the current! is equal to n̂
5(1/A2,1/A2,0), i.e., lies in the 2DHG plane. Note the diminishe
amplitude of current oscillations which would disappear altoget

for n̂5(0,1,0).
4-5
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the magnetization direction is perpendicular to the interfa
No oscillations exist forf5p/2, because majority spins in
jected into the nonmagnetic 2DHG are then eigenstate
HRs.

We now turn to the simulation of the spin FET transist
consisting of a finite strip of nonmagnetic 2DHG with tw
interfaces with ferromagnetic contacts, one atx50 and the
other one atx5L. Now we have to apply the mode
matching procedure for each interface. In Fig. 7, we plot
total transmission through the entire device as a function
the widthL of the nonmagnetic region. We find a modulatio
of the transmission with modulation lengthLSO, which is
due to Rashba spin precession. This modulation is supe
posed by fast oscillations of the order of twice the Fer
wavelengthlF which are due to interference effects fro
multiple reflection within the double-barrier structure.39 As
we will see below, these fast oscillations will be almost
ways smeared out after integration over the injection ang
a, i.e., they will not appear in real 2D devices. Only in th
limit of very low hole densities, remnants of these oscil
tions will be visible.

Finally, we take into account the full 2D nature of th
device, i.e., we add up the current contributions for all inje
tion angles. We assume an isotropic angular distribution
injected holes since all our simulations are performed in
linear response regime. As a result, the transmitted cur
densityJ/J0 is given by the formula

J/J05(
n,m

E
2p/2

p/2

Tnm~a!cosada, ~13!

whereTnm(a) is the transmission probability from channeln
to m for holes injected at an anglea. Since the modulation
lengthLSO(a) of the transmission isa dependent, one migh
expect that the integration washes out the effects of the
precession. It turns out, however, that oscillations are
visible, although damped. The modulation length of the
sulting oscillations coincides with that for perpendicular
cidenceLSO(0). In Fig. 8 we show the result of the integra

FIG. 7. The transmission probability of spin-up electrons for
case of two interfaces separated by a distanceL. The high-
frequency oscillations are due to resonances arising from mul
reflections between the two interfaces. It turns out~see below! that
such features tend to be smeared out when the transmission i
eraged over the injection angle. Parameters are the same
Fig. 5.
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tion operation corresponding to Eq.~13! for magnetization
direction in the contact 2DHG’s beingn̂5(0,0,1).

V. ANALYTICAL RESULTS FOR TRANSPORT

In this section we show that most features of the num
cal results presented in the previous section can be un
stood within a simplified analytical model. In particular, w
derive analytic expressions for the precession lengthLSO(a)
and the total current density. A similar model has been
ready proposed in Ref. 25, where it was used to disc
universal features of hole and electron spin precession.
approximate formulas derived in this section clearly sh
how the precession length depends on system param
and, therefore, allow for a deeper understanding of the
derlying physics than looking at the purely numerical resu
presented in the previous section can provide.

The model is developed following some approximatio
that are justifieda priori by physical considerations anda
posterioriby the comparison between analytical and nume
cal results. First, we make use of the fact that for typi
parameters only the lowest heavy-hole subband is occup
As an approximation we can, therefore, omit all noncondu
ing subbands from our model. Furthermore, we assume
fect transmission at the interfaces, i.e., we neglect reflect
All Hamiltonians are now represented as 232 matrices, us-
ing the basis~1! restricted to vectorsu1& and u4&. The off-
diagonal matrix elements are obtained from perturbat
theory for the degenerate case.40 The nonmagnetic 2DHG
region is then described by

Hp5
\2k2

2mHHi
S 1 0

0 1D 1 i ^bhEz&k
3S 0 e2 i3a

ei3a 0 D , ~14!

wherebh is proportional to the spin-orbit coupling of hole
and is different from theb defined in Eq.~5!.

The corresponding eigenenergies are

e1,2~k!5
\2

2mHHi
k26^bhEz&k

3 ~15!

with eigenvectors

le

av-
in

FIG. 8. The total current density as a function of the quan
L/LSO in the 2D system treatment, whereL is the channel length
and LSO is the total modulation length. The magnetization in t
contacts is perpendicular to the plane of the 2DHG.
4-6
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x1,25
1

A2
S 1

7 iei3aD . ~16!

The spin splitting of the eigenvalues~15!, together with the
conservation of the wave vector parallel to the interface,
plies the presence of a double refraction phenomenon39,41

where a hole wave incident on the interface from the fer
magnet gives rise to two transmitted waves in the nonm
netic 2DHG having slightly different wave vectors. The
magnitudesk1,2 are obtained from the implicit equatio
e1,2(k)5EF . Typically, spin-orbit coupling can be treated
a perturbation, which means that we can linearize the exp
sion of k1,2 in the spin-orbit coupling strength, and arrive
k1,25k07Dk/2. Here k0 is the Fermi wave vector in the
absence of spin-orbit coupling, and

Dk5S 2mHHi

\2 D 2

^bhEz&EF , ~17!

which explicitly depends on the Fermi energy. The cor
sponding angles of the transmitted waves’ propagation di
tion with the interface normal are found, again in the limit
weak SO coupling, to be

a1,25a06~Dk/2k0!tana0 , ~18!

wherea0 is defined by

kFsina5k0sina0 . ~19!

Hence, the transmitted hole is described by the wave fu
tion

c1x1eik1(x cosa11y sin a1)1c2x2eik2(x cosa21y sin a2).
~20!

By assuming a perfectly transparent interface, we can c
pute the coefficientsc1,2 simply by matching the wave func
tions in the ferromagnet and in the nonmagnetic semicond
tor. At the interface atx5L to the second ferromagnet, fo
the case of its magnetization pointing in positivez direction,
only theu1& component will be transmitted. Hence, the ou
going state in the right ferromagnet rea
eikF(x cosa1y sin a)cos@DkL/(2 cosa0)#u1&. As a result, the
transmission probability is

T0,f~a!5cos2F g

cosa0
G , ~21!

where we have used the relationDkL/25g and the depen-
dence ona is througha0 via Eq. ~19!. In a similar way we
can obtain the transmission probabilities for arbitrary m
netization direction in the ferromagnetic 2DHG’s. The tran
mission probability for in-plane magnetization reads

Tp/2,f~a!5cos2F g

cosa0
G1sin2@3a02f#sin2F g

cosa0
G .
~22!

Finally, we can write the transmission for arbitrary magne
zation direction as
04530
-

-
g-

s-

-
c-

c-

-

c-

-
-

-

Tu,f~a!5cos2uT0,f1sin2uTp/2,f . ~23!

Equations.~21!–~23! cease to be valid once one of the tran
mitted states in the nonmagnetic 2DHG becomes evanes
i.e., is totally reflected. This condition defines critical ang
ac,$1,2% , that in the limit of weak SO coupling readac,$1,2%
5k0 /kF7 1

2 Dk/kF'k0 /kF5ac . We note that very similar
formulas for the transmission can be obtained for electron25

From Eqs.~21! and ~22! we find the precession length

LSO~a!5
2p

^bhEz&
S \2

2mHHi
D 2cosa0

EF
~24!

which depends on both the injection anglea and the Fermi
energyEF . The physical reason for the latter dependence
the cubic spin splitting of the heavy-hole subband. For a
device under consideration in this paper, one has to integ
over all injection angles, see Eq.~13!. The final result then
reads

J/J05$cos2uF~g!1sin2u@sin2f1F~g!cos2f

1G~g!cos~2f!#%, ~25!

where J0 is the injected current density, and the functio
F(g) andG(g) are defined as

F~g!5
1

2E2p/2

p/2

cosa cos2S g

cosa Dda, ~26!

G~g!5
1

2E2p/2

p/2

cosa sin2~3a!sin2S g

cosa Dda. ~27!

A good analytical approximation forF(g) andG(g) is given
in Ref. 25. The result Eq.~25! describes damped oscillation
of the current density as a function of the length of the no
magnetic part, where the modulation length is given,
agreement with our numerical findings, by the precess
length for perpendicular injectionLSO(a50).

VI. GATE-VOLTAGE MANIPULATION OF THE CURRENT:
CAPACITANCE MODEL

In this section we consider the response of the hole s
FET to external gate voltages and point out important diff
ences in its behavior compared to the electron version. W
standard densities of about 1016 m22, only the lowest spin-
split 2D HH subbands are occupied. Theirk3 spin splitting
leads to an inversely linear dependence on the Fermi en
EF for the hole precession lengthLSO

h . Hence, variation of
gate voltages will modifyLSO

h by changing, at the same time
the asymmetry of the hole confinement in the 2DHG and
Fermi energy. We analyze how the device performan
changes when, instead of only a top gate voltage, both
gate and back gate voltages are applied.

We model the effect of the top and back-gate voltag
through a linearized capacitance model as shown in Fig
The capacitance per unit area between the top gate and
point A, where the 2DHG is located, isCA5e0eGaAs/dA
;231023 F/m2 for an effective distancedA550 nm be-
tween top gate and 2DHG, while the capacitance associ
4-7
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to the variation of the back-gate voltage isCBG5CA/2 for a
distance of 100 nm from the 2DHG. The capacitance
tween the 2DHG and the source and the drain is well
proximated by the quantum capacitanceCQ5mHHie

2/p\2

;831022 F/m2 and is due to the finite density of states
the 2DHG.42 The variation of the voltage at the pointA and
of the electric fieldEz read then

dVA5
CA

CA1CQ1CBG
dVG1

CBG

CA1CQ1CBG
dVBG

dEz52
CQ1CBG

e0eGaAs
~dVA2dVBG!

52
~CQ1CBG!@CAdVG2~CA1CQ!dVBG#

e0eGaAs~CA1CQ1CBG!
,

while the variation of the Fermi energy reads

dEF52edVA5
2e~CAdVG1CBGdVBG!

CQ1CBG1CA
. ~28!

It is clear that variation of onlyVG ~i.e., keepingdVBG50)
simultaneously changesEz and EF . In order to leave the
Fermi level pinned, we have to manipulate both top a
back-gate voltages such thatdVBG52(CA /CBG)dVG . Re-
sults of our simulation for the case that only the top-g
voltage is varied (dVBG50) is shown in Fig. 10. Here the
current density obtained from Eq.~13! is plotted as function
of the gate voltageVG for the case when the magnetizatio
direction in the contacts is perpendicular to the 2DHG. Sp
precession-induced current oscillations are clearly visib
The oscillation period actually varies with changingVG due
to the induced variation ofEF , as mentioned in Sec. III
Note that, for the parameters of Fig. 10, the effect of the g
voltage on the position of subband bottoms is negligi
since the electric field is changed only by a few percent fr
its initial valueEz;ep/e0eGaAs. ~Herep is the hole density.!
For comparison, we show results for the case where both
and back-gate voltages are varied simultaneously such
the hole density in the 2DHG remains unchanged in Fig.
Here the precession length changes only due to the g
voltage-induced variation of the structural inversion asy
metry, measured here by the electric fieldEz . Current oscil-
lations have then a larger period as function ofVG than in the

FIG. 9. Linearized capacitance model for the influence of t
and back-gate voltages on the spin FET. The 2DHG is locate
point A, VG is the voltage applied at the top gate,VBG that of the
back gate. The voltages at the drain (VD) and source (VS) contacts
are assumed to be equal since we consider the linear respons
gime.
04530
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case whereVBG is kept constant. In both cases, however
clear modulation of the current as a function of gate volta
VG is obtained. These are slightly damped due to the su
position of current amplitudes for all possible angles of in
dence.

VII. CONCLUSIONS

We have performed careful numerical and analytical st
ies of transport through ap-type all-semiconductor spin FET
The design of such a device would overcome problems
sociated with the fabrication of hybrid devices involvin
metal-semiconductor contacts. Despite the more complica
nature of spin splitting in 2D valence-band states, clear c
rent modulation as a function of device parameters such
the width of the nonmagnetic region are observed. Usin
phenomenological model for the action of external gate v
ages, we have shown the possibility of current manipulat
as was envisioned in the original electron spin FET propo
by Datta and Das.10 Our numerical simulations that wer
performed for realistic sample parameters, as well as ana
cal formulas reported in this work, should serve as a use
basis for experimental realization and functional optimiz
tion of a p-type spin FET.

-
at

re-
FIG. 10. The modulation of the current density through the s

FET when the top-gate voltage is varied. The magnetization di

tion in the ferromagnetic 2DHG’s is given byn̂5(0,0,1). The
Fermi energy forVG50 is EF50.09 eV, the Rashba coupling term
^bEz&50.05 eV nm.

FIG. 11. The modulation of the current density in the spin F
when the top-gate voltage and the bulk-gate voltage are simu
neously varied in a way such thatEF is unchanged. The contac

magnetization points alongn̂5(0,0,1).
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