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Spin current induced by in-plane magnetoelectric o-barriers in a two-dimensional electron gas
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We model the ballistic spin current within a two-dimensional electron gas (2DEG) under the influence of
magnetoelectric barriers and Rashba spin-orbit coupling. The magnetic field By, is applied in the 2DEG in-plane
direction rather than in the perpendicular direction B, as considered previously. The use of an in-plane field
induces a spin current which is more resistant to the D’yakonov type of spin relaxation. It is shown theoreti-
cally that the electron energy dispersion is independent of the magnetic vector potential arising from in-plane
fields. This enables electron conduction to maintain high conductance, even when multiple barriers are used to
enhance the spin polarization of current. The polarization of current is also derived as a function of the Rashba
spin-orbit coupling strength, the electric potential, and the magnetic field strength. The magnitude and direction
of spin polarization can be modulated externally by a B, field, which is useful for spintronics applications.
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I. INTRODUCTION

It has been shown that in a two-dimensional electron gas
(2DEG) based on III-V heterostructure, coherent transport of
electrons in the ballistic regime can be manipulated by the
application of external magnetic and electric fields.'-® The
magnetic fields emanating from ferromagnetic gates on top
of the 2DEG are highly localized and are usually approxi-
mated as & functions (or & B field for short). In previous
works, the & B fields were applied perpendicular to the
2DEG plane across the current conduction path. The differ-
ential transmission for spin-up and -down electrons through
the series of magnetoelectric barriers results in the generation
of spin-polarized current, with the reference spin axis in the
vertical direction. In the drift-diffusion’ regime, spin injec-
tion has been studied as a possible means to inject spin-
polarized current from ferromagnetic contacts to the semi-
conductors. However, conductivity mismatch’ suppresses
spin injection.

Another contributory factor to the spin polarization of
current comes from the conduction-band spin-orbit coupling
(SOC) effects, experienced by electrons within a 2DEG in
III-V-based semiconductors. These SOC effects arise from
either surface inversion asymmetry (Rashba!®!2 effect) and
or bulk inversion asymmetry (linear Dresselhaus'3'# effect).
However, these SOC effects also cause dephasing of spin
currents polarized perpendicular to the 2DEG plane, via a
D’yakonov-Perel’- (DP-) like mechanism. This spin depolar-
izing effect has not been considered in previous works which
focused on perpendicular 6 B, fields.

In this article, we propose the use of in-plane 6 B, fields
to harness the spin polarization potential of magnetoelectric
barriers and SOC effects, while avoiding spin dephasing due
to the DP-like mechanism. Our studies are illustrated with a
model device which is based on the high-electron-mobility
transistor (HEMT) heterostructure reminiscent of the
Datta-Das!® device, in which current flows within a 2DEG
under the influence of & magnetic fields applied through fer-

1098-0121/2005/72(20)/205337(7)/$23.00

205337-1

PACS number(s): 72.25.Hg

romagnetic gates, as shown in Fig. 1(a). Figure 1(b) is pro-
vided as a reference device for the application of perpendicu-
lar fields. Ferromagnetic gate stripes are patterned on top of
the HEMT heterostructure consisting of a GaAs-AlGaAs
layer. The magnetic field from the gates is approximated as a
o function of strength B,. In calculating the spin polarization
(P) ratio, we also neglect the effect of spin filtering at the
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FIG. 1. (Color online) Schematic of the HEMT-type device with
ferromagnetic gates deposited on top of the heterostructure, which
produce (a) in-plane and (b) perpendicular magnetic (B) fields
within the 2DEG plane.
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ferromagnet-semiconductor boundaries (since this is strongly
influenced by interfacial effects). Hence spin injection from
ferromagnet to semiconductor and vice versa will not be con-
sidered in this paper.

II. THEORY

In the presence of an in-plane & B, field, we can choose a
corresponding Landau gauge of A=(0,0,—A,). The Hamil-
tonian that describes electron transport in a 2DEG in the
presence of Rashba spin-orbit coupling and & in-plane field is
then given by

2 2
P, Py (poted)’

*

H=Hy+H-+Hp+H;,+Hy;=

s

2m- 2m 2m
eg'h
+ezF, + np(kyo, = k,0)) + 0| ——— |B,8(0) +eU,
IR TN amg
(1)

where Hy, Hq, Hg, H;, and Hy; are terms corresponding to
the kinetic energy, the intrinsic confining potential of the
2DEG, the Rashba effect, the Zeeman split, and the applied
electric potential, respectively. x=0 is the position of the &
B, field, while m’"(myg) is the electron’s effective (real) mass,
g the Lande factor, and Pxy,. the electron momentum in the
X, y, z directions, respectively. In Eq. (1), the strength of the
Rashba intreaction, which arises from the surface inversion
asymmetry in the 2DEG, is given by nz=aF,, where « is the
Rashba parameter and F, is confining electric field perpen-
dicular to the 2DEG plane. Equation (1) can be expressed in
the form of spinors (with the reference spin axis in the ver-
tical z direction), and the eigenspinors of H are obtained by
solving the 2 X2 matrix equation of

Hy+Hc+Hy any+i7]R[kx_(A/77R)]:|Xi
Nk, — inplk, — (A/7)] Hy+Hc+Hy
=Ex", (2)

where A=(eg’%/4mg)B,. The solutions to the eigenspinors
are

L o+l = (A )]

Xe=| N+ k= (M) P . (3)
1

where the correspnding eigenvalues are given by
—
Er=Hy+Hq+Hy+ nR\rk§+(kx—A/77R)2. (3a)

Note that when electron motion is strictly one dimensional in
the x direction (i.e., k,=0), the eigenspinor is aligned parallel
to the y axis. To simplify the wave function matching, we
rotate the Cartesian spin axes such that the reference z axis
coincides with the new axis parallel or antiparallel to the
eigenspinors of Eq. (3) for a particular set of values of
(By, mg.ky.k,). Since the eigenspinors x* are oriented along
the x-y plane, the spin rotation can be accomplished by trans-
forming Egs. (2) and (3) with a unitary matrix, U(#
=1/2, ), where ¢ is the azimuthal angle oriented along x*.
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Because of symmetry, the energy eigenvalue obtained in the
rotated frame due to Hy, replicates that obtained in the origi-
nal frame. Note that the rotation applies only to the spin, and
not the spatial part of the total wave function. In this rotated
frame, we can thus express the x dependence of the total
wave function as

. 1 . 1 ) 0
n(x) =A+e'klx( ) + B+e_"“x( ) + A‘e”/lx< )
0 0 1

e, ’

tu(x) = C+€ik2x<1 ) + DJ’e“"’Z)‘<1 ) + C‘ei‘izx(())

— ,—ikyx 0)
+D7e (1 , (5)

where I and II denote the regions shown in Fig. 1; (+k;,
—k;,+q,—q,) and (+ky,—k,,+q>,—q>) are the wave vectors
corresponding to the four degenerate eigenfunctions of Eq.
(3) in regions I and II, respectively, and are evaluated by
considering Eq. (3a). The y dependence of the wave function
is simply given by ¢(y)=e™”, due to the translation invari-
ance in y, while the z dependence ¢(z) of the wave function
is determined by considering the confining potential of the
2DEG. In region I, we can express the total wave function of
the system in the form of spinors as
. (A+eik|x + B+e—iq1x) ¢
i,b(x,y,z) =ew d)(z) A_eiqlx+B_e_ik1x . ( )

To solve for ¢)(z) we approximate the confining potential as
a triangular barrier. From the Hamiltonian, we obtain the
following eigenvalue equation for ¢(z):

2 . 2 242
[— i =¢P"(2) - lehfz‘qﬁ'(z) + ( p”* +U+sA+Hy+ ¢ Af)
2m m 2m 2m
X p(z) + 62F2¢(Z)] =E¢(z). (7)

The solution to the bound wave function ¢(z) is given by
a linear combination of Airy functions—i.e.,

b*+4ac — 4aE, + 4adz
4 a4/3 d2/3 Cl
b* +4ac — 4aE, + 4adz
4a4/3d2/3 2> (8)

d’(z) :e—bZ/Za Al|:

+ e—bz/Za Bl[

where C; and C, are constants and a=%%/2m", b=ieA,/m*,
d=eF_, and c=h2(k§+k3)/2m*+U+sA+HR+eZA§/2m*. For
the above solution to be a well-behaved function as z— o,
we need C,=0. To determine the subband energies within the
2DEG potential well, we consider the boundary condition of
¢(z=0)=0, where z=0 is taken to be the conduction-band
minimum of the 2DEG in the z direction. Noting that
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b*+4ac - 4aE, + dadz
4™ 25 €

¢(Z) — e—bz/2a A1|:

has roots —2.338, —4.088,... the lowest subband energy is
thus given by

E, = (b*/4a) + c +2.338a'*d*"3, ©))
i.e.,
B2+ 12 FA)?\'"3
En:(—x*v—)-f- U+sA+Hg+2.338 @ .
2m 2m

(10)

At low temperatures, transport in the 2DEG is dominated
by electrons at the Fermi level, so that E,=E; (Fermi en-
ergy). It is interesting to note that in the triangular barrier
approximation, the subband energy

Egp = 2.338(eF,)**/(2m")'

of Eq. (10) is independent of the gauge A. and hence of the
magnetic field B,. Thus, Eg,, can be absorbed into the vari-
able U in Eq. (10) to give U,

It has been discussed that in the case of & B, fields (per-
pendicular to 2DEG plane), multiple barriers need to be used
to attain high spin polarization P. However, the presence of
multiple barriers tends to suppress the overall transmission
probability (7) because each barrier contributes to AA,
across the conducting path and reduces the kinetic energy in
the propagation direction. In the in-plane B, case, however,
Eq. (10) shows that the wave vector k, in the propagation
direction is unaffected by any increase in A,. Thus, the use of
higher B, fields or multiple &-field barriers with the strength
of B, each can act to increase P of the spin current without
lowering the device conductance. From Eq. (11), the propa-
gation wave vector k, is given by

2
K=| - smpes + = 2+2—m(E—U )| -k
x nRh2 - nRﬁZ ﬁZ eff’ y*

(11)

In region I of Fig. 1 (where U,;=0), the four solutions for
the wave vector (k,) are given by

+h =+’ -k, —k=-\(-f-Vg)* -k,

(12)

[ .
+q1 =NFHV -k, —qi=-N(f- Vg -k,
(13)

where f=npm/h?* and g=(npm/h?)*+(2m/%*)(E). In region
I, g is replaced by g'=(nrm/h)*+(Q2m/H*)(E-U,z); ki.q
are denoted by k,,q,, respectively. Having determined the
wave vector k,, we now solve for the electron wave function
by (i) matching the amplitude of the wave function and (ii)
ensuring flux continuity at the boundaries marked by the 6 B,
fields (see Fig. 1). By considering the spinor wave functions
in regions T and 1T as shown in Egs. (4) and (5), respectively,
we obtained the following from wave function matching:
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AT+ B* Cc*+D*
o=l . (14)
A"+B C +D
To derive the flux continuity relation for each spin across
a boundary, we integrate the one-dimensional Schrédinger

equation over a small range [+&,—£] along x, on either side
of the boundary—i.e.,

+& 2 + +& +
lim f (p—x*+ anBaz)('//_)dx :J E('/’_>dx,
0| J_g \2m ¥ & \Y
(15)
where kz= N/k§+(kX—A/ 7g)>. Solving Eq. (15) leads to
—ihZKsz*—qu*) (klAJ'—qlB*)}
Zm* LI2C_—k2D_ qlA__le_
VG + [k = (M) Py
+ 77R ) 2 -
& \Nky+ [k, = (A gp) 17

)dx:O. (16)

Solving Eq. (16) explicitly (in the limit of £&—0) results in
the relation

(- iﬁ2> (k2C+ - q2D+> (— ih2> <k1A+ —¢,B" )
2m" J\q,C™ = kD™ 2m” J\q, A" = k,B~

W@A>_
+<_ FOA =0. (17)

In obtaining Eq. (17), we note that as the range of integration
approaches zero, only the term (A*) which contains the &
function term 8(0) will yield a finite contribution. The result-
ing transfer matrices linking the wave functions in regions I
and II are then given by

qi+k+i0 g +qgy+id
[A+} ki +q, ki +q, {CJ'}
57| ki—km it ki—gu—iv | D] 13V
ki +q, ki +q,
ki+qy—i0 ky—k,—i0
{A_}: ki +q, ki +q, {C_} (18b)
B~ qi—qr+1% q+ky+i0 D™ |
ki +q, ki +q,

where 9=(m"/mg)eg*B,/. Assuming the wave function in
region II has no reflection component, the transmission prob-
ability through the & barrier is given by

@ 2

_611

The spin polarization P is then given by

ol

e (19)
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_ T -7 _ qrkolky + g5 — i19|2—k1Q2|5]1 +ky+ iﬁ|2
T +T  qikolky +go— i0] + kygalgy + ky + iﬁ|2 .
(20)

Using Egs. (12) and (13) and the corresponding expres-
sions for wave vectors in region II, the explicit expression
for P for conductance mode of k,=0 can be simplified to

_ @k =k (b4 + 9] _ (qiky~kig)
(qika + k1g)[(Vb + el + 9] (q1ka +kigo)

(21)

Equation (21) shows that when k,=0, the in-plane B, field
does not contribute to the strength of P along the spin quan-
tization axis (y) for the spin current. For nonzero ky, B,
might have a contribution to P through ¥ as shown in Eq.
(20). However, the important point here is that the applica-
tion of B, plays the role of aligning the spin quantization axis
closer to the y axis, as can be deduced from the eigenspinor
of Eq. (3). For quantization axis closer (farther) to the origi-
nal y axis, spin projection in the y axis (P,) increases (de-
creases) accordingly, providing a means for spin current
modulation. Therefore, for zero or nonzero ky, B, provides an
external means of controlling P,. In this system, the switch-
ing of B, field also switches the P of spin current in y, thus
modulating the resistance through a magnetized contact.
Thus the switching of B, field provides a feature similar to
nonvolatile storage.

II1I. DISCUSSION
A. Conceptual advantages

We have conceived and derived equations that describe
spin-dependent transport within a 2DEG in the ballistic re-
gime under the influence of in-plane magnetoelectric barriers
and spin-orbit coupling induced by surface inversion asym-
metry. From our analysis, we can list several significant ad-
vantages for the application of in-plane B fields as opposed
to the out-of-plane fields considered previously in Refs. 1-6.
First of all, the application of multiple magnetic barriers or
increasing strength of B, in order to maximize the spin po-
larization P will not lower the probability of electron trans-
mission across the barriers, as had been previously discussed
in Refs. 16—18. This is because in the case of the in-plane
fields, the energy dispersion equation of Eq. (10) is indepen-
dent of B, and the corresponding magnetic vector potentials
of A,. In the case of out-of-plane fields, however, A, is
coupled to k, in the dispersion relation, and this results in
additional enérgy cost to the total available (Kinetic) energy
for electron transmission. It has been previously suggested
that the zero-A (Ref. 16) type of B-field configurations
should be used in the case of perpendicular fields, in order to
achieve a high net P of spin current at reasonably high con-
ductance. However, this will entail the use of more B, barri-
ers and/or of greater strength, thus rendering the device less
suitable for small-cell, high-density applications like
memory.

Furthermore, since the transport system is ballistic, it is
necessary to ensure that the entire electron conduction path is
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shorter than the spin relaxation length associated with the
spin-orbit mechanism. The use of in-plane fields eliminates
the need for zero-A configuration which requires multiple
barriers within a double-pair element'®!® to achieve high
current polarization at high conductance. In the case of in-
plane fields, the active electron conduction length can be
greatly reduced, making it easier to achieve the ballistic con-
dition assumed in the calculations.

The spin current induced by the in-plane field is also more
resistant to the D’yakonov-like spin scattering effects. This
spin scattering, which arises from spin-orbit coupling, has a
detrimental effect on the polarization P of spin current across
a 2DEG with an out-of-plane field B,. This is because the
effective in-plane magnetic field of the Rashba spin orbit
causes the electron spin (polarized along +z) to precess about
an axis in the x-y plane, leading to spin dephasing in a simi-
lar way to the D’yakonov-Perel'® mechanism. Previous
works'™* have neglected this source of spin relaxation and
thus may have overestimated the spin polarization which can
be achieved. By contrast, if we use a é-function B, field, the
eigenspinor direction (total field) and the effective field di-
rection due to the in-plane spin-orbit coupling differs only by
the azimuthal angle in the x-y plane. Hence, the spin state
even when averaged over the entire precessional orbit will
still have a component in the eigenspinor direction, thus
reducing the effect of the D’yakonov spin relaxation
mechanism.

Finally, from our analysis we found that for the in-plane
field case, the spin polarization P of current is a function of
the Rashba spin-orbit strength and the electric potential,
whereas the spin quantization axis (eigenspinor direction)
varies in the azimuthal direction with the strength of the
delta B, field. The stronger the &-field strength, the closer is
the quantization axis to the y axis of the original frame. The
availability of parameters which affect different aspects of
the spin polarization of current (in terms of magnitude and
direction) confers versatility for spintronics device
applications.

B. Numerical simulations and applications

To demonstrate the above-mentioned advantages, we per-
formed a numerical simulation of spin-dependent transmis-
sion through the magnetoelectric & barriers. We consider a
GaAs 2DEG system, as shown in Figs. 1(a) and 1(b), in our
calculations. For numerical convenience, all parameters are
reduced to dimensionless units in the following manner: x
—lpx, E— wcE, lz=\leB,, and wc-=eBy/m". Here B is an
arbitrary, but commonly achievable magnetic-field strength
in a practical device. In standard 2DEG GaAs, material pa-
rameters are as follows: m" =0.067m,, g =044, and g
=0.0295; for By=0.2 T, I5=57 nm, and E;=0.34 meV. The
Rashba parameter in GaAs is assumed to have a typical value
of 0.2Eyly or approximately 5.8X 10712 eV m, while the
Fermi energy E is taken to be 10E, (3.4 meV), which cor-
responds to a 2DEG carrier density of ~10'' cm™2. The de-
vice is operated by applying a combination of electrical and
magnetic barriers across the 2DEG. The electric potentials U
of (+2,-2)E, are applied to the two gate electrodes which
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FIG. 2. (Color online) Transmission probability as a function of
electron energy for the case of perpendicular B, field configuration
of (+3,+3,-3,-3)B,. The transmission threshold is shifted to the
high-energy region way beyond the Fermi energy (denoted by the
vertical dotted line). At the Fermi level, the transmission probability
and hence conductance for both spins are close to zero, although
there is spin polarization of current.

correspond to regions II and IV, respectively, of the electron
conduction path of Figs. 1(a) and 1(b). For the case of per-
pendicular B fields, a magnetic field configuration of
(+3,+3,-3,-3)B, is established across the electron conduc-
tion path, as shown in Fig. 1(b). Ideally the gates should all
be magnetized in one direction to increase the spin polariza-
tion P, but this will have the undesired effect of pushing the
transmission threshold way beyond Ej. The calculated elec-
tron transmission (7) and spin polarization (P) are plotted in
Fig. 2. The threshold for appreciable T is still about twice
that of E at 20E,,. For electron energy less than Ef, P is at
most about 7% while the transmission 7 is close to zero. This
is undesirable from a practical standpoint, since at normal
operating temperature most conduction electrons have ener-
gies close to or lower than Ep. It has been previously
suggested'®!8 that increasing the number of barriers could
increase P, but this has the adverse effects of pushing the T
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threshold further into the high-energy region. We now calcu-
late the corresponding 7" and P profiles for the device with
in-plane magnetic fields as shown in Fig. 1(a). For this de-
vice we can apply an all-parallel, B-field configuration of
(+3,+3,+3, +3)E, since the resulting increase in A will not
lower the wave vector in the propagation direction [as can be
seen from Eq. (3)], unlike for the perpendicular-field device
of Fig. 1(b). The T and P profiles are plotted in Fig. 3.
Compared to the corresponding curves in Fig. 2 for the
perpendicular-field device, the T threshold is significantly
lower and high T values are attained in the low-energy re-
gion (E<Ep). The average P value in this energy range has
also been increased slightly to about 3%—10%. Since the net
gain in A has no effect on the 7 threshold, we are able to
apply all-parallel fields of greater strength, in order to en-
hance P. Thus, in Fig. 4 we plot the calculated 7 and P
curves corresponding to an in-plane B field configuration of
(+9,+9,+9,+9)B,. The plots show that the higher B field
strength has increased P to above 20% in the sub-Fermi-
energy range, without shifting the 7 threshold to higher en-
ergies. We can thus conclude that in the in-plane field device,
the spin polarization P can be maximized by increasing the
number and strength of B-field barriers, which are arranged
in an all-parallel configuration. This is due to the fact that for
the in-plane field configuration, the wave vector in the propa-
gation direction is decoupled from A [Eq. (3)] and this thus
lowers the transverse energy cost'®~!® for electron transmis-
sion with increasing B-field barrier number and strength.
One important application of the in-plane B-field device is
to serve as a source of spin-polarized current, which is one of
the crucial requirements of spintronics. Furthermore, the de-
gree of spin polarization of the current within the 2DEG can
be modulated externally by applying B and U fields on the
ferromagnetic gates of the device. Our numerical calcula-
tions have shown that increasing the B-field strength in-
creases the spin polarization, without suppressing the elec-
tron transmission at or below Ep. This device has thus
removed a fundamental cap to the strength of the magnetic
fields which can be applied. The application of strong B
fields to induce highly spin-polarized current is only now
limited only by the engineering challenge of generating those

0.6} 1
h Transmission is high even in the low energy region

P for B=(3,3,33) B,

™

O -‘, \—F"_-'——'—————————————--

FIG. 3. (Color online) Transmission probabil-
ity as a function of electron energy for the case of
in-plane B, fields having the all-parallel configu-
ration of (+3,+3,+3,+3)By. Compared to Fig.
2, the transmission threshold has not shifted to
the high-energy region beyond the Fermi level
Er. At Ep, the transmission is almost 100% for
electron of both spins, and hence conductance is
high. The all-parallel fields result in a peak spin
polarization of about 10%.
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Transmission is high even in the low energy region

FIG. 4. (Color online) Transmission probabil-
ity as a function of electron energy for the case of
high in-plane B, fields having the all-parallel con-
figuration of (+9,+9,+9,+9)B,. As in Fig. 3,
the transmission threshold is not shifted to the
high-energy region, and at Ep transmission is
close to 100% for electron of both spins. How-
ever, the peak spin polarization is much higher at
about 30%.

0.4 !
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1Y 1 Eg
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high fields in the device. These difficulties can be overcome
with material and device design, and optimization of the spa-
tial field distribution.

The in-plane field device system can also be made to
function as a spin transistor since the strength of the spin
polarization of current can be converted to a measurable re-
sistance change by contacting the device to ferromagnetic
source-drain electrodes. Spin-based transistors based on
other schemes have been proposed previously, such as the
HEMT-based device with ferromagnetic gates,'~® the spin-

injection device,”” the Rashba spin-orbit coupling
device,'>132021  the Dresselhaus spin-orbit coupling
device,”>?* and the magnetic tunneling transistors

(MTT).?*% It has been argued, both theoretically and experi-
mentally, that such spin-based transistors can conceivably be
a viable alternative to conventional metal-oxide-
semiconductor field-effect transistors (MOSFET’s) due to
their lower power consumption and higher speed. However,
there are many obstacles to the practical implementation of
the various spin transistor schemes. For instance, those based
on spin injection devices face the fundamental problem of
conductivity mismatch that suppresses spin polarization in

the semiconductor, while the MTT devices can be adversely
affected by the quality of Schottky barriers as well as other
interfacial effects. The Rashba and Dresselhaus spin-orbit
coupling devices are limited by their low operating tempera-
ture. Furthermore, the electron spin state in these spin-orbit
coupling devices is coupled to the momentum state, which
makes it essential to restrict the electron motion to selected
momentum states. The requirement to confine the electron
motion poses an additional challenge to fabricating a viable
device based on these principles. Recent analyses?® have also
shown that transistors utilizing the spin-orbit coupling effect
require a longer channel length than previously thought,
which makes it difficult to achieve the necessary ballistic
transport. By contrast 2DEG spin transistor with in-plane
magnetic fields has an additional control parameter—i.e., the
applied ¢ in-plane fields. The total effective magnetic fields
can thus be tuned to focus closer to the applied delta in-plane
field. It also can function at a higher temperature, since they
are now more resistant to the D’yakonov spin relaxation
mechanism, which typically increases with temperature.
Compared to spin-injection-based transistors and MTT de-
vices, the in-plane ferromagnetic transistor devices are also

FIG. 5. (Color online) Transmission probabil-
ity as a function of electron energy for the case of
in-plane B, field configuration of (+3,+3,-3,
-3)B,. This results in zero spin polarization at all
electron energies and thus corresponds to a high-
resistance state in the 2DEG channel.

T1 —~— : - -

——— V
0.8
0.6
0.4
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less susceptible to interfacial effects since the spin polarizing
effect by the magnetoelectric barriers occurs away from the
interfaces.

Finally, as we have shown recently,”’* a 2DEG HEMT
device with ferromagnetic gates in the perpendicular B-field
configuration can be adapted for use as a single-transistor
nonvolatile storage. Our calculations reveal that with the ap-
plication of in-plane B fields, this device could perform this
function even better. To show this, we consider an antiparal-
lel configuration with fields pointing in the positive and
negative in-plane directions—i.e., (+B,+B,-B,—B)—and
calculate the T and P profiles, as plotted in Fig. 5. We find
that this antiparallel configuration produces zero polarization
of spin current for all electron energies. By contrast in Figs.
3 and 4, with an all-parallel magnetic field configuration, we
obtain an appreciable spin polarization, especially with
higher field strength (Fig. 4). These two distinct states—zero
P for antiparallel and high P for all-parallel configuration—
can be differentiated by converting them into resulting high-
and low-resistance states of the device, if we were to connect
the device to ferromagnetic source-drain electrodes. The

PHYSICAL REVIEW B 72, 205337 (2005)

high- and low-resistance states could then be used to repre-
sent nonvolatile binary memory states, just as in a conven-
tional magnetoresistive random access memory (MRAM).

IV. CONCLUSION

In conclusion, we have analytically derived the electron
energy dispersion and spin polarization current in a 2DEG
HEMT device under the application of in-plane magnetic
fields from ferromagnetic (FM) gate elements. We have also
supported our analysis with numerical simulations. Based on
our numerical and analytical analysis, we deduced several
distinct advantages of the in-plane B-field configurations,
compared to the out-of-plane B-field configuration consid-
ered in previous works. We show that these advantages con-
tribute to the prospects of realizing several spintronic devices
such as the spin current source and a spin-based transistor.
We also conceive a specific adaptation of this 2DEG HEMT
device with FM gates, which can perform the function of
nonvolatile storage.
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