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We investigated the spin-polarized resonant transport in a hybrid high-electron-mobility transistor �HEMT�
structure, with source and drain electrodes made of ferromagnetic �FM� material, while the channel consists of
a highly doped n++ AlGaAs-GaAs two-dimensional electron gas �2DEG�. The electron transport in the FM
layer is modeled using the spin-drift diffusion model, while across the 2DEG layer, ballistic transport is
assumed, given the long mean free path within the 2DEG. By solving the two transport models self-
consistently, we found that the transport properties of the device, such as the transmission probability, the spin
injection �SI� efficiency, and the magnetoresistance �MR� ratio, all exhibit oscillatory behavior when the 2DEG
layer width or the 2DEG Fermi energy is varied. The basis of these oscillations is the resonant transport across
the 2DEG, which is reminiscent of the spin-polarized resonant tunneling �SPRT�, observed recently in mag-
netic tunnel junctions �MTJs�. The hybrid device has distinct advantages over the metal-based MTJ structures
in the practical utilization of the SPRT effect. This is because the ballistic charge conduction through the 2DEG
enables easy tunability of the MR ratio and SI efficiency, by varying the doping density and gate bias, while
avoiding the exponential suppression of MR with barrier thickness, which occurs in MTJ devices. Numerically,
the hybrid HEMT device is predicted to be capable of achieving maximum MR and SI ratios approaching 20%
and 40%, respectively, at the crest of their respective oscillations.
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I. INTRODUCTION

Spintronics is a rapidly emerging field that promises to
provide new advances with substantial impact for future
applications.1–4 In particular, semiconductor- �SC-� based
spintronics3 can combine the well-known advantages of SC
materials �i.e., versatility of charge transport manipulation
and established nanofabrication technology� with the addi-
tional functionality provided by the spin degree of freedom.
Recent experimental demonstrations of long spin coherence
length5,6 in SCs and the ability to manipulate spin orientation
by electrical and magnetic means7–10 have brought the pos-
sibility of SC-based spintronics devices for memory, opto-
electronic, and spin-field-effect transistor applications11

closer to realization. Two key parameters which need to be
optimized in future SC-based spintronic devices are �i� its
spin injection �SI� efficiency, i.e., the ability to inject spin-
polarized current into a semiconductor,12–14 and �ii� the mag-
netoresistance �MR� ratio. Initial SC-based devices which
utilized direct spin injection from ferromagnetic �FM� metal
electrodes into the SC layer had extremely low SI and MR
ratios due to the large conductivity mismatch.15–19 This mis-
match problem has been overcome by the incorporation of
tunnel barriers16,20 and the use of diluted magnetic semicon-
ductors �DMSs� as spin injectors,7 although the latter suffer
from a generally low Curie temperature.7,22

Recently, quantum effects resulting in resonant oscillatory
MR behavior have also been experimentally observed and
theoretically predicted in double-barrier structures based on
DMSs23 and hybrid FM-SC materials,24 respectively. Such
oscillatory behavior may potentially be utilized to manipu-

late and optimize the MR and SI ratios in SC-based devices,
as well as provide additional functionalities, such as spin-
dependent resonant tunneling devices in the coherent tunnel-
ing regime. The oscillatory MR behavior was first observed
in magnetic tunnel junctions �MTJs�, where a thin nonmag-
netic �NM� metal layer is inserted in between the insulating
tunnel barrier and one of the FM metal electrodes.25 The
effect is ascribed to the spin-polarized resonant tunneling
�SPRT� effect involving quantum well states and exhibits
tunneling MR �TMR� oscillations as the NM layer is varied.
Theoretically, the SPRT effect was first modeled by single-
band models,26,27 which demonstrate a nonzero TMR in the
presence of the NM insertion, thus contradicting the classical
theory of tunneling. Subsequently, Mathon and Umerski28

provided a more refined theoretical model of SPRT by incor-
porating more realistic band structures. Experimentally, vari-
ous studies have been conducted to investigate the SPRT
effect in metal MTJ structures.25,29,31–35 However, the SPRT
oscillatory effect is found to be small25,30,35 or virtually
unobservable.29,31–34 Although the use of double-MTJ
structures36 may enhance some of the quantum size effects,
there are key obstacles to its realization in metal-based
MTJs: �i� the TMR ratio decays rapidly �exponentially� with
increasing thickness of the NM insertion, �ii� the oscillatory
frequency is very high with a modulation period of only
�1–2 nm, given the large Fermi wave vector in the NM
metal insertion, and �iii� there appears to be only one �rather
inconvenient� method to modulate the TMR modulation, i.e.,
by changing the NM thickness.25,29,30,35,36

Thus, to overcome these difficulties, we propose the uti-
lization of a hybrid high-electron-mobility transistor
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�HEMT� structure, with source and drain made of FM mate-
rial, as shown in Fig. 1, to achieve the SPRT effect. The
channel of the HEMT structure consists of a highly doped
n++ AlGaAs-GaAs two-dimensional electron gas �2DEG�
layer. Electron transport in the FM layer is modeled using the
spin-drift diffusion �SDD� model, in which the electron un-
dergoes momentum and spin scattering while traveling inside
the FM layers. In the 2DEG layer, electron transmission is
modeled as ballistic transmission, where the electron is trans-
mitted across the layer without any scattering. Spin polariza-
tion and momentum are preserved during this transmission.
Ballistic transmission in the 2DEG layer is achieved by en-
suring that the thickness of the layer is smaller than the mean
free path of electron in the layer. The ballistic transport
yields an oscillatory behavior, reminiscent of the SPRT ef-
fect. Utilizing the SPRT effect may provide a potential
method of optimizing the MR ratio of the device—e.g., by
setting the lateral dimension of the device to coincide with
one of the resonant MR peaks. The key advantages of this
oscillatory MR effect in SCs as opposed to metallic MTJ
devices are that �i� ballistic transport can occur in the free
conduction instead of tunneling regimes, so that the trans-
mission probability is not exponentially suppressed with the
barrier width, �ii� the low Fermi wave vector in the 2DEG
allows for a larger modulation period and hence obviates the
need for precise optimization of the 2DEG thickness, and
�iii� the use of the versatile 2DEG material allows for other
avenues of MR modulation. For instance, the MR ratio can
be tuned or controlled externally either by application of a
gate bias or by changing the 2DEG doping level, thus pro-
viding an added functionality compared to the usual metallic
spin-valve devices. Numerically, our self-consistent calcula-
tions yield significant MR and SI ratios, which approach
20% and 40%, respectively, at the peak of the oscillations.

II. THEORY

A. Spin drift-diffusive transport in the FM electrodes

We first present the spin transport model within the FM
source and drain electrodes. Throughout this paper, �i, �i, �i,
�i, Ai, and ji indicate the spin diffusion length, intrinsic con-
ductance polarization, resistivity, current polarization, cross-
sectional area, and current density of layer i, respectively. w
refers to the width of the 2DEG layer. The subscript and
superscript ↑ �↓� represent the majority �minority� spin com-

ponent, while the subscript S �F� refers to the semiconductor
2DEG �FM� layer. Our spin transport model is essentially a
1D approximation, with x taken to be the spatial variable. It
has been assumed there is no significant variation of the cur-
rent and potential in the transverse y direction.

Within the FM layers, the conduction electrons encounter
spin-asymmetric scattering processes. The corresponding
electron transport can be modeled by the well-established
semiclassical SDD model.16,37,38 For simplicity, we consider
the case of collinear magnetization—i.e., the magnetization
of the FM layers are in parallel or antiparallel orientations—
but in principle our analysis can be extended to the more
general noncollinear case—e.g., via a scattering matrix or
generalized Boltzmann formalisms.39,40 In our model, we set
the total current I= jA to be some constant value and con-
sider the variation of the electrochemical potential across the
device. Due to the spin-dependent scattering in the FM lay-
ers, the spin-dependent components of jF and �F can be ex-
pressed by

jF↑ = �jF, jF↓ = �1 − ��jF, �1a�

�F↑ = 2�F/�1 + �F�, �F↓ = 2�F/�1 − �F� , �1b�

where �F↑ ��F↓=�F and jF↑+ jF↓= jF. �F is an intrinsic prop-
erty of the FM material, while the spin polarization of cur-
rent ��x� is a spatially varying quantity, which is to be de-
termined. Based on Ohm’s law, the electrochemical potential
gradient is given by

��↑,↓
�x

= − e�↑,↓j↑,↓, �2�

where � is the electrochemical potential, e is the electron
charge, and x is the spatial position. Spin accumulation
which arises from the spin split in the electrochemical poten-
tial, i.e., ��=�↑−�↓, varies according to a second-order dif-
fusion equation

�2��

�x2 =
��

�2 .

The general solution for the spin accumulation ��i�x� in the
FM electrodes �i.e., layers i=1 and 3� can be expressed as

��i�x� = Pi exp� x

�i
� + Qi exp�−

x

�i
� . �3�

The coefficients P1, Q1, P3, and Q3 can be solved by apply-
ing the following boundary conditions at the FM-2DEG in-
terfaces �x=0 and x=w�:

ej↑�0��1↑ − ej↓�0��1↓ = − ����1�x�
�x

�
x=0

, �4�

ej↑�w��3↑ − ej↓�w��3↓ = − ����3�x�
�x

�
x=w

, �5�

and at the terminals of the semi-infinite FM contacts �x
= ±��, where spin accumulation vanishes,

FIG. 1. Schematic illustration of the hybrid SC-FM device
based on the HEMT. It consists of a 2DEG conducting channel
between FM source and drain electrodes.
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��1�x → − �� = ��3�x → + �� = 0. �6�

Additionally, the continuity of the electrochemical potentials
dictates that

��3�w� − ��1�0� = − ��U2
↑ − �U2

↓� , �7�

where �U2
↓,↑ refers to the electrochemical potential drop of

spin-up �-down� current across the 2DEG layer. Equations
�4� and �5� are derived from Eq. �2� by considering the spin
current at the interfaces. Due to ballistic transmission, we
assume no spin flip scattering in the 2DEG layer, and thus
j↑,↓�0�= j↑,↓�w�. Solving the above boundary conditions—i.e.,
Eqs. �4�–�7� simultaneously—yields the following expres-
sions for P1, Q1, P3, and Q3 and the current polarization at
the two FM-2DEG interfaces ��0� and ��w�:

P1 =
�U2

↑ − �U2
↓

2
, �8a�

Q3 =
ew/�F��U2

↓ − �U2
↑�

2
, �8b�

Q1 = P3 = 0, �8c�

��0� = ��w� =
�1 + �F�

2
� �1 − �F���U2

↑ − �U2
↓�

4ejF�F�F
+ 1� .

�8d�

Note that ��0�=��w� due to the absence of spin flip in the
2DEG layer. From the above results, the spatial variation of
spin accumulation �� in Eq. �3� can be determined. Subse-
quently, the spatial profile of ��x� across FM layers are ob-
tained by considering Eqs. �4� and �5� for an arbitrary posi-
tion x. The solution �i�x� is then substituted into Eqs. �1� and
�2�, and after integration, the spatial dependence of the elec-
trochemical potential for both spins, �↑,↓�x�, is obtained
within each FM layer.

To analyze the MR, we let layer 1 be the pinned FM layer
with a fixed magnetization, while layer 3 is the free FM
layer, whose magnetization orientation can be switched by an
external field. The solutions in Eqs. �8a�–�8d� apply for the
case of parallel �P� configuration. We repeat the above analy-
sis for the antiparallel �AP� configuration, where the magne-
tization of layer 3 is in the opposite direction to that of layer
1. The spin-dependent resistivities of the FM layers in the P
and AP configurations, �F↑,↓

P�AP�, are related to one another as
follows:

�F↑,↓ = �F↑,↓
P = �F↓,↑

AP . �9�

In computing the MR ratio, we consider the electrochemi-
cal potential drop between x=−�F and x=w+�F, i.e., a thick-
ness of �F in each of the FM contacts. This is because �F is
the length scale across which the spin-dependent resistance
changes will occur.15 The explicit expression for MR is given
by

MR �
RAP − RP

RP
=

��0
AP − ��0

P

��0
P

=
�F	�1 − �F

2���U2
↑ − �U2

↓� + 4ejF�F�F�F

�1 − �F

2�	�1 + �F��U2
↑ + �1 − �F��U2

↓ + 4ejF�F�F

,

�10�

where RAP �RP� refers to the overall resistance in the AP �P�
configuration and ��0

P,AP=�0
P,AP�x=−�F�−��0

P,AP�x=w
+�F�. �0 is the linear �Ohmic� component of the electro-
chemical potential, which is the equilibrium spin-inde-
pendent component of either �↑�x� or �↓�x�.

B. Ballistic transport model within the 2DEG

Next we model the electron transport in layer 2—i.e., the
2DEG layer. We assume the electron’s mean free path to be
longer than the 2DEG layer width, so that electron conduc-
tion can be described by a ballistic spin-dependent transmis-
sion model. We consider the parabolic-band effective-mass
approximation, so that �by referring to Fig. 2�, the
Schrödinger equation for layers 1–3 can, respectively, be
written as

−
	2

2mF

�2
1
↑,↓�x�

��x�
+ U1

↑,↓
1
↑,↓�x� = �EF

Fermi + ��1
↑,↓�
1

↑,↓�x� ,

�11a�

−
	2

2mS

�2
2
↑,↓�x�

��x�
+ �U2 −

�U2
↑,↓

w
x�
2

↑,↓�x� = EF
Fermi
2

↑,↓�x� ,

�11b�

−
	2

2mF

�2
3
↑,↓�x�

��x�
+ U3

↑,↓
3
↑,↓�x� = �EF

Fermi + ��3
↑,↓�
3

↑,↓�x� .

�11c�

For the FM layers, the above equations 	i.e., Eqs. �11a� and
�11c�
 are applicable only at the interfacial regions �x=0 and

FIG. 2. �a� Schematic diagram showing the energy barrier in the
hybrid HEMT structure. Only the spin-up component is shown. �b�
Schematic band diagram of the structure showing the origin of U2

and Um.
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x=w�, where ballistic transmission occurs between the FM
and 2DEG layers. Away from the interfaces—i.e., within the
bulk FM—the electron transport is more accurately de-
scribed by the spin drift-diffusion equations �2� and �3�. The
potential energies in the FM regions in the P configuration
are given by U1

↑=0, U1
↓=Um, U3

↑=−�U2
↑, and U3

↓=Um−�U2
↓,

where Um is the energy difference between majority and mi-
nority spins due to the molecular magnetic field within the
FM material �see, e.g., the two-band model of Ref. 41� and
�U2

↑�↓� is the potential energy drop across the 2DEG for
spin-up �-down� electrons, respectively. In the AP configura-
tion, we assume that the magnetization of layer 3 is reversed.
Thus, in layer 3, the potential energy terms for the two spin
orientations are interchanged, i.e., U3

AP↑=Um−�U2
↑ and

U3
AP↓=−�U2

↓. As shown in Fig. 2�b�, U2 in Eq. �11c� is the
shift in potential energy so as to align the 2DEG Fermi level
with the Fermi level of the FM layers. Thus, U2=EF

Fermi

−ES
Fermi, where EF

Fermi and ES
Fermi are the equilibrium Fermi

levels of FM and 2DEG layers, respectively. mF and mS are
the effective electron mass in the FM and 2DEG layers, re-
spectively, while ��1�3�

↑,↓ represents the nonlinear part of the
electrochemical potential at the left �right� FM-2DEG inter-
face. This nonlinear component is the deviation of the elec-
trochemical potentials of the two spin channels �↑,↓ from the
Ohmic electrostatic potential, due to spin accumulation at the
interface. The relationship between ��1,3

↑,↓ and the spin accu-
mulation ��1,3 of Eq. �4� is given by ��1

↑+��1
↓=��1�0� and

��3
↑+��3

↓=��3�w�, respectively. Solving the above
Schrödinger equation yields the following electron wave
function in each region:


1
↑,↓�x� = C1

↑,↓ exp�ik1
↑,↓� + D1

↑,↓ exp�− ik1
↑,↓� , �12a�


2
↑,↓�x� = C2

↑,↓Ai� �EF
Fermi − U2�w + �U2

↑,↓x

�U2
↑,↓ �2mS�U2

↑,↓

w	2 �1/3�
+ D2

↑,↓Bi� �EF
Fermi − U2�w + �U2

↑,↓x

�U2
↑,↓ �2mS�U2

↑,↓

w	2 �1/3� ,

�12b�


3
↑,↓�x� = C3

↑,↓ exp�ik3
↑,↓� + D3

↑,↓ exp�− ik3
↑,↓� , �12c�

where Eq. �12b� is an Airy Function. The wave vectors at the
FM layer interfaces are

k1,3
↑,↓ =


2
mFEF
Fermi + mF��1,3

↑,↓ − mFU1,3
↑,↓

	
. �13�

The coefficients C1,2,3
↑,↓ and D1,2,3

↑,↓ are determined by applying
flux and wave function matching at the FM-2DEG inter-
faces:

�1
↑,↓�0� = �2

↑,↓�0� , �14a�

�2
↑,↓�w� = �3

↑,↓�w� , �14b�

� 1

mF

d�1
↑,↓�x�
dx

�
x=0

= �1

mS

d�2
↑,↓�x�
dx

�
x=0

, �14c�

� 1

mS

d�21
↑,↓�x�
dx

�
x=w

= �1

mF

d�3
↑,↓�x�
dx

�
x=w

, �14d�

D3
↑,↓ = 0. �14e�

Equations �14a� and �14b� are obtained by applying wave
function matching at the interfaces. Equations �14c� and
�14d� are obtained by applying flux matching at the inter-
faces. Since there is no reflected wave at the final FM layer
�layer 3�, Eq. �14e� denotes zero amplitude of the reflected
wave there. By solving these equations we obtained the ratio
C3

↑,↓ /C1
↑,↓. The ballistic transmission probability across the

2DEG layer is then given by

T↑,↓ =
k3
↑,↓

k1
↑,↓�C3

↑,↓

C1
↑,↓� . �15�

Assuming perfect ballistic transmission, the �areal� resistance
across the 2DEG layer can be obtained from Landauer’s for-
mula as

R2
↑,↓ =

2
	

e2T↑,↓nmAF, �16�

where nm is the number of transverse modes and AF is the
cross-sectional area �in the y-z plane� of the device. To sim-
plify our analysis, we restrict our analysis to one transverse
conductance mode only �nm=1�. This may be achieved in
practice, e.g., by constricting the FM-SC interface to a nar-
row channel, so that it acts as a mode filter, which allows
only one transverse mode to pass through. We have also
neglected any effects arising from Schottky barriers at the
FM-2DEG interfaces. This is because the presence of a
Schottky barrier, although it may possibly increase the over-
all MR ratio,42 is an undesirable feature in practical
GaAs/AlGaAs 2DEG heterostructures, for which Ohmic
contacts are much preferred.43

To complete the transport calculations, we have to unify
the ballistic and diffusive transport within the 2DEG and FM
layers, respectively. This is performed based on our earlier
scheme,44 in which the link between the two transport re-
gimes is established by considering the spin accumulation
component of the potential ��↑,↓. The values of ��↑,↓ at the
FM-SC interfaces are determined by the SDD relations 	i.e.,
Eqs. �2� and �4�
. These, in turn, contribute to the kinetic
energy of electrons undergoing ballistic transmission at the
FM-2DEG interfaces and hence affects T↑,↓ across the 2DEG
	from Eqs. �13� and �15�
. Additionally, we assume that the
conduction electrons are sufficiently equilibrated after under-
going ballistic transmission across the 2DEG, so that the
total potential drop experienced by the electrons across the
2DEG is given by �U2

↑,↓= jF
↑,↓R2

↑,↓. For simplicity, we have
neglected the detailed analysis of thermoballistic current in
the equilibration process.45,46 Conversely, as can be seen
from Eqs. �12a�, �12b�, and �16�, T↑,↓ itself is also a function
of �U2

↑,↓. Based on the above interdependence, a self-
consistency loop can be established between the ballistic and
SDD transport calculations to solve for T↑,↓ and hence R2

↑,↓
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across the 2DEG. The self-consistency calculations are per-
formed until the values of R2

↑,↓ have converged to better than
0.1% accuracy.

In the numerical calculations, we assume the hybrid struc-
ture to be composed of the following materials: FM elec-
trodes of nominally half-metallic Fe3O4 and the SC conduct-
ing layer consisting of a highly doped n++ AlGaAs-GaAs
2DEG. Unless otherwise specified, the following parameter
values are assumed: ES

Fermi=3.5 meV, �F=0.7, jF=1 A/m2,
�F=10−4 � m, AF=50 nm�50 nm �in the y-z plane�, �F
=100 nm, mF=1me=9.1�10−31 kg, mS=0.067me, EF

Fermi

=11.10 eV, Um=0.25 eV, and w=40 nm.

III. RESULTS AND DISCUSSION

Based on the self-consistency transport model described
above, we investigated the spin transport behavior in the hy-
brid FM-2DEG structure. We focus our analysis on the ef-
fects of varying the following parameters of the 2DEG layer:
�i� Fermi energy �ES

Fermi� and �ii� width �w�, and on transport
properties such as the MR and SI ratios, 2DEG resistance R2,
and the transmission probability T. Since the transmission
curves of both spin-up and -down electrons show similar
oscillations with respect to ES

Fermi and w, we have therefore
considered the mean transmission probability T= �T↑+T↓� /2
across the 2DEG layer. The mean value of T is also used in
calculating the MR ratio, thus indicating that the oscillatory
MR effect originates from both spin channels.

Referring to Fig. 3�a�, we obtain a general trend of de-
creasing resistance of 2DEG layer as the electron energy in

the Fermi level, ES
Fermi, is increased. This is due to the fact

that electrons with higher kinetic energy can transmit across
the 2DEG layer more easily, as shown by the dotted curve in
Fig. 3�b�. However, the decrease in R2 is not monotonic, but
exhibits an oscillatory behavior with increasing ES

Fermi. This
oscillatory behavior is due to the resonant ballistic transport
across the 2DEG layer of finite width w. It should be noted
that in the ballistic transport, the electron energy is always
larger than the potential barrier height U2 within the 2DEG
layer 	see Fig. 2�a�
. At the resonant peaks of transmission, T
approaches almost perfect transmission of 100%. Noting that
R2 is inversely proportional to electron transmission prob-
ability T 	see Eq. �16�
, the curve for R2 in Fig. 3�b� thus
shows an inverse dependence on ES

Fermi compared to that of
T. The oscillatory behavior is, however, suppressed at large
values of ES

Fermi exceeding 500 meV, as shown in the insets
of Fig. 3.

The MR ratio exhibits an opposite trend, i.e., oscillatory
increasing trend with ES

Fermi, compared to R2 	see Fig. 3�a�
.
This may be explained as follows: when the resistance R2 of
the 2DEG layer is higher, the spin-dependent scattering
within the FM layers becomes relatively less dominant.
Since the spin asymmetry of R2 is much lower than that in
the FM layers, the relative decrease in FM resistivity reduces
the overall spin asymmetry of transport across the FM-2DEG
structure and thus depresses the MR ratio. The results indi-
cate that we can, in general, improve the MR ratio by in-
creasing the doping density of the SC layer, i.e., increasing
the Fermi level within the 2DEG conduction band. More
importantly, the strong oscillatory MR behavior can be ex-
ploited for certain applications. For instance, by changing
ES

Fermi either by changing the 2DEG doping level or by ap-
plying an external gate bias, one can induce a large increase
in MR. This is especially for low values of ES

Fermi

�20 meV, where the MR changes from a low of 2% to a
high of 17% within �ES

Fermi�5 meV.
Next we analyze the effect of increasing 2DEG layer

thickness w on the spin-dependent transport. As before, the
resonant ballistic transport across the 2DEG results in an
oscillatory behavior in T and hence R2 with changing w, as
shown in Fig. 4�a�. We assume the range of w considered to
be within the mean free path of electrons in the 2DEG. For
the parameter values used, the minimum R2 occurs when the
thickness of w=40 nm, and this minimum value repeats for
every �w=40 nm increment in the 2DEG thickness. Due to
the inverse relation between MR and R2, the MR ratio
reaches a maximum value at the minimum R2 and varies with
the same period as R2. The period of oscillation is signifi-
cantly larger than the MR oscillations seen in MTJs, where
�w is typically �1–2 nm.25,30,35 Another striking difference
is the constancy of the amplitude of oscillations in the hybrid
FM-2DEG device, as w is varied. By contrast, the amplitude
of oscillations in MTJ devices undergoes a rapid �exponen-
tial� decrease with w.25,35 This is because in the MTJ devices,
the SPRT effect arises due to charge tunneling and quantum
well states within the NM spacer, while in hybrid FM-2DEG
devices, it is due to the ballistic transmission of free elec-
trons across the 2DEG. The two differences result in greater
practical convenience to modulate the MR ratio in the hybrid
device, because �i� the large �w values mean that it is un-

FIG. 3. �Color online� �a� Thick 	thin
 line shows the MR
	log10�R2�
 variation with change in Fermi energy of the 2DEG. �b�
Thick �thin� line shows the variation of the mean transmission prob-
ability T �spin injection SI ratio� with the 2DEG Fermi energy.
Insets show the variation of parameters over a larger range of ES

Fermi

up to ES
Fermi=1000 meV. The resonant �oscillatory� behavior disap-

pears for ES
Fermi�500 meV. The axis labels for the insets are iden-

tical to the main graphs.
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necessary to achieve high resolution of within a few Å in
optimizing w and �ii� the constant amplitude of MR oscilla-
tions means that w can be varied without incurring an expo-
nential suppression of MR and conductance. As in Fig. 3, the
oscillatory behavior in MR and R2 decreases with increasing
ES

Fermi and is virtually absent at ES
Fermi=500 meV, as shown

by the dotted lines of Fig. 4.
In addition to the MR ratio, another important parameter

for SC-based spintronics devices is the SI efficiency between
the FM and SC layers. The SI ratio is defined as the spin
polarization of current at the FM source electrode-2DEG in-
terface, i.e.,

SI = �jF↑ − jF↓�/jF = 2��x = 0� − 1. �17�

The variation of SI as a function of ES
Fermi and w is repre-

sented by the solid curves in Figs. 3�b� and 4�b�, respec-
tively. To explain the SI trend in Fig. 3�b�, we note that an
increase �decrease� in the 2DEG resistance R2 and concomi-
tant decrease �increase� in the relative contribution from the
FM lead resistances result in an overall increase �decrease�
of the spin asymmetry of current through the structure. This,
in turn, causes a decrease �increase� in the excess majority
spin current, �j= j↑− j↓, and hence a reduction �increase� in
the SI efficiency into the 2DEG. We thus obtain a variation
of SI with ES

Fermi 	Fig. 3�b�
 which is in tandem with that
ofMR and in opposing trend to that of R2. As for the SI trend
with the width of the 2DEG layer �w� as plotted in Fig. 4�b�,
we observe an oscillatory variation of SI with w, which is

similar to that of MR. In general, the SI efficiency is signifi-
cantly higher than the MR ratio and attains a maximum value
of 40%, compared to the maximum MR of 16%. This is in
agreement with the general approximation that MR��SI�2

�see, e.g., Ref. 15�. The ballistic mode of transport through
the 2DEG confers the ability to tune the SI efficiency by
modifying the doping concentration or the width of the
2DEG layer, similar to the case of the MR. For instance, at
low ES

Fermi�20 meV, one can effect a fourfold increase in SI
from 10% to almost 40% within �ES

Fermi�5 meV. As for the
case of MR, the ballistic mode of transport through the
2DEG confers the ability to tune the SI efficiency by modi-
fying the doping concentration or the width of the 2DEG
layer. Ballistic transmission also enables much higher SI and
MR ratios to be attained compared to hybrid SC-FM devices
operated in the diffusive regime. In the latter, direct spin
injection from a FM metal into a SC material suffers from
the conductivity mismatch problem, thus yielding a SI effi-
ciency of only �0.1% and an even smaller MR ratio of
�10−2%.15 By contrast, our calculations predict that in the
presence of resonant ballistic transport, a maximum SI effi-
ciency approaching 40% is attainable 	see Figs. 3�b� and
4�b�
. This compares favorably even with hybrid FM-SC
structures which utilize tunnel or Schottky barriers, where a
SI efficiency of �32% has been observed.21 In addition, in
the latter structures which are based on tunneling transport,
high MR and SI ratios are usually attained by increasing the
tunneling resistance and hence suppressing the device con-
ductance. They also do not exhibit the tunability of MR and
SI ratios by external means, which is afforded by the reso-
nant ballistic transport in our device, as described earlier.

IV. CONCLUSION

In conclusion, we have investigated the possibility of
achieving spin-polarized resonant transport in a hybrid high-
electron-mobilty transistor structure, with source and drain
electrodes made of FM material and a channel consisting of
a highly doped n++ AlGaAs-GaAs 2DEG layer. Our model
combines the semiclassical spin-drift diffusive transport in-
side the FM electrodes, with the ballistic transmission of
electrons across the 2DEG layer. Based on a self-consistency
scheme, we numerically calculate the spin transport across
the hybrid FM-2DEG structure. We focus our analysis on the
effects of varying the Fermi level ES

Fermi and width w of the
2DEG layer, on transport properties such as the MR and spin
injection �SI� ratios, and on transmission probability T across
the 2DEG layer. Our calculations reveal strong oscillatory
behavior in both the MR and SI ratios, owing to the ballistic
resonant transport across the 2DEG and reminiscent of the
spin-polarized resonant tunneling effect, recently observed in
metal-based magnetic tunnel junction structures. Our pro-
posed hybrid HEMT structure has several distinct advantages
compared to MTJs in practical realization of the SPRT effect
in future devices. These include the easy tunability of the
MR and SI ratios either by changing the 2DEG doping level

FIG. 4. �Color online� �a� Solid thick 	solid thin
 line shows the
MR 	log10�R2�
 variation with change in SC thickness w. �b� Solid
thick �solid thin� line shows the transmission probability T 	spin
injection �SI�
 variation with change in SC thickness w. Here, T
refers to the parallel �P� configuration. However, the same trend is
also observed for T corresponding to the antiparallel �AP� configu-
ration. Dotted lines indicate the variation of parameters for large
ES

Fermi, i.e., ES
Fermi=500 meV, where the resonant �oscillatory� be-

havior is absent.
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or gate voltage bias �which is not possible in metal-based
devices� and the absence of any exponential suppression of
MR with barrier thickness. Based on realistic parameter val-

ues, we predict that the hybrid HEMT is capable of achiev-
ing maximum MR and SI ratios of approximately 20% and
40%, respectively.
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