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Study of Spin-Polarized Transport Properties for
Spin-FET Design Optimization
Semion Saikin, Min Shen, and Ming-C. Cheng, Member, IEEE

Abstract—A Monte Carlo method developed previously for
spin dynamics is applied to study spin-polarized transport properties of two–dimensional electron gas in semiconductor spin-FET
structure. The specific symmetry of spin-orbit terms (Rashba
and Dresselhaus) leads to strong anisotropy of spin dynamics in
the low field regime. Coherent spin evolution and spin dephasing
are investigated for different orientations of the device channel
related to the crystallographic axes. Efforts have been made to
suppress spin dephasing while conserving coherent oscillation of
spin polarization required for spin-FET design. Results derived
from this study provide useful information to assist in optimization of the spin-FET performance.
Index Terms—Anisotropy, Monte Carlo, spin relaxation, spintronics, spin-FET.

I. INTRODUCTION

U

TILIZATION of spin-dependent phenomena in electronic
devices is one of the promising approaches for future
electronics [1]–[3]. While some magnetoelectronic devices,
exploiting the tunneling magnetoresistance and giant magnetoresistance effects in ferromagnetic-layer structures, have
been developed and used in modern industry, more universal
and more promising semiconductor spin-FETs [4]–[6] or
bipolar spin-transistors [7]–[9] are at an early stage of progress.
The key property of magnetoelectronics or spintronics is that
the electron spin can be used to encode information in the
spin-polarized current. Specific device design and selection
of material properties may be needed to effectively utilize the
current spin polarization. Some of these features may actually
lead to undesirable effects. For example, the strong spin-orbit
coupling, which is required for the spin-FET proposed by Datta
and Das [4], in the presence of electron momentum scatterings,
produces the fast D’yakonov–Perel spin relaxation [10]. Even
more pronounced spin dephasing can occur due to effect of
magnetic contacts [11].
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Fig. 1. Device structure for the simulations.

Transport parameters for spintronic devices are still not well
studied. In order to understand the spin-dependent transport
phenomena, realistic models accounting for spin-dependent
scattering and interaction are needed. The Monte Carlo approach, which is able to incorporate evolution of the electron
spin polarization [12]–[16] and provide physical insight into
the spin dynamics, is one of the possible tools for study
of the spin-dependent transport properties. This approach
goes beyond the approximations of the drift-diffusion and
hydrodynamic transport models, and can easily accommodate
distinctive device features [17], [18].
In this work, we study properties of spin-polarized current
in an In Al As/In Ga As FET structure shown in
Fig. 1, using a Monte Carlo method developed in a previous
study [14]. Similar structures have been proposed for designing
spin-FETs [4]–[6]. We focus on the case with the spin injection in the configuration of the spin-FET proposed by Datta and
Das [4]. At the source contact, spin polarization is assumed to
be parallel with the current direction, and the polarization coherently evolves along the channel. Of particular interest in our
work is the anisotropy of spin dynamics related to the transport
direction [19], [6]. Based on the analysis of spin-orbit interaction influenced by the transport direction related to the crystallographic axes, we optimize the device channel orientation to
improve performance of the spin-FET.
The paper is organized as follows. In Section II, we review
the theoretical model applied to simulations. The anisotropic
spin scattering matrix accounting for spin-orbit interaction is
derived. In Section III, this model is applied to simulation of
spin-polarized transport of electrons in the single quantum well
(QW) of the FET structure shown in Fig. 1. Different orientations of the device channel related to the crystallographic axes
are considered. We search for regime with a long spin dephasing
length applicable to spin-FETs. In Section IV, physics of simulated results is discussed. The paper is concluded in Section V.
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II. THEORY
We select the heterostructure layers of the spin-FET, given in
Fig. 1, orthogonal to the (0, 0, 1) direction in the crystallographic
axes. The device coordinate system is defined as follow. The
axis of the device coordinate system is parallel to the (0, 0, 1)
crystallographic direction, and the axis is oriented along the
device channel. It forms an angle with the (1, 0, 0) crystallographic direction in the plane of the two-dimensional (2-D)
electron gas.
In the simulation, thermalized electrons, injected at the
left boundary, travel along the channel due to the applied
, and are absorbed at the right
drain–source voltage,
boundary. For the spatial electron evolution, we assume that the
component of the electron momentum is quantized, while the
plane is classical. This is an appropriate apmotion in the
proximation for submicrometer or deep-submicrometer devices
with a smooth potential along the channel at room temperature.
For electron scatterings, ionized impurity, acoustic-phonon,
and optical-phonon scattering mechanisms are considered.
The electric field along the channel is calculated from the
Poisson equation self-consistently with the electron motion
and updated at each time step. During the “free flight” time,
, which is the smaller of the time step and the time interval
between two scattering events, the electrons propagate with a
constant acceleration. The details of the Monte Carlo method
for spin-polarized transport are presented elsewhere [15].
For the description of an electron spin dynamics, we use the
spin density matrix [20]
(1)
This representation is defined using the spin expectation values
for a single quantum particle or applying an additional classical
average over a system of quantum particles. The physical
meaning for the diagonal element,
, is the probability to
find the spin in the “up” or “down” state (parallel or antiparallel
to the axis). The complex conjugate off-diagonal element,
, describes the coupling between the “up” and “down”
states in a given coordinate system. The mathematical formalism
for the evolution of the spin density matrix is well developed
and widely used in the optical [20] and magnetic resonance
[21] spectroscopy.
While the spin density matrix is useful for the modeling of
spin dynamics, the spin polarization vector is more convenient for pictorial presentation. It is closely related with the definition of the density matrix

, together with the diagonal unity matrix
using
, where
is the set of the three Pauli matrices,
,
. Similarly
and corresponds to the nonpolarized state
to the quantities defined as moments of the nonpolarized
, one can obtain the spin
electron distribution function,
and spin current density components
,
density
or . In
etc., as moments of the distribution functions
this work, we present only the steady state results for the set
of the zeroth-order moments normalized by the local electron
, which yield the components
density,
of the spin polarization vector. The spin-polarization vector
satisfies
. It is equal to 1 for completely
spin-polarized current, and 0 for nonpolarized current.
In general, the evolution of electron spin in semiconductor
heterostructure is influenced by many different factors: external
and local magnetic fields, spin-orbital interaction, and electronelectron interaction, etc. In this work, we assume that the electron spin dynamics is only determined by the interaction of the
spin with the electron momentum due to the spin-orbit term
. This conventional assumption is a basis for the Datta
and Das Spin-FET [4]. Traditionally, two different terms of the
spin-orbit interaction [22], [23] are considered for an asymmetric single QW structure (Fig. 1). The origin of the Dresselhaus term [22] is the bulk inversion asymmetry of the crystal,
while the Rashba term [23] is produced by the structure inversion asymmetry of the QW. For a relatively narrow QW, these
terms are linear functions of electron momentum. While the
Rashba spin-orbit term
(3)
is independent of the device channel orientation related to the
crystallographic axes, the Dresselhaus term

(4)
is determined by the angle, , between the device channel (
axis) and the (1, 0, 0) crystallographic direction. The spin-orbit
coupling constants and are dependent on the material band
structure and the shape of the confining potential [24], [25].
During the “free flight,” , the single electron density matrix
evolves as
(5)
In simulations, if is small enough, the momentum in (5) is
taken as the average electron momentum during its “free flight.”
can be written as
The spin scattering matrix

(2)
To calculate the current spin polarization at position , we
average the density matrices for all electrons in a small volume
near with the inplane wave number in a momentum
area
near . This description is possible because the
. The
spatial motion is treated classically with momentum
, is then an analog of the
averaged spin density matrix,
distribution function for spin-polarized electrons. The average
spin density matrix can be projected onto the Pauli matrix space

(6)
where the parameter, , is determined by the interaction described in (3) and (4). Using the spin-orbit coupling constants,
it can be shown that

(7)
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Fig. 2. Energy profiles for T = 300 K.

Each momentum scattering event changes the spin-orbit interaction and influences the subsequent electron spin evolution. For
a system of electrons possessing the same spin orientation, the
spatial electron motion with the evolution operator in (5) can result in coherent rotation of the spin polarization as well as spin
dephasing (loss of spin polarization). The angular dependence
of the spin scattering matrix in (6) should be reflected in both
processes.
III. SIMULATION
The length of the considered device is
nm, and
the width is infinite. The confining potential is an asymmetric
nm) in the direction. We assume
single QW (width
that the equilibrium 2-D electron density in the device channel
cm . The conduction band parameters
is
for In Ga As were taken from [26]. The spin-orbit coupling constants are crucial parameters for simulation of the spin
polarization. Experimental values vary widely. We estimate the
Rashba spin-orbit coupling constant with the In Ga As
band parameters [26] according to the formula from [24] (
eVcm). The Dresselhaus constant is interpolated
from the parameters for GaAs [25] and InAs [27] (
eVcm ). The average value of the electric field in the
direction used for calculation of Rashba coupling constant and
is
kV/cm.
is assumed to be constant
along the device channel. The applied drain–source voltage,
, ranges from 0.05 to 0.25 V. The upper limit of the voltage
is selected to reduce population of excited subbands in the QW,
which allows us to use the one subband approximation [14].
The calculated average energy profiles in the device channel
are shown in Fig. 2. Because, in the
for different values of
structure for the simulation, there is no high doping concentrato maintain low electric field, the field increases
tion near
rapidly near the source boundary, and the transport is nearly
ballistic. Within the small ballistic distance from the injection
m (depending on the applied voltage),
boundary,
electrons gain enough energy such that the optical phonon emission scattering becomes dominant. Electrons are then gradually
thermalized. Due to low applied voltage, the transport in the rest
of device is almost drift-diffusive.
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Fig. 3. Spin scattering length as a function of temperature. The device
channel is oriented parallel to the (1, 0, 0) crystallographic direction. Injected
spin polarization is in the channel direction.

are assumed completely spin
The injected electrons at
polarized. The macroscopic parameter, spin dephasing or spin
, is usually used to characterize loss of
scattering length,
spin polarization. We define it as the length where current spin
of the injected value. For different
polarization is reduced to
may be
spin-FET designs, different device length related to
needed. The spin-FET proposed by Datta and Das [4] functions
, where
is the characteristic length
with
for the coherent spin rotation of 360 from the source to drain
contacts. The spin-FET studied by Schliemann, Egues, and Loss
[6], however, varies the spin dephasing length from
to
, by tuning the spin-orbit coupling constants.
For the device channel oriented along the (1, 0, 0) crys, the calculated spin scattering
tallographic direction
–
K at
V and
length for the temperatures
V is in the deep-submicron length scale, as shown
in Fig. 3. This is consistent with the experimental results [28],
where possible spin-dependent effects in a micrometer-size
K. In the considered temperadevice disappear for
ture range, Fig. 3 shows that the spin scattering length can be
approximately described by a linear function. Effects of the
inplane electric field on the spin-dephasing are considerably
more pronounced at low temperatures than at high temperature.
The instant orientation of the spin-polarization vector is also
one of the important characteristics of the spin-FET in addition to the spin scattering length. This property controls the
selective filtering of the spin-polarized current across a semiconductor/ferromagnetic interface [29]. To provide a detailed
description of the coherent evolution of the spin polarization
and the spin dephasing, the magnitude and components of
as a function of position in the device channel and the injected
polarization should be considered. In Fig. 4, we show an example of the steady-state distribution of the spin polarization
vector in the device channel at room temperature. The device
channel is oriented parallel to the (1, 0, 0) crystallographic di. In an ideal structure proposed for the spin-FET
rection
[4], electrons propagate along the channel without scattering,
and the Rashba interaction in (3) is much stronger than the
. In this case,
Dresselhaus interaction in (4), i.e.,
plane
according to (3) the spin polarization rotates in the
about the axis. It produces coherent oscillations of the
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Fig. 4. Evolution of spin polarization for three different injected orientations.
The device channel is parallel to the (1, 0, 0) crystallogrphic direction ( = 0).
T = 300 K and V
= 0:1 V.

and
components along the channel. Similar rotation of
plane about the axis would
the spin polarization in the
be observed if only the Dresselhaus spin-orbit interaction is
considered. In the considered device structure, owing to the
comparable strength of the Dresselhaus and Rashba spin-orbit
and electron momentum scattering,
interactions
the spin polarization evolves on a spiral trajectory about an
plane. The simulated results are
effective axis located in the
shown in Fig. 4. The period of the coherent spin polarization
oscillation is comparable with the device length, and signifi.
cantly larger than the spin scattering length,
This is contrary to the spin-FET [4] requirements. At room
temperature, variations of the drain–source voltage do not pro(see Fig. 3). However, some
duce substantial changes in
improvement in this configuration
can be obtained
using a lower temperature or finite device width [12], [13].
To analyze the instant orientation of the spin polarization
vector, we introduce two spherical angles, and , where is
plane, from the axis, and is measured in
measured in the
the plane, from the axis. In Fig. 5, the orientation of the poK is shown as
larization vector at the drain boundary for
a function of the applied drain–source voltage,
. While the
, the angle
dispersion of the angle is relatively small,
varies in a range as large as 90 for
V.
Both the three-dimensional (3-D) trajectory for the coherent
evolution of the spin polarization and its dependence on the
drain–source voltage can affect the efficiency of the spin-FET
even without strong spin dephasing. While the former will complicate design by the more complex alignment of magnetization
in source and drain contacts, the latter will influence the device
stability.
Because the Dresselhaus interaction given in (4) is strongly
dependent on the angle , the spin scattering length can be
effectively modulated by , as illustrated in Fig. 6, where the
injection spin polarization is oriented in the direction. For
, which corresponds to
and

Fig. 5. Orientation of the spin polarization vector at the drain boundary at
T = 77 K. The angle  is measured in the xz plane, from the x axis, and
 is measured in the yz plane, from the y axis. ( = 0).

Fig. 6. Angular dependence of spin scattering length. Injected spin
polarization is parallel to the device channel. T = 300 K and V = 0:1 V.

directions in the crystallographic axes, the spin dephasing is
partially suppressed. The spin scattering length is maximal
,
and exceeds the device size for the angles
and
directions. Its
corresponding to the
estimated value is
– m. According to the simulation
results in Fig. 6, the orientation of the device channel along
the (1, 0, 0) or (0, 1, 0) crystallographic direction is the
least appropriate choice for the spin-FET architecture. In our
case, in contrast to [6], the spin dephasing is not completely
and
suppressed for transport along
directions, owing to nonequal strength of the Rashba (3) and
Dresselhaus (4) spin-orbit terms.
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Fig. 7. Evolution of spin polarization ( =
0:1 V).

0=4; T

= 300 K and V

=

As shown in Fig. 7, for transport along the
crystallographic directions, the spin dynamics is appreciably def(see Fig. 4). The
erent in comparison with the case of
spin polarization vector, with the injected spin orientation parplane only,
allel to the device channel ( axis), evolves in the
as required for the ideal spin-FET [4]. The dependence of the
coherent spin evolution on the inplane electric field is also suppressed in this configuration. Our simulation indicates that, at
V, the angle
room temperature for
varies within a 20 range from 387 to 407 . The ratio between
the characteristic length for the 360 coherent spin rotation and
.
spin scattering length is
IV. DISCUSSION
The study has shown the importance of the considered
anisotropic effect on the partial decoupling of the coherent
spin oscillations and the D’yakonov–Perel spin relaxation
mechanism. Proper selection of the channel direction with
respect to the crystallographic axes can substantially increase
the spin-dephasing length and relax the requirement of ballistic
transport regime for the spin-FETs [4]. For the transport along
and
directions in the crystallographic
axes, the spin scattering lengths are significantly different.
, the spin-orbit interaction term
In the case
is equal to
(8)
where

(9)
If both spin-orbit coupling constants, and , are positive and
in (8), responsible for
comparable, the term proportional to
the coherent evolution of the spin polarization [4], will mainly
govern the spin dynamics. The injected spin polarization will
evolve coherently about axis in the device coordinate system.
will induce spin dephasing.
The term proportional to
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Fig. 8. Evolution of spin polarization ( = =4; T = 300 K, V

If the device channel is oriented along
in the crystallographic axes (or
interaction becomes

= 0:1 V).

direction
, the spin-orbit
(10)

The term proportional to
will be dominant in (10). It will
therefore conserve the component of the spin polarization
vector and produce spin dephasing for other components.
The coherent spin evolution determined by the second term
in (10) is appreciably slow in this case, as shown in Fig. 8.
These results suggest that the device channel orientation along
direction in the crystallographic axes is more
the
appropriate for the spin-FET [4] design.
The issue related to the gate control of the spin dynamics is
not investigated in this work. Though, in the original proposal
for the spin-FET [4] and in some experimental studies of the
gate control of spin-orbit coupling [28], [30], the Rashba term
is assumed dominant, in the recent work [31] gate effects on the
both spin-orbit interaction terms have been considered.
Though in the derived model the spatial electron transport is
treated classically, it accounts for the coherent dynamics of the
spin polarization. Some feedback effects of the spin-orbit interaction on the spatial transport properties [32], [33] are assumed
negligible.
In comparison with other models, where the single electron
spin is described as a vector [12], [13], the approach in this study
using the spin density matrix description can easily accommodate the cases where electrons are not completely spin polarized,
and can also incorporate spin-spin scattering mechanisms [34].
Moreover, the spin density matrix formalism can be used in the
quantum mechanical description of the spin-polarized transport
at low temperatures [35].
V. CONCLUSION
The dephasing and coherent evolution of the spin
polarized current has been studied in a 550-nm length
In Al As/In Ga As heterostructure grown in (0,
0, 1) direction, using a Monte Carlo method developed
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previously for 2-D electron spin dynamics [14]. The Rashba
and Dresselhaus spin-orbit interaction terms control spin
dynamics in the channel. Owing to the comparable strength
of the Rashba and Dresselhaus terms, the spin dephsing
and coherent spin dynamics are dependent on the channel
orientation with respect to the crystallographic axes. With
directions in the
the channel oriented along the
crystallographic axes (or
, we found that the
spin-FET proposed by Datta and Das offers more desirable
spin-device characteristics, and the coherent oscillations of
spin polarization injected along the device channel still
remain. These desirable characteristics include the maximized
spin dephasing length and a smaller shift of the angle
induced by the variation of the applied voltage,
. The
spin-FET designed in this configuration will possibly operate
within the nonballistic transport regime. At room temperature
the estimated ratio between the characteristic length for the
coherent spin rotation of 360 and spin scattering length is
.
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