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Abstract: The Monte Carlo approach is utilized to study spin-
polarized electron transport in spintronic device structures.
Evolution of the electron spin polarization vector is controlled by
the spin-orbit interaction. Spin polarization properties, including
the spin-dephasing length and orientation of the polarization
vector, are investigated, for the applied voltage from 0.05V to
0.25V, and for temperatures ranging from 77K to 300K.
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L. INTRODUCTION

Since the pioneering proposal of the spin-FET by Datta and
Das [1], many devices utilizing spin dependent phenomena in
semiconductors have been investigated [2-7]. Spintronic
devices hold promise of reduced power consumption, faster
operation and smaller size. In comparison with conventional
microelectronic  devices, detailed spin-dependent transport
parameters are still not well studied [8]. In order to understand
the spin dependent transport, realistic models are needed. The
Monte Carlo simulation approach incorporating evolution of
the electron spin polarization vector [9-12] is the one of the
possible tools can provide physical insight into and parameter
values for spin-polarized transport in spintronic devices. It goes
beyond the approximations of the drift-diffusion and
hydrodynamic transport models.

Monte Carlo simulation has been used to study spin transport
parameters in the asymmetric single quantum well (QW)
structure shown in Figure 1. Such structures have been
proposed as components of different spin-FET designs [1,6,7].
In comparison with triangular QWs [1], this device structure
allows suppression of influences of the excited subbands by
varying the QW width. Experimental realizations of spin-FET
structures are presently in progress [13]. We hope that the
model described in the present study will be useful in
interpreting the experimental results.

1L

In the considered device structure, shown in Figure 1, spatial
motion of electrons is simulated within the traditional Monte
Carlo scheme for 2D electron transport [14], where motion in
the z direction is quantized, while transport in the xy plane is
assumed to be semiclassical. Electron spins are described by
the spin density matrix [15],
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Figure 1. Device channel structure.

p= Prr Pl
Pir Pl

The diagonal terms in (1) are the (real, nonnegative)
probabilities to find an electron in spin-up and spin-down states
along the z axis. The off-diagonal terms, which are complex-
conjugate of each other, define the degree of quantum
superposition between up and down states.

(1

To calculate the current spin polarization at the position r, we
average the density matrices for all the electrons located in a
small volume d’r near r, and moving with the in-plane
wavenumber in the inverse-area d’k near k. This description is
possible because the spatial motion is treated as classical, with
momentum 7#Kk. The averaged spin density matrix, (p(r,k,t)),
is then an analog of a distribution function for spin-polarized
electrons. It can be projected onto the Pauli matrix space using

£, =Tr(o, <p>) , where o, is the set of the three Pauli
matrices, & =x,y,z , plus the diagonal matrix %, which

corresponds to the non-polarized state (& = n ). Similarly to the
quantities defined as moments of the non-polarized electron
distribution function, f,, one can get the spin density, na(r,t),
spin current density components, j, (r, t), etc., as moments of
the functions f , .
for the set of the zeroth-order moments

In this work, present only the steady

state results,
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normalized by the local electron density, S (r) = nw(r)/ n, (r),
which yield the components of the spin polarization vector.
The spin-polarization vector S(r) satisfies |S(r)| <1.Itis equal

to 1 for completely spin-polarized current, and 0 for non-
polarized current.

In the absence of external magnetic fields, at high
temperatures, the electron spin evolution in the considered
structure is controlled mainly by the spin-orbit interaction. This
interaction has been traditionally described by the Dresselhaus
mechanism [16]

Hp = Bk )(k,0, —k,07). @
and the Rashba mechanism [17],
Hp=n(k,0,-k.0,). 3)

Each momentum scattering event changes the spin-orbit
interaction and influences the subsequent electron spin
evolution. The evolution of the electron spin density matrix
during transport in the channel, along the classical trajectory,
between the momentum-change Monte Carlo-simulation
events, is described by

p(t+ dl‘) _ e—iHSO(k)dt/hp (t)eiHso(k)df/h R

where H,, =H,+H,, and the momentum 7k is changed by

the scattering events and by the electric field. Details of the
model are described in [11]. The variation of a current spin
polarization vector along the channel can be represented as
coherent rotation and depolarization (loss of magnitude).

For the considered device structure, see Figure 1, we assume
that the equilibrium two-dimensional electron density is

N, = 0.9-10'* cm™>. The length of the device channel is

L, = 0.55 microns. The width of the QW is w=15nm, and
the electric field in it, induced by the donor layer, is assumed to
be constant along the channel, (EZ> =240 kV/em. The

conduction band parameters for Inj 53Gag 47As were taken from
[18]. The spin-orbit coupling constants are crucial parameters
for simulation of the spin polarization. Experimentally
estimated values vary widely. Here the Rashba coupling

constant was estimated 7=0.576-10" eV/cm, using the
expression given in [19], while the Dresselhaus constant,
B =0.644-10" eV/cm’®, was interpolated from [20, 21].

III. SIMULATION AND DISCUSION

The drain-source voltage, Vo = 0.05—-0.25V, is applied along
the channel. The calculated average energy profiles in the
device channel for different values of V¢ are shown in Figure

2. Electrons injected at the left boundary are assumed
thermalized, and the right boundary is completely absorbing.
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Figure 2. Energy profiles for 7=300 K.
Within a small distance from the injection boundary,

! = 0.05 microns, electrons strongly accelerate up to energies
such that the optical phonon emission scattering mechanism
becomes dominant. Transport in the rest of device is almost
drift-diffusive.

The simulation program allows definition of any direction and
degree of spin polarization for the injected electrons. However,
in this work we consider the injected spin oriented along the
channel direction [1]. Moreover, the injected current is
assumed completely polarized. The current loses its
polarization on the scale of characteristic spin scattering length,
see Figure 3.

While the spin-FET proposed by Datta and Das [1] functions
within the ballistic regime that requires L, << L , for the

device-size and spin-scattering lengths, the spin-FET studied
by Schliemann, Egues and Loss [6] operates in the regime of
the spin scattering length varying from L << L, to L, >>L,,
by tuning the spin-orbit coupling constants. The calculated spin
scattering length in the considered device for temperatures
T =77-300K is in the deep submicron length scale, as shown
in Figure 3, which is consistent with the experimental results
[13], where possible spin dependent effects in a micron size
device disappear above 7 =190 K. In the considered
temperature diapason, the spin scattering length can be
approximately described by a linear function, as shown in
Figure 3.

To provide a more detailed description of the evolution of the
spin depolarization, the magnitude and components of S(x) in
the spin device channel are displayed in Figures 4(a) and 4(b),
for two different choices of the coupling constants for the spin-
orbit interaction. Due to specific symmetry of the spin-orbit
interaction, the spin dephasing rate depends on the
instantaneous orientation of polarization vector. This results in

the oscillatory behavior for |S(x)| , as seen in Figure 4.
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Figure 3. Spin scattering length as a function of the temperature.
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Figure 4. Evolution of the spin-polarization vector at 7= 77 K, Vps=0.1 V,
for two different choices of the spin-orbit coupling constants: (a) parameters
from [23], (b) parameters calculated in this work.
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In addition to the spin scattering length, one of the important
characteristics of spintronic devices is the orientation of the
spin-polarization vector. It controls the selective filtering of the
spin-polarized current across a semiconductor/ferromagnetic
interface [22]. In the ideal case, the Rashba mechanism is much

stronger than the Dresselhaus mechanism, i.e., 7 >> ,B<k2> ,

where <k2> is determined by the shape of confining potential.

Consequently, the spin polarization only rotates in the xz plane,
as displayed in Figure 4(a). When the Dresselhaus constant is
increased, see Figure 4(b), the spin rotation in the yz plane is
substantially enhanced. Two angles can be introduced to
describe the spin rotation, as defined in Figure 5, where the
orientation of the polarization vector at the device drain
boundary is shown. While the rotation angle in the yz plane, 8,
is relatively small at different drain-source voltages, the
rotation angle in the xz plane, ¢, varies up to 90° for 0.05V <

Vps <0.25V.
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Figure 5. Orientation of the spin polarization vector at the drain boundary, at
T=77K. The angle ¢ is measured in the xz plane, from the x axis, and 6 is
measured in the yz plane, from the y axis.
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IV. CONCLUSIONS

We developed a new Monte Carlo approach for simulation of
spin-polarized current in two-dimensional device structures.
Spin-dependent parameters, including spin scattering length
and orientation of the spin polarization vector, have been
studied at the applied voltages from 0.05V to 0.25V and
temperatures from 77K to 300K.

The calculated values of the spin scattering length range from
0.2 to 0.4 um for different values of the temperature and drain-
source voltage. We found that the spin scattering length is
dependent approximately linearly on the temperature. The
rotation of the polarization vector depends significantly on the
applied voltage and the chosen Rashba and Dresselhaus
coupling values.
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