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Abstract. Silicon, the prominent material of microelectronics, is per-
fectly suited for spin-driven applications because of the weak spin-orbit
interaction resulting in long spin lifetime. However, additional spin relax-
ation on rough interfaces and acoustic phonons may strongly decrease
the spin lifetime in modern silicon-on-insulator and trigate transistors.
Because of the need to perform numerical calculation and appropriate
averaging of the strongly scattering momenta depending spin relaxation
rates, an evaluation of the spin lifetime in thin silicon films becomes
prohibitively computationally expensive. We use a highly parallelized
approach to calculate the spin lifetime in silicon films. Our scheme is
based on a hybrid parallelization approach, using the message passing
interface MPI and OpenMP. The algorithm precalculates wave functions
and energies, and temporarily stores the results in a file-based cache to
reduce memory consumption. Using the precalculated data for the spin
relaxation rate calculations drastically reduces the demand on compu-
tational time. We show that our approach offers an excellent parallel
speedup, and we demonstrate that the spin lifetime in strained silicon
films is enhanced by several orders of magnitude.

1 Introduction

For almost half a century Moore’s law has successfully predicted the persis-
tent miniaturization of semiconductor devices, such as the transistor feature size
in microprocessors and unit cell in magnetic storage disks and random access
memories. However, as devices are scaled down to the nano-scale, fundamen-
tal physical limitations will hinder further improvements in device performances
in the upcoming years. Employing spin as an additional degree of freedom is
promising for boosting the efficiency of future low-power integrated electronic
circuits. Silicon is characterized by a weak spin-orbit interaction and long spin
lifetime. It is therefore an attractive material for spin-driven applications. A long
spin transfer distance of conduction electrons has been shown experimentally [1].
However, a large experimentally observed spin relaxation in electrically-gated sil-
icon films could become an obstacle in realizing spin-driven devices [2]. Hence-
forth, a deeper understanding of the fundamental spin relaxation mechanism in
silicon MOSFETsS is required. We consider the surface roughness (SR) and the
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longitudinal (LA) and transversal (T'A) acoustic phonons to cause the promi-
nent spin relaxation mechanisms. In (001) silicon films the conduction electrons
are positioned close to the minima of the pair of valleys near the edges of the
Brillouin zone along the axis. Each state is described by the subband index,
the in-plane wave vector k, and the spin orientation (spin-up and spin-down)
on a chosen axis. The subband wave functions and the rates are obtained by
the perturbative k - p model [3]. The spin relaxation time is calculated from the
obtained rates by thermal averaging [4,5]:
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E is the electron energy, K4 is the in-plane after-scattering wave vector, Kpg is
the Boltzmann constant, T' is the temperature, and Ef is the Fermi level.
The SR-limited spin relaxation rate is expressed as:
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K, and K; are the in-plane wave vectors before and after scattering, ¢ is the
angle between K; and Koy, € is the dielectric permittivity, L is the autocorrelation
length, A is the mean square value of the SR-fluctuations, ¥k, and ¥k, are
the wave functions, ¢ = +1 is the spin projection to the [001] axis, and m; is the
longitudinal effective mass. The T'A-phonon induced intravalley spin relaxation
rate can be written as:
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p = 2329kg/m3 is the silicon density, vr4 = 5300m/s is , ¢ is the film thickness,
(¢z, ¢y)=Ki1 — Ka, and M written in the two valley plus two spin projection
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The intravalley spin relaxation rate due to L A-phonons is:
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vr4 = 8700m/s is the longitudinal phonon velocity.
The intervalley spin relaxation rate due to acoustic phonons contains Elliot

and Yafet contributions and is calculated as:
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D' =12eV, Dgo = 15meV /kq (I<;0:O.15277T7 a being silicon lattice constant).

2 Simulations

In order to evaluate the spin relaxation time, a multi-dimensional integral (2)
over the energy F and angle ¢ must be computed. The spin relaxation matrix
elements are characterized by very narrow and sharp peaks (so-called spin hot
spots [6]). To resolve these sharp features, the mesh in the K space has to be
precise. In our application we have determined that the energy step value AF
should be upper-bounded by 0.5meV. The lower limit of the integral over F is
zero, and we have also identified that it is sufficient to set the corresponding
upper limit to be 0.7eV. This particular simulation setup requires almost 1400
points. The lower and the upper limits of the integral over ¢ are 0° and 360°
respectively. The step value for ¢, or Ag, is set to be smaller than 0.5°. Hence, the
inner integral over ¢ on before- and after-scattering directions at fixed energies
require almost 1000 points each. Thus, the scattering matrix elements and the
Jacobians (the derivative of the dispersion energy over the wave vector) must
be calculated numerically for almost 1,400,000 times. To compute the matrix
elements, the eigenfunction problems for the 4 x 4 Hamiltonian matrix must be
solved for the two wave vectors before and after scattering for a broad range
of parameters, which makes the numerical spin relaxation time calculation pro-
hibitively expensive: When utilizing a standard adaptive integration technique,
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we found that a month of calculations on 20 cores, or 15000 core-hours total,
was required to evaluate a single data point of 7 as a function of stress exy. In
order to improve the calculation time, we have divided the entire computation
into two levels. The first level calculates and archives all static wave functions
and energy data to a binary file (a file-based cache technique), and the second
level performs the spin lifetime calculations by loading those data in memory.
Both of these levels individually perform the calculations in parallel by using the
message passing interface MPI and OpenMP.

2.1 Parallelization Algorithm for Spin Relaxation Rate Calculations

In the following our two-level computation algorithm is outlined.
Level 1

— (1) Divide the range of angle ¢ into sub-domains for each MPI process.
— (1.1) Divide the range of energy FE into sub-domains for each OpenMP thread.

— (1.1.1) Calculate the derivatives at the interface (%)z:i%7 and % in
oK

parallel (MPI, OpenMP).
— (2) Collect all the cached values at the master MPI process.
— (8) Archive the cache to a binary file.

Level 2

4) Load archived cache by the master MPI process.

) Divide the range of ¢ into sub-domains for each MPI process.

) Divide the range of E into sub-domains for each OpenMP thread.

.1) Calculate (1) for a given range of values in parallel (MPI, OpenMP).
6) Collect all calculated relaxation rates into the final relaxation rate.

5
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The performance is measured on the Vienna Scientific Cluster (VSC-2) [7],
which consists of 1285 nodes with 2 processors each (AMD Opteron 6132 HE,
2.2 GHz and 8 cores) and 32 GB main memory on each node. We investigate
the calculation time, memory consumption, and utilization of computational
resources for each level.

In the first level we scrutinize the limitations of our file-based cache calcula-
tion technique. We have examined different configurations of MPI and OpenMP
with a fixed number of cores 96 (i.e. number of nodes is 6). Using our discretiza-
tion scheme, we have found that the memory consumption increases by a factor
of around three by using a pure MPI approach, compared to a hybrid MPI-
OpenMP (i.e. 6 MPI processes, each using 16 threads) configuration. However,
even very accurate calculations with a pure MPI approach require less than 10
GB of memory per node, hence memory limitations are not an issue considering
a modern supercomputer and this particular simulation setup. In contrast, we
find that the total calculation time is reduced by 30 % with a pure MPI configu-
ration, compared to a hybrid MPI-OpenMP scheme. The performance decrease
of the hybrid approach is due to data locality issues arising in shared-memory
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Fig. 1. Dependence of the total calculation time on total cores for a fixed number of
threads. 1, 2, 3, and 4 nodes are used respectively. For 16(8)-threaded application, we
use one(two) MPI job(s)/node.

techniques. Therefore, we conclude that our cache approach is most efficient for
a pure MPI configuration.

In the second level, we compute 7 by using the archived data in parallel. For
our discretization parameters, the size of the archived cache is up to 3 GB. The
even smaller energy steps (AE = 0.2meV) improve the computational accuracy
but increase the required cache size to more than 7.5 GB. This archived data
is to be loaded into the memory while calculating 7 by each MPI job, and
thus the number of parallel MPI jobs on a single node becomes strictly limited.
Theoretically only three processes can work together on a single node on our
supercomputer, thus leading to a significant loss of computational resources.
Under these conditions, it becomes inevitable to use a hybrid MPI-OpenMP
configuration, albeit its execution performance limitations. Figure 1 shows the
dependence of the total calculation time on the number of cores and the number
of threads. This confirms that increasing the total number of cores at a fixed
number of threads decreases the demand on computing time, which is further
reduced when the number of threads is increased. This approach was tested
with 416 cores and requires only around 40 min for a single relaxation time data
point (around 280 core-hours). Hence, we conclude that our suggested two-level
computation technique tremendously reduces the overall computational time.

3 Results

First we assume that the spin is injected along the perpendicular O Z-direction,
and we investigate the dependence of 7 on shear strain eyy. It is observed in
Fig.2 that the spin relaxation rate with ey, is dramatically reduced, and the
corresponding 7 is increased by orders of magnitude. The figure confirms that
at higher temperature the phonon scattering rate increases to reduce 7 as com-
pared to that at lower temperature, for all values of ey, . Figure2 also describes
the inter- and intravalley scattering spin relaxation components, and we notice
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Fig. 2. Total spin relaxation time with components at two distinct temperatures. t =
1.36nm, Ng = 102 cm™2.

that at low to intermediate strain the major contribution to spin relaxation
comes from the intersubband processes, whereas at higher stress the intrasub-
band component becomes significant. The physical reason for the spin lifetime
enhancement by shear strain lies in the ability to completely remove the degen-
eracy between the two [001] valleys in a confined electron systems by ey, (inset
of Fig.2). The enhanced valley splitting makes the intervalley spin relaxation
much less pronounced which results in a giant spin lifetime enhancement.

Next we study the spin lifetime dependence on the spin injection orientation.
The surface roughness scattering matrix elements (Mgg), taken to be propor-
tional to the product of the subband wave function derivatives at the interface,
are shown in Fig. 3 for several injection orientations, when the additional val-
ley splitting in unstrained films [6] is included. The spin injection orientation is
described by the polar angle # measured from the perpendicular O Z-axis towards
the XY -plane. We find that, when 6 increases, Mgg decreases (Fig. 3 inset). The
dependence of Mgg on 0 can be expressed as:

M2,(0) < 1+ cos?0- (%)2 (7)
Y

(s, py) is the in-plane momentum.

Figure 4 describes the variation of 7 with ey,. Contrary to Fig. 2 we find that
the increase of 7 with ey, becomes less pronounced, but even in this case 7 is
boosted by almost two orders of magnitude. In accordance with Fig.3 we also
find in Fig.4 that the spin relaxation rate (time) decreases (increases), when
6 increases, thus 7 reaches its minimum (maximum) value for an in-plane spin
injection. The inset of Fig. 4 highlights the variation of 7 with 6 at a fixed stress
point (exy = 0.5%). We note that the ratio of 7 computed for two different
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Fig. 3. Variation of intersubband spin relaxation matrix elements with exy, t =
1.36nm, k, = 0.5nm™*, k, = 0.8nm™'. The inset shows the ratio.
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Fig. 4. Variation of 7 with ey, with the spin injection orientation (6) as parameter.
t = 1.36nm, Ns = 102 cm ™2, T = 300 K. The inset shows the ratio, dots are simulation
points.

injection directions at the same stress value does not depend on shear strain. An
analytical expression describing the variation of 7 with 0 for a fixed ey, can be
deduced from (7) by averaging M g p over the in-plane momentum direction, and
can be expressed as, % o< 1 + cos? 0. The simulated results and the analytical
expression show a perfect agreement. We point out that a similar dependence
of spin lifetime on the injection direction was also reported in bulk silicon [8],
indicating that the spin lifetime only depends on the spin injection orientation
relative to the valley orientation it is injected to. We conclude that the spin
lifetime can be further increased, when spin is injected in-plane.
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4 Summary

We have described a two-level parallelization scheme to calculate the spin life-
time in silicon. The proposed algorithm precalculates wave functions and ener-
gies (first level), and computes the spin relaxation rate by using the precalcu-
lated data (second level). These calculations are performed in parallel. We have
analyzed the memory and computation time requirements for different paral-
lelization configurations (pure MPI, hybrid MPI-OpenMP), and found that the
precalculation step is best performed through a pure MPI scheme, whereas the
spin relaxation calculations are efficiently performed by a hybrid approach due
to memory demands. Finally, we have depicted that shear strain can boost the
spin lifetime by orders of magnitude in thin silicon films. The spin lifetime is
further enhanced, once spin is injected in-plane.
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