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Abstract: With complementary metal-oxide semiconductor feature size rapidly
approaching ultimate scaling limits, the electron spin attracts much attention as an
alternative to the electron charge degree of freedom for low-power reprogrammable
logic and nonvolatile memory applications. Silicon, the main element of microelec-
tronics, appears to be the perfect material for spin-driven applications. Despite an
impressive progress in understanding spin properties in metal-oxide-semiconductor
field-effect transistors (MOSFETs), spin manipulation in a silicon channel by means
of the electric field–dependent Rashba-like spin–orbit interaction requires channels
much longer than 20 nm channel length of modern MOSFETs. Although a successful
realization of the spin field-effect transistor seems to be unlikely without a new
concept for an efficient way of spin manipulation in silicon by purely electrical
means, it is demonstrated that shear strain dramatically reduces the spin relaxation,
thus boosting the spin lifetime by an order of magnitude. Spin lifetime enhancement
is achieved by lifting the degeneracy between the otherwise equivalent unprimed
subbands by [110] uniaxial stress. The spin lifetime in stressed ultra-thin body
silicon-on-insulator structures can reach values close to those in bulk silicon. There-
fore, stressed silicon-on-insulator structures have a potential for spin interconnects.

Keywords: Ultra-thin body SOI, shear strain, spin–orbit interaction, inter- and intra-
valley scattering, spin relaxation, spin lifetime enhancement, spin field-effect tran-
sistor, tunneling magnetoresistance.

1 Introduction

Continuous miniaturization of complementary metal-oxide semiconductor (CMOS)
devices has made possible a tremendous increase in performance, speed, and density
of modern integrated circuits. Numerous outstanding technological challenges have
been resolved on this exciting journey. Among the most crucial technological changes
recently adopted by the semiconductor industry was the introduction of a new type of
multigate three-dimensional (3D) transistors [1]. This technology, combined with strain
techniques and high-k dielectrics/metal gates, offers great performance and power
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advantages over the planar structures and allows continuous scaling down to 14 nm
feature size [2]. There are good indications that device miniaturization with some tech-
nological adaptations will continue its pace down to the 10-nm technology node. A
multigate 3D device architecture potentially allows device scaling beyond 10 nm,
where transport in the channel is supposed to become nearly ballistic. However, even
though the transistor size is scaled down, the load capacitance per unit area of a
circuit stops decreasing. This suggests that the on-current must stay constant in order
to maintain appropriate high-speed operation, which clearly puts limitations to the
continuation of the increase in the performance of integrated circuits, and the need
for research to find alternative technologies and computational principles becomes
urgent. The principle of metal-oxide-semiconductor field-effect transistor (MOSFET)
operation is fundamentally based on the charge degree of freedom of an electron: The
electron charge interacts with the gate-induced electric field, which can close the tran-
sistor by creating a potential barrier. Another intrinsic electron property, the electron
spin, attracts at present much attention as a possible candidate for complimenting or
even replacing the charge degree of freedom in future electron devices [3, 4]. The elec-
tron spin state is characterized by one of the two of its possible projections on a given
axis and could be potentially used in digital information processing. In addition, it
takes an amazingly small amount of energy to invert the spin orientation, which is
necessary for low-power applications. Even more, the electron spin as a vector may be
pointed not only up or down but rather in any direction on a unit Bloch sphere. This
opens the way to use the whole Bloch sphere of states to process and store information
by initializing, manipulating, and detecting the spin orientation. Because the electron
spin is a purely quantum mechanical object, the set of states on a Bloch sphere is
called a quantum bit, or a qubit, as opposed to a bit of classical binary information.

A quantum computer uses qubits for information processing. Due to their quantum
mechanical nature, several qubits could form a superposition and be in an entangled
state. The initially proposed quantum computation scheme [5] was based on spins in
quantum dots. A successful implementation of spins based on quantum computer
requires the possibility of efficient spin initiation, coherent manipulation, and reli-
able readout. An unprecedented advantage in these fields has been achieved by the
researchers in the last decade [6]. The experiments on electron spins in semiconductors
were performed at cryogenic temperatures, where a relaxation time of several seconds
in silicon was demonstrated [7]. Although these results are encouraging, the develop-
ment of a robust two-qubit gate becomes a pressing challenge [8] before proceeding to
a larger computational network.

Until recently, silicon, the main material used by modern microelectronics, was
remaining aside from the main stream of spin-related applications. Certainly, the use
of silicon for spin-driven devices will greatly facilitate their integration with MOSFETs
on the same chip. In addition, silicon possesses several unique properties extremely
attractive for spin-driven applications. It is predominantly composed of nuclei of the
²⁸Si isotope without magnetic moment, which favors longer spin lifetime. Another
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source of spin relaxation, the spin–orbit interaction, is also weak in silicon. Because
of these properties, electron spin states of conduction electrons in silicon should show
better stability and lower decoherence, which make silicon a perfect candidate for
spin-driven device applications. Although it should be straightforward to inject spin-
polarized carriers into silicon from a ferromagnetic contact, due to a fundamental
conductivity mismatch problem [9] between a ferromagnetic metal contact and the
semiconductor, the problem was without solution for a long time. A special technique
[10] based on the attenuation of hot electrons with spins antiparallel to the magnetiza-
tion of the ferromagnetic film allowed creating an imbalance between the electrons
with spin up and spin down in silicon, thus injecting spin-polarized current. The spin-
coherent transport through the device was studied by applying an external magnetic
field, causing precession of spins during their propagation from source to drain. The
detection is performed with a similar hot electron spin filter. Although the drain
current is fairly small due to the carriers’ attenuation in the source and drain filters as
compared to the current of injected spins, the experimental setup represents a first
spin-driven device, which can be envisaged working at room temperature. Contrary to
the MOSFET, however, the described structure is a two-terminal device. Nevertheless,
the first demonstration of coherent spin transport through an undoped 350 μm thick
silicon wafer [11] has triggered a systematic study of spin transport properties in
silicon [12].

2 Silicon spin field-effect transistor

The spin field-effect transistor (SpinFET) is a future semiconductor spintronic device
promising a performance superior to what can be achieved with the present transis-
tor technology. SpinFETs are composed of two ferromagnetic contacts (source and
drain), linked by a nonmagnetic semiconductor channel region. The ferromagnetic
contacts inject and detect spin-polarized electrons, analogous to polarizer and ana-
lyzer as indicated already long ago by Datta and Das [13]. Because of the effective
spin–orbit interaction into the channel, which depends on the perpendicular effec-
tive electric field, the spin of an electron injected from the source starts precessing.
In order to distinguish this electric field-dependent spin–orbit interaction from the
intrinsic electron spin–orbit interaction acting on any electron moving in a crystal
potential, we term the electric field-dependent spin–orbit interaction as coupling.
The electrons with spin, or, to be more precise, with the direction of the magnetic
moment, aligned to the drain magnetization direction can easily leave the channel
to the drain, thus contributing to the current. The total current through the device
depends on the relative angle between the magnetization direction of the drain
contact playing the role of an analyzer and the electron spin polarization at the end
of the semiconductor channel. An additional current modulation is achieved by
tuning the strength of the spin–orbit interaction in the semiconductor region, which
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depends on the effective electric field and can be controlled by purely electrical
means by applying a gate voltage.

Although the SpinFET was proposed two decades ago [13], it has not been
experimentally demonstrated up to now. In order to realize the SpinFET, the following
requirements must be fulfilled [14]. First, an efficient spin injection in the channel
(and detection) must be realized. Second, because the electron spin in the channel is
not a conserved quantity and thus relaxes due to spin-flip processes, the correspond-
ing scattering mechanisms must be detected and analyzed. It is important to identify
the possibilities compatible with modern MOSFET technology, which can enhance the
spin lifetime and spin diffusion length in the silicon channel. Finally, purely electrical
means of spin manipulation in the channel must be identified to control the spin and
thus the current flow to the drain. An example of such a manipulation is the gate
voltage–dependent effective spin–orbit interaction defining the degree of the spin pre-
cession. Next we briefly discuss recent achievements and challenges for the practical
realization of the SpinFET.

Spin injection into silicon and other semiconductors by purely electrical means
from a ferromagnetic metal electrode was not very successful until recently. The fun-
damental reason has been identified as an impedance mismatch problem [9]. Even
though there is a large spin imbalance between the majority and minority spins in a
metal ferromagnet, both channels with spin up and spin down are equally populated
in a semiconductor due to the relatively small density of states as compared to that
for the minority spins in a ferromagnet. In other words, because of the large resistance
of the semiconductor, the voltage applied to the contact between the ferromagnet and
the semiconductor drops completely within the semiconductor. Therefore, the proper-
ties of the contact are dominated by the nonmagnetic semiconductor, thus resulting in
a current without spin polarization. One solution to overcome the impedance mis-
match problem is the use of hot electron injection [10]; however, the efficiency of spin
injection and detection is very limited. Another solution to the impedance mismatch
problem is the introduction of a potential barrier between the metal ferromagnet and
the semiconductor [15]. In this case the influx of carriers from the ferromagnet into the
semiconductor is reduced to such an extent that the majority spins supply just enough
carriers to support the complete occupancy of the corresponding states in the semicon-
ductor. Under such conditions the minority spin flow in semiconductors will be a frac-
tion of that for the majority spins defined by the spin polarization in the ferromagnet.
This guarantees the existence of a spin-polarized current and the spin injection into
the semiconductor.

A successful experimental proof of spin injection at low temperature from an
iron electrode through Al₂O₃ [16, 17] was demonstrated only in 2007. At room tem-
perature spin injection into silicon was first demonstrated in 2009 [18]. The authors
took heavily doped silicon samples to avoid an extended depletion layer causing
large tunnel barriers. It was actually this depletion layer, not the impedance mis-
match problem, that prevented for a long time all the successful electrical demon-
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stration of spin injection into silicon. It then follows that the tunnel contacts have to
be optimized in order to facilitate spin injection: They must not be too thick to make
the signal observable, but at the same time they must not be too transparent to
avoid the impedance mismatch problem [12, 19]. Recently, tunnel contacts made of
single-layer graphene [20] have been shown to deliver a contact resistance close to
the optimum [21]. Electrical spin injection through silicon dioxide at temperatures as
high as 500 K has also been demonstrated [22]. The tunnel barrier in the contact of a
ferromagnet to a semiconductor introduces spin-dependent interface resistances
[12], defining the tunnel spin polarization. Due to the additional spin-filtering effect
in MgO, the high-quality tunneling stack made of a Fe and MgO (001) crystalline
barrier is expected to provide spin polarization up to 70% at room temperature [23].
Spin injection using MgO dielectric as a tunnel junction has been successfully demon-
strated at room temperature [24, 25]. Currently, a reliable injection of spin into doped
silicon has been demonstrated from a number of ferromagnetic electrodes through
several dielectric tunnel barriers. Regardless of an ultimate success in demonstrating
spin injection into silicon at room temperature, there are unsolved challenges that
may put the results obtained in question or even compromise our present understand-
ing of the spin injection process in general.

There exists a several orders of magnitude discrepancy between the signal mea-
sured and the theoretical value [12]. The reasons for the discrepancies are heavily
debated [12, 26, 27], and it is apparent that more research is needed to resolve this con-
troversy. Spin can be injected into silicon by other techniques as well. The injection of
spins by heat [28] is one of them, for which a spin current through the contact exists
without a charge current. Another technique is spin charge pumping by inducing mag-
netic excitations in a material that is in contact with a semiconductor [29]. This techni-
que is free of the impedance mismatch problem and can generate pure spin currents at
room temperature [30]. The magnons are excited by the microwave. Although this
technique is extremely useful to demonstrate spin injection and study spin transport
in semiconductors, it remains to be seen if it is efficient enough for device applications
[31]. The use of ferromagnetic contacts made of semiconductors would be another pos-
sible solution to the impedance mismatch problem. Unfortunately, no semiconductors
with ferromagnetic properties surviving up to room temperature are known [32].
Another solution to resolve the impedance mismatch problem is to use half-metallic
ferromagnets [33].

For the functionality of the Datta–Das SpinFET, the possibility to transfer the
excess spin injected from the source to the drain electrode is essential. The excess spin
is not a conserved quantity: While diffusing, it gradually relaxes to its equilibrium
value, which is zero in a nonmagnetic semiconductor. It was demonstrated that spin
can propagate through a 350-μm silicon wafer at liquid nitrogen temperatures. The
lower estimation for the spin lifetime at room temperature obtained within the three-
terminal injection scheme is of the order 0.1–1 ns [12]. The spin lifetime is determined
by the spin-flip processes. Several important spin relaxation mechanisms are identified
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[3, 4]. In silicon at elevated temperatures the spin relaxation due to the Elliot–Yafet
mechanism [3, 4] becomes important. The Elliot–Yafet mechanism is mediated by the
intrinsic interaction between the orbital motion of an electron and its spin. Due to the
spin dependence, the microscopic spin–orbit interaction does not conserve the electron
spin; thus it generates spin flips, which is the Yafet process. When the microscopic spi-
n–orbit interaction is taken into account, the Bloch function with a fixed spin projection
is not an eigenfunction of the total Hamiltonian. Because the eigenfunction always con-
tains a contribution with an opposite spin projection, even spin-independent scattering
with phonons generates a small probability of spin flips, which is the Elliot process. A
good agreement between the experimentally observed and calculated spin lifetime as a
function of temperature has been achieved, confirming that in bulk silicon the Elliot–
Yafet mechanism is the dominant spin relaxation mechanism at ambient temperatures
[34]. The main contribution to the spin relaxation was identified to be optical phonon
scattering between the valleys residing at different crystallographic axis or f-phonon
scattering [35, 36]. The intervalley scattering gets enhanced at high electric fields due to
the accelerated f-phonon emission process [37], which results in an unusual behavior,
when the reduction of the carrier transition time between the injector and the collector is
accompanied by a contraction of spin polarization.

However, a relatively large spin relaxation experimentally observed in electri-
cally gated lateral-channel silicon structures [38, 39] indicates that the extrinsic
interface-induced spin relaxation mechanism becomes important. This may pose an
obstacle in realizing spin-driven CMOS-compatible devices, and a deeper understand-
ing of fundamental spin relaxation mechanisms in silicon inversion layers, thin films,
and fins is needed. The theory of spin relaxation must account for the most relevant
scattering mechanisms that are due to electron–phonon interaction and surface rough-
ness (SR) scattering. In order to evaluate the corresponding scattering matrix elements,
the wave functions must be provided. To find the wave functions, an approach based
on an effective k·p Hamiltonian appears to be rigorous enough to capture the most
important physics while still allowing to keep the computational efforts bearable.
The effective k·p Hamiltonian must include the effective spin–orbit interaction [35],
which, apart from scattering, is the main ingredient of the Elliot–Yafet spin relaxation
mechanism. In addition, the confinement potential is included. It is also desirable to
have other effects such as a sufficiently accurate model of the conduction band valley,
nonparabolicity and warping, and external stress [40] incorporated.

3 Subband wave functions in silicon-on-insulator
structures

The conduction band of bulk silicon consists of three pairs of valleys near the edges of
the Brillouin zone along the [100], [010], and [001] crystallographic axes. Each state is
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described by the valley index, the wave vector k, and the spin orientation (spin up and
spin down) on a chosen axis. The Hamiltonian satisfying all the requirements listed
earlier is written in the vicinity of the X-point of the Brillouin zone. It considers the two
closest to the X-point valleys described by the basic functions X₁ and X₂′ augmented
with the two possible spin projections: X1"; X1#; X2"0; X2#0; where ↑ and ↓ indicate the
spin projection at the quantization z-axis. The Hamiltonian of the valley pairs along the
[001]-axis is then given as [41]

H ¼
�
H1 H3

Hy
3 H2

�
ð1Þ

with H1, H2, and H3 defined as

H1 ¼ ℏ2k2z
2ml

−
ℏ2k0kz
ml

þ ℏ2ðk2x þ k2yÞ
2mt

þ UðzÞ
" #

I; ð2Þ

H2 ¼ ℏ2k2z
2ml

þ ℏ2k0kz
ml

þ ℏ2ðk2x þ k2yÞ
2mt

þ UðzÞ
" #

I; ð3Þ

H3 ¼
Dεxy −

ℏ2kxky
M

ðky − kxiÞΔSO

ð−ky − kxiÞΔSO Dεxy −
ℏ2kxky
M

2
664

3
775: ð4Þ

Here I is the identity 2 × 2 matrix, mt and ml are the transversal and the longitudinal
silicon effective masses, k0 = 0:15× 2π=a is the position of the valley minimum rela-
tive to the X-point in unstrained silicon, εxy denotes the shear strain component,
M−1 ≈m−1

t −m−1
0 , and D = 14 eV is the shear strain deformation potential. The spin–

orbit term τy�ðkxσx − kyσyÞ with

Δso ¼ 2|X hX1|pj|nihn|½rV × p�j|X20 i
En −EX | ð5Þ

couples states with the opposite spin projections from the opposite valleys. The
matrices σx and σy are the spin Pauli matrices and τy is the y-Pauli matrix in the
valley degree of freedom space. In the Hamiltonian (2.1) UðzÞ is the confinement
potential, and the value Δso = 1.27 meV nm computed by the empirical pseudopoten-
tial method (see Figure 1) is close to the one reported by Li and Dery [35].
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Fig. 1: Empirical pseudopotential calculations of the spin–orbit interaction strength by evaluating
the gap opening at the X-point between X₁ and X₂′ for finite kx.

In the presence of strain and confinement, the fourfold degeneracy of the n-th
unprimed subband is partly lifted by forming an n+ and n− subladders (the valley
splitting); however, the degeneracy of the eigenstates with the opposite spin projec-
tions n ± *i and n ± +i within each subladder is preserved.

The degenerate states are chosen to satisfy

h* n± | f | n ± +i ¼ 0 ð6Þ
with the operator f defined as

f ¼ cosθ σz þ sinθ ðcosφσx þ sinφσyÞ; ð7Þ
where θ is the polar and φ is the azimuth angle defining the orientation of the injected
spin. In general, the expectation value of the operator f computed between the spin-up
and spin-down states from different subladders is nonzero, when the effective magnetic
field direction due to the spin–orbit interaction is different from the injected spin quanti-
zation axis.

f ¼ h* n± | f | n± +i 6¼ 0 ð8Þ
The Hamiltonian (2.1) is suitable for describing unprimed subbands in (001) thin
silicon films. If the confinement is strong, the primed subbands lying higher in
energy because of a much smaller quantization mass mt are disregarded, and all
the properties including low field transport and spin relaxation can be evaluated
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with the help of the wave functions of the lowest unprimed subbands evaluated
with Eqn. (1). In the case when the confinement potential is approximated with an
infinite square well, the unprimed subband energy difference can be approximated
as [41]:

Δ En ¼ 2y2nB
k0t

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffið1−y2n−η2Þð1−y2nÞ
p jsin ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1−y2n−η2
1−y2n

s
k0t

 !j ð9Þ

yn, η, and B are defined as

yn ¼ πn
k0t

; ð10Þ

η ¼ mlB
ℏ2k20

; ð11Þ

and

B ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δ 2

soðk2x þ k2yÞ þ Dεxy−
ℏ2kxky
M

� �2
s

: ð12Þ

Here t is the film thickness. To obtain Eqn. (9) we have generalized the theory [42] for
valley splitting by including spin–orbit coupling. It is interesting to note that because
the spin–orbit interaction provides coupling between the states with the opposite spin
projections but from the opposite valleys, the spin–orbit coupling term in Eqn. (9)
also leads to a subband splitting in the presence of a confining potential. However,
because two possible ways of coupling the state with spin-up (down) from one valley
to the spin-down (up) state in the opposite valley are allowed, the double-spin degen-
eracy of the eigenstates is not lifted. The spin degeneracy is preserved in a general
case for arbitrary momentum, when shear strain is introduced. A linear combination
of these two degenerate states with opposite spin projections allows creating the wave
function with a spin projection up or down on any arbitrarily chosen axis. It is usually
assumed that because the unprimed subbands are originating from the two equivalent
[001] valleys, they are double degenerate [43]. However, this is true only in the para-
bolic band approximation when the two valleys are independent. Due to the presence
of the off-diagonal terms, the Hamiltonian (2.1) couples the [001] valleys, resulting in
the unprimed subband degeneracy lifting described by Eqn. (9). The degeneracy
between the subbands is exactly recovered, when the oscillating term is zero. However,
this degeneracy is insignificant, because it does not result in any peculiar behavior of
the spin relaxation scattering matrix elements. In contrast, the minimum of the B term
in Eqn. (9) reveals a very strong increase of the intersubband spin relaxation. Under
these conditions the subband splitting is purely determined by the linear dependence
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on the effective spin–orbit interaction. This linear dependence of the splitting is similar
to the Zeeman splitting in a magnetic field. Thus, the spin–orbit-induced splitting
can be interpreted as an effective magnetic field, while the pairs of states X1"; X2#0

and X1#; X2"0 it couples have similarities with the Zeeman spin-up and spin-down
states split because of the effective field. Spin along the z-direction starts precessions
in the in-plane effective field, resulting in a large mixing between the opposite spin
states from the different valleys. This mixing results in large spin relaxation matrix ele-
ments defining hot spin relaxation spots. These hot spots should be contrasted against
the hot spots in bulk silicon [35] appearing at the edge of the 3D Brillouin zone. The -
origin of the spin relaxation hot spots in thin films lies in the unprimed subband
degeneracy in a confined electron system. Because the hot spots are determined by
the minimum of Eqn. (12), they are located in the middle of the two-dimensional Bril-
louin zone in an unstrained film, thus contributing strongly to the spin relaxation.
However, when shear strain is applied, the spin relaxation hot spots are pushed
toward higher energies. Moving the hot spots above the Fermi energy outside the occu-
pied states region will result in reduced spin relaxation and an increase of the spin
lifetime with shear strain.

4 Analytical evaluation of the wave functions

Because spin hotspots determine the strong dependence of the spin relaxation scat-
tering matrix elements on the relative angle between the incoming and scattered
waves, the assumption of the independence of the subband wave functions on the
in-plane momentum frequently employed to estimate the momentum relaxation
cannot be used to evaluate the spin lifetime. Indeed, because spin–orbit effects are
linear in in-plane momentum, the calculation of the SR scattering matrix elements
at the center of the 2D Brillouin zone usually done for mobility calculations would
result in the complete loss of all the effects due to spin–orbit interaction. Therefore,
to accurately compute the spin lifetime numerically, one needs to know the subband
wave functions as a function of the in-plane wave vector. Numerical evaluation of the
wave functions with subsequent integrations makes the task prohibitively expensive.
To simplify the problem, we obtain the wave functions in a semianalytical manner.
For this purpose we rotate the Hamiltonian (2.1) by means of the following unitary
transformation. The four basic functions X1"; X1#; X2"0; X2#0 for the two [001] valleys

with spin up, spin down are transformed by Eqns. (13–20) with tanðΘÞ ¼ Δ so
ffiffiffiffiffiffiffiffiffi
k2xþk2y

p
Dεxy−

ℏ2kxky
M

.

The transformation effectively decouples the spins with opposite direction in different
valleys.
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Ψ 1 ¼ 1
2 ðX1" þ X

0
2"Þ þ ðX1# þ X

0
2#Þ

kx−ikyffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2x þ k2y

q
2
64

3
75 ð13Þ

Ψ 2 ¼ 1
2 ðX1" þ X

0
2"Þ − ðX1# þ X

0
2#Þ

kx−ikyffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2x þ k2y

q
2
64

3
75 ð14Þ

Ψ 3 ¼ 1
2 ðX1"−X

0
2"Þ þ ðX1#−X

0
2#Þ

kx−ikyffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2x þ k2y

q
2
64

3
75 ð15Þ

Ψ 4 ¼ 1
2 ðX1"−X

0
2"Þ − ðX1#−X

0
2#Þ

kx−ikyffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2x þ k2y

q
2
64

3
75 ð16Þ

Χ1 ¼ Ψ 1cos
Θ
2

� �
− i Ψ 3 sin

Θ
2

� �
ð17Þ

Χ2 ¼ Ψ 2cos
Θ
2

� �
þ i Ψ 4 sin

Θ
2

� �
ð18Þ

Χ3 ¼ Ψ 3cos
Θ
2

� �
− i Ψ 1 sin

Θ
2

� �
ð19Þ

Χ4 ¼ Ψ 4cos
Θ
2

� �
þ i Ψ 2 sin

Θ
2

� �
ð20Þ

The Hamiltonian (2.1) can be cast into a form in which spins with opposite orienta-
tions in different valleys are independent.

H ¼
�
H1 H3
H3 H2

�
ð21Þ

H1, H2, and H3 are written as:

H1 ¼ ℏ2k2z
2ml

þ ℏ2ðk2x þ k2yÞ
2mt

− δþ UðzÞ
" #

I; ð22Þ

H2 ¼ ℏ2k2z
2ml

þ ℏ2ðk2x þ k2yÞ
2mt

þ δþ UðzÞ
" #

I; ð23Þ
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H3 ¼
ℏ2k0kz
ml

0

0 ℏ2k0kz
ml

2
664

3
775 ð24Þ

with δ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Dεxy−

ℏ2kxky
M

� �2
þ Δ 2

SOðk2x þ k2yÞ
r

.

The wave functions for the Hamiltonian (22–24) can be found in a closed form [42].
This significantly simplifies the computation of the spin relaxation and momentum
scattering matrix elements; relaxation and scattering rates; and, finally, the spin
relaxation time and the electron mobility. Next we outline the procedure for evaluat-
ing the electron spin relaxation.

5 Spin relaxation suppression in stressed
silicon films

We are considering three mechanisms that contribute to the spin and momentum
relaxation: SR and intra- and intervalley (for spin relaxation) scattering by acoustic
phonons.

The spin and momentum relaxation times are calculated by thermal averaging
[35, 36, 44] as:

1
τ
¼

Z
1

τðK1Þ f ðεÞð1−f ðεÞÞdK1Z
f ðεÞdK1

; ð25Þ

Z
dK1 ¼

Z 2π

0

Z 1

0

|K1|

| ∂εðK1Þ
∂K1

| dφ dε: ð26Þ

The SR momentum (spin) relaxation rate is calculated in the following way:

1
τSRðK1Þ ¼

2ð4Þπ
ℏð2πÞ2

X
i;j

Z 2π

0
πΔ 2L2

1
ε2ijðK2−K1Þ

ℏ4
4m2

l

|K2|
| ∂εðK2Þ

∂K2
| ⋅

⋅
��

dΨ iK1σ

dz

�� dΨ jK2−σ

dz

�2
z¼± t

2

exp
�
−ðK2−K1Þ2L2

4

�
dφ; ð27Þ
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ε is the electron energy, K1;2 are the in-plane wave vectors before and after
scattering, εij is the dielectric permittivity, L is the autocorrelation length, Δ is the
mean square value of the SR fluctuations, Ψ iK1 and ΨjK2 are the wave functions,
and f ðεÞ is the Fermi function, and σ ¼ þ1 is the spin projection to the [001] axis.

The momentum relaxation time is evaluated in the standard way [45]. The spin
relaxation rate due to the transversal acoustic phonons is calculated as

1
τTAðK1Þ ¼

4πkBT
ℏρv2TA

XZ 2π

0

|K2|
| ∂εðK2Þ

∂K2
|
�
1−

∂εðK2Þ
∂K2

f ðεðK2ÞÞ
∂εðK1Þ
∂K1

f ðεðK1ÞÞ

� 1
2

Z t

0

Z t

0
exp −

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q2x þ q2y

q
|z−z0 |

� �
⋅

⋅
	
Ψ y

K2− σ ðzÞMΨK1σ ðzÞ

�	 Ψ y

K2− σ ðz
0 ÞMΨK1 σ ðz

0 Þ
⋅ ð28Þ

⋅
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q2x þ q2y

q
−
8q2xq2y−ðq2x þ q2yÞ2

q2x þ q2y
jz−z′j

" #
dzdz′

dφ
2π ;

where kB is the Boltzmann constant, T is the temperature, ρ ¼ 2329kg
m2

is the silicon
density, vTA ¼ 5300ms is the transversal phonons velocity, ðqx; qyÞ ¼ K1−K2, and M is
the matrix 4 × 4. Written in the basis for the spin relaxation rate the matrix M is

M ¼

0 0 D
2

0 0 0
D
2 0 0

0
D
2
0

0 D
2 0 0

2
66666664

3
77777775
: ð29Þ

Here D = 14 eV is the shear deformation potential:
The intravalley spin relaxation rate due to the longitudinal acoustic phonons is

calculated as

1
τLAðK1Þ ¼

4πkBT
ℏρv2LA

XZ 2π

0

|K2|
| ∂εðK2Þ

∂K2
|
�
1−

∂εðK2Þ
∂K2

f ðεðK2ÞÞ
∂εðK1Þ
∂K1

f ðεðK1ÞÞ

�1
2

Z t

0

Z t

0
exp −
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⋅
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h i
� Ψ y
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h i

⋅

⋅
4q2xq2y� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q2x þ q2y

q �3

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q2x þ q2y

q
jz−z0 j þ 1

�
dzdz

0 dφ
2π ð30Þ

Here, vLA = 8,700 m/s is the speed of the longitudinal phonons and the matrix M is defined

with Eqn. (29).

The intervalley spin relaxation rate contains the Elliot and Yafet contributions
[36], which are calculated in the following way:
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1
τLAðK1Þ ¼

4πkBT
ℏρv2LA

XZ 2π

0
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| ∂εðK2Þ

∂K2
|
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���
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�
dz

dφ
2π : ð31Þ

The matrix M0 is written as

M0 ¼
�
MZZ MSO
My

so MZZ

�
: ð32Þ

MZZ ¼
�
DZZ 0
0 DZZ

�
: ð33Þ

Mso ¼
�

0 Dsoðry−irxÞ
Dsoð−ry−irxÞ 0

�
: ð34Þ

ðrx; ryÞ ¼ K1 þK2, DZZ = 12 eV, Dso = 15 meV/k₀, with k0 = 0.15 ⋅ 2π=a defined as the
position of the valley minimum relative to the X-point in unstrained silicon [36].

A strong increase of the spin lifetime [46] is demonstrated in Figure 2 for a 2.5
nm thick film.
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Fig. 2: Spin relaxation time with its contributions mediated by optical phonons (OP), longitudinal acous-
tic (LA), and transversal acoustic (TA), as well as due to the scattering on surface roughness (SR). Film
thickness is 2.5nm, room temperature.
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The spin lifetime is boosted by almost two orders of magnitude. The fact that the in-
plane momentum dependence of the subband wave functions must be preserved
significantly increases the demands for computational resources and requires exten-
sive code parallelization. For film thickness below 3 nm, the SR scattering mechan-
ism dominates the spin relaxation for all electron concentration and shear strain
values.

For films thicker than 3 nm, acoustic phonon–mediated spin relaxation starts
playing an important role as shown in Figure 3.

Film thickness is 2.5 nm, room temperature.
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Fig. 3: Spin relaxation time with its contributions in a 4 nm thick film.

Spin relaxation due to optical phonons is the weakest among the considered mechan-
isms. In contrast to the momentum relaxation defined by the intrasubband transitions,
the main contribution to the spin relaxation comes from the intersubband scattering
processes. This is due to the presence of the spin hot spots at which the spin-up and
spin-down states from the unprimed subbands split by the spin–orbit interaction are
strongly coupled. The position of the hot spots defined by

εxy ¼
ℏ2jkxkyj
MD

ð35Þ

is pushed to higher momentum states away from the subband minimum as the value of
the shear strain increases. As the spin relaxation hot spots move above the Fermi level
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into unoccupied state region, the spin relaxation is strongly reduced, which results in a
significant spin lifetime increase with shear strain applied. Interestingly, at high stress
the value of the spin relaxation is comparable to that in bulk silicon. This makes silicon-
on-insulator structures very attractive for spin-driven applications, in particular, for spin
interconnects.

6 Spin manipulation in silicon FETs
at room temperature

Utilizing spin properties of electrons for future microelectronic devices opens great
opportunities to reduce device power consumption. As outlined earlier, the ferro-
magnetic source contact injects spin-polarized electrons to the semiconductor region
[13]. At the drain contact only the electrons with spin aligned to the drain magnetiza-
tion can easily leave the channel and contribute to the current. Thus, the total
current through the device depends on the relative angle between the magnetization
direction of the drain contact and the electron spin polarization at the end of the
semiconductor channel. Current modulation is achieved by tuning the strength of
the spin–orbit coupling in the semiconductor region. The spin–orbit coupling is
taken in the Rashba form [47, 48], with the spin–orbit coupling strength depending
on the effective electric field and thus the gate voltage [47]. The electric field–depen-
dent spin–orbit coupling splits the degeneracy between the spin-up and spin-down
states moving with the same velocity in the same direction, thus opening the way
to manipulate the degree of spin precession in the channel. In the absence of the
spin–orbit coupling and the external magnetic field, the electrons propagate with
their spin orientation conserved. The strength of the spin–orbit coupling determines
the minimum length of the semiconductor channel sufficient to change the orienta-
tion of the spin to the opposite. In silicon, the spin–orbit coupling is relatively weak
[49–51]. Figure 4 shows the modulation of the channel resistance in [001] oriented
channel as a function of the spin–orbit coupling strength β for a channel with the
length of 8 μm. In order to facilitate the spin injection and detection, the tunnel bar-
riers U between the channel and the source and drain of the dimensionless strength
z = 2mf

*U(2π/h)²kF−1, where mf
* and kF are the effective mass and the Fermi vector in

the ferromagnetic contacts, respectively. Figure 4 demonstrates that the modulation
of the resistance in the channel is preserved at room temperatures and may reach
about 60%, which is sufficient for applications.
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Fig. 4: TMR dependence on the value of the Dresselhaus spin–orbit interaction for EF = 2.47 eV,
δEc = 2.154 eV, P = 0.4, z = 3, t = 8 μm, V = 1 meV.

At the same time, this modulation is inferior to the maximum-reported tunneling
magnetoresistence ratio of about 600% in magnetic tunnel junctions at room tem-
perature. Due to the weak spin–orbit coupling, the channel length L should be at
least

L ¼ h
βmn

; ð36Þ

where mn is an effective mass in the silicon channel. For typical values of the spi-
n–orbit coupling β, this value is in several microns range. This length is much
longer than 20 nm channel length in modern cutting-edge MOSFET transistors. To
reduce the length of a channel in a SpinFET, a much more efficient way to manipu-
late spins by purely electrical means is required. The remaining option to build a
reprogrammable MOSFET by using ferromagnetic source and drain is still of great
interest. Indeed, although magnetic tunnel junctions possess much larger ratio of
tunneling magnetoresistances for parallel and antiparallel layer magnetization orien-
tation, these are still two-terminal devices and the realization and usefulness of
MOSFETs with magnetic source and drain are pending to be explored from the points
of view of both technology and applications.
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7 Conclusion

The spin–orbit interaction effects included into the effective low-energy k · p Hamil-
tonian allow the investigation of the valley splitting as well as momentum and spin
relaxation mediated by the SR and phonon scattering in a thin-film SOI MOSFET in
a wide range of parameters. To evaluate the wave function dependence on the in-
plane momentum and spin relaxation time, the k · p Hamiltonian was solved analyti-
cally. We have demonstrated that the valley splitting minimum due to the vanishing
Dεxy−

ℏ2kxky
M ¼ 0 leads to an extremely strong spin relaxation. This is because the

splitting is solely determined by the spin–orbit field strongly coupling spin-up and
spin-down states from different valleys. With shear strain increased, these hot spots
are pushed to high energies outside the occupied states. This results in a sharp
decrease of spin relaxation and thus in a giant, almost two orders of magnitude,
increase of the spin lifetime. This is in contrast to the mobility that can be improved
by a factor of two. As shear strain is now routinely used to boost mobility, it is a
viable option to increase the spin lifetime in ultra-thin body silicon-on-insulator
structures, making them promising for future spin interconnects.
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