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Abstract. With CMOS feature size rapidly approaching scaling limits the electron spin attracts attention as an alternative degree of freedom for low-power non-volatile devices. Silicon is perfectly suited for
spin-driven applications, because it is mostly composed of nuclei without spin and is characterized by weak spin-orbit interaction. Elliot-Yafet
spin relaxation due to phonons’ mediated scattering is the main mechanism in bulk silicon at room temperature. Uniaxial stress dramatically
reduces the spin relaxation, particularly in thin silicon ﬁlms. Lifting the
valley degeneracy completely in a controllable way by means of standard stress techniques represents a major breakthrough for spin-based
devices. Despite impressive progress regarding spin injection, the larger
than predicted signal amplitude is still heavily debated. In addition, the
absence of a viable concept of spin manipulation in the channel by electrical means makes a practical realization of a device working similar to a
MOSFET diﬃcult. An experimental demonstration of such a spin ﬁeldeﬀect transistor (SpinFET) is pending for 25 years now, which at present
is a strong motivation for researchers to look into the subject. Commercially available CMOS compatible spin-transfer torque magnetic random
access memory (MRAM) built on magnetic tunnel junctions possesses all
properties characteristic to universal memory: fast operation, high density, and non-volatility. The critical current for magnetization switching
and the thermal stability are the main issues to be addressed. A substantial reduction of the critical current density and a considerable increase
of the thermal stability are achieved in structures with a recording layer
between two vertically sandwiched layers, where the recording layer is
composed of two parts in the same plane next to each other. MRAM can
be used to build logic-in-memory architectures with non-volatile storage elements on top of CMOS logic circuits. Non-volatility and reduced
interconnect losses guarantee low-power consumption. A novel concept
for non-volatile logic-in-memory circuits utilizing the same MRAM cells
to store and process information simultaneously is proposed.

1

Introduction

The breathtaking increase in density, speed, and performance of modern integrated circuits has been supported by the continuous miniaturization of CMOS
devices. Numerous outstanding technological challenges have been resolved on
this exciting journey. However, even though the transistor size is scaled down,
the load capacitance per unit area of a circuit stops decreasing. This suggests
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that the on-current must stay constant in order to maintain appropriate high
speed operation. Even more, in ultra-scaled MOSFETs with semi-ballistic transport in the channel the conductance determined by the number of transversal
propagating modes ceases to depend on the channel length. This results in an
approximately constant power dissipation of a single MOSFET regardless of its
channel length, which would lead to a rapid increase of dissipated heat with the
transistor density further increased. An obvious saturation of MOSFET miniaturization puts clear foreseeable limitations to the continuation of the increase
in the performance of integrated circuits. Thus, research for ﬁnding alternative
technologies and computational principles is paramount.
The principle of 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 transistor by creating a potential barrier. Another intrinsic electron property, the electron spin, attracts at present
much attention as a possible candidate for complementing or even replacing the
charge degree of freedom in future electron devices. It is characterized by two
possible projections on a given axis and can be potentially used in digital information processing. In addition, only a small amount of energy is needed to alter
the spin orientation, which is necessary for low power applications. 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. A successful implementation of a quantum computer
utilizing the spin states on the Bloch sphere requires the possibility of eﬃcient
spin initiation, coherent manipulation, and reliable read-out. Although encouraging results were achieved, the development of a robust two- and three-qubit
gate is a pressing challenge for proceeding to a larger computational network.
Silicon predominantly (92 %) consists of 28 Si nuclei with zero magnetic spin.
The spin-orbit interaction is also weak in the silicon conduction band. Because
of these properties electron spin states of conduction electrons in silicon should
show better stability, lower decoherence and longer spin lifetime, which makes
silicon a perfect candidate for spin-driven device applications. Even though these
features are promising and silicon processing technology is well established the
demonstration of basic elements necessary for spin related applications, such
as injection of spin-polarized currents into silicon, spin transport, and detection,
were demonstrated only recently. Although it should be straightforward to inject
spin-polarized carriers into silicon from a ferromagnetic contact, due to a fundamental conductivity mismatch between a ferromagnetic metal contact and the
semiconductor, the problem was without solution for a long time. A special technique [1] based on the attenuation of hot electrons with spins anti-parallel to the
magnetization of the ferromagnetic ﬁlm allows 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
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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 set-up 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 350μm thick silicon wafer [2]
has triggered a systematic study of spin transport properties in silicon [3].

2

Silicon SpinFET

The SpinFET is a future semiconductor spintronic device with a superior performance. A SpinFET is composed of ferromagnetic source and drain contacts,
linked by a non-magnetic semiconductor channel region [4]. The eﬀective spinorbit interaction in the channel depends on the perpendicular electric ﬁeld, so
that the spin of an electron injected from the source starts precessing. Only the
electrons with their spin aligned to the drain magnetization can leave the channel contributing to the current. The current modulation is achieved by tuning
the strength of the spin-orbit interaction by applying the gate voltage. In order
to realize the SpinFET, an eﬃcient spin injection and detection, spin propagation, and spin manipulation by purely electrical means must be achieved [5].
Spin injection in silicon from a ferromagnetic metal electrode is compromised
by an impedance mismatch problem [6]. A solution to this impedance mismatch
problem is the introduction of a potential barrier between the ferromagnetic
metal and the semiconductor [7]. An experimental demonstration of a signal
which should correspond to spin injection in doped silicon at room temperature was ﬁrst performed in 2009 [8] using an Ni80 Fe20 /Al2 O3 tunnel contact.
Electrical signals at temperatures as high as 500 K have been reported in [9].
Regardless of the success in demonstrating the signal which should correspond
to the spin injection at room temperature, the magnitude of the signal obtained
within the three-terminal measurement scheme is a several orders of magnitude
larger than the theoretical value [3]. The reasons for the discrepancies are heavily debated [3,10]. A plausible explanation suggested recently [11] interprets the
large signal to be rather due to the trap assisted tunneling magnetoresistance.
When spin is injected, 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 non-magnetic semiconductor. An estimation for the spin lifetime
at room temperature obtained is ranging between 0.1 to 10ns [3], depending
on doping. This corresponds to the spin diﬀusion length l = 0.2-2μm. The spin
lifetime is determined by the spin-ﬂip processes [12,13]. In silicon the spin relaxation due to the hyperﬁne interaction of spins with the magnetic moments of
the 29 Si nuclei (the natural abundance is 4.7 %) is only important at low temperature, while the spin relaxation by the Elliot-Yafet mechanism [12,13] due to
electron-phonon scattering is dominant at room temperature. The Elliot-Yafet
mechanism is mediated by the intrinsic interaction between the orbital motion of
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an electron and its spin and electron scattering. When the microscopic spin-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
contains a contribution with an opposite spin projection, even spin-independent
scattering with phonons generates a small probability of spin ﬂips [14].
In bulk silicon the main contribution to spin relaxation is due to optical
phonon scattering between the valleys residing along diﬀerent crystallographic
axis, or f -phonons scattering [15,16]. A relatively large spin relaxation reported
in electrically-gated lateral-channel silicon structures [17,18] indicates that the
extrinsic interface induced spin relaxation mechanism is important. This may
pose an obstacle in realizing spin-driven CMOS-compatible devices, and a deeper
understanding of the 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 in thin silicon-in-insulator ﬁlms: electron-phonon interaction and
surface roughness scattering. In order to evaluate the corresponding spin relaxation matrix elements, the wave functions with opposite spin projections must be
found. We employ the Hamiltonian which takes into account the only relevant
valley pair along the [1]-axis [19]. The Hamiltonian must include conﬁnement
and, most importantly, an eﬀective spin-orbit interaction. Shear strain lifts the
degeneracy between the unprimed subbands [20]. The enhanced valley splitting
rapidly reduces the main contribution to spin relaxation due to inter-valley scattering. This results in a giant spin lifetime enhancement shown in Fig. 1. Shear
strain used to enhance the performance of modern MOSFETs is extremely eﬃcient in enhancing the spin lifetime and the spin diﬀusion length in silicon thin
ﬁlms.
Silicon is characterized by weak spin-orbit interaction and is not considered
as a candidate for a SpinFET channel material. In actual thin ﬁlms the inversion
symmetry is broken, and a relatively large value for the spin-orbit coupling [21]
is predicted by atomistic calculation β ≈ 2μeVnm [22], in agreement with the
value reported experimentally [23]. The channel length needed to achieve a substantial tunneling magnetoresistance (TMR) modulation is close to a micron [24].

3

Spin-Transfer Torque Magnetic RAM

The basic element of magnetic random access memory (MRAM) is a magnetic
tunnel junction (MTJ). The three-layer MTJ represents a sandwich of two magnetic layers separated by a thin spacer which forms a tunnel barrier. While
the magnetization of the pinned layer is ﬁxed, the magnetization orientation
of the recording layer can be switched between the two stable states parallel
and anti-parallel to the ﬁxed magnetization direction. A memory cell based on
MTJs is scalable, exhibits relatively low operating voltages, low power consumption, high operation speed, high endurance, and a simple structure. Switching
between the two states is induced by spin-polarized current ﬂowing through
the MTJ [25,26]. The recording layer magnetization switching, by means of the
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Fig. 1. Dependence of spin lifetime on shear strain for T = 300 K in a ﬁlm of 2.1 nm
thickness. The inter- and intra-valley contributions are also shown...

spin-transfer torque (STT), makes STT-MRAM a promising candidate for future
universal memory.
Because the spin-polarized current is only a fraction of the total charge current passing through the cell, the reduction of the current density required for
switching and the increase of the switching speed are the most important challenges in STT-MRAM developments. We demonstrated by micromagnetic simulations that, if the recording layer is composed of two parts, a nearly three
time faster switching is achieved [27]. Thanks to the removal of the central part
in the recording layer the magnetization switching occurs in-plane. This use of
the composite structure of the recording layer allows to decrease the switching
energy while preserving the thermal stability [28,29].

4

STT-MRAM Based Logic-in-Memory

The introduction of non-volatile logic could help to reduce signiﬁcantly the heat
generation, especially at stand-by, booting, and resuming stages. It is extremely
attractive to use the same elements as memory and latches to reduce the time
delay and energy waste while transferring data between CPU and memory
blocks. The MRAM technology is promising for building logic-in-memory conﬁgurations which combine non-volatile memory cells and logic circuits [30,31].
It is even more attractive to use the memory arrays to carry logic operations.
In [32,33] MTJ-based reprogrammable logic gates realize the basic Boolean logic
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Fig. 2. The common STT-MRAM architecture based on the one-transistor/one-MTJ
(1T/1MTJ) structure.

operations AND, OR, NAND, NOR, and the Majority operation. A material
implication (IMP) logic gate [34] can be implemented by using any two MRAM
memory cells from an MRAM array (Fig. 2) to perform the Boolean IMP operation. A sequence of logical IMP supplemented with FALSE allows to perform
any given Boolean operation.
Compared to the TiO2 memristive switches [35], MRAM provides a higher
endurance. Furthermore, the bistable resistance state of the MRAM cell eliminates the need for refreshing circuits. The logic implementation using MRAM
cells relies on a conditional switching of MTJs caused by the state-dependent current modulation on the output (target) MTJ. The resistance modulation between
the high and low resistance states in the MTJ is proportional to the TMR ratio.
The error probability of MTJ-based operations decreases with increasing TMR
ratio which is thus the most important device parameter for the reliability [36].

5

Summary and Conclusion

Recent ground-breaking experimental and theoretical ﬁndings regarding spin
injection and transport in silicon make spin an attractive option to supplement or to replace the charge degree of freedom for computations. Uniaxial
stress employed to enhance the electron mobility can also be used to boost the
spin lifetime signiﬁcantly. CMOS-compatible STT-MRAM cells built on magnetic tunnel junctions with a composite recording layer demonstrate a three-fold
improvement of the switching time as compared to similar cells with a monolithic
layer. The realization of an intrinsic non-volatile logic-in-memory architecture
by using MRAM arrays is demonstrated.
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