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Abstract

Spintronics is one of the emerging research fields in nanotechnology and has been growing
very rapidly. Studies of spintronics were started after the discovery of giant magnetoresistance
in 1988, which utilized spin-polarized electron transport across a non-magnetic metallic layer.
Within 10 years, this discovery had been implemented into hard disk drives, the most common

storage media, followed by recognition through the award of the Nobel Prize for Physics 19
years later. We have never experienced such fast development in any scientific field.
Spintronics research is now moving into second-generation spin dynamics and beyond. In this
review, we first examine the historical advances in spintronics together with the background

physics, and then describe major device applications.
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(Some figures may appear in colour only in the online journal)

1. Introduction

1.1. Concepts of spintronics

Spintronics is a new emerging field based on a combination of
three conventional information carriers: an electron charge,
an electron spin and a photon, as shown schematically in
figure 1 [1-12]. These carriers represent three major fields
in information technology (IT); data processing with electron
transport, data storage with an assembly of spins and data
transfer via optical connections.

Recent dramatic developments in IT require both larger
capacity data storage and faster data processing. Surprisingly,
the performance of both data storage and processing devices
has been improving at the very high rate of approximately
30% per year in data storage, and by 100% in 18 months
for Si-based processors—a trend known as Moore’s law (see
figure 2). Since the possibilities of reaching the limits have
been announced in both ferromagnet-based memories and
conventional semiconductor-based electronic processors, so-
called magnetoelectronics, based on spin-polarized electron
transport, was born, and has been providing a much
faster progress of about 60% per year in data storage [8].

0022-3727/14/193001+40$33.00

Furthermore, the electron spin can be connected to optics via
photon helicity, which is expected to enable a much faster
transfer of data.

The breakthrough in this field was the discovery of giant
magnetoresistance (GMR) observed in metallic multilayers via
spin-dependent electron transport [13—-16]. The GMR effect
has already been used practically in hard disk drive (HDD)
heads. The discovery of the tunnelling magnetoresistance
(TMR) effect was also a milestone. It was discovered earlier
than the GMR effect but was not realized at room temperature
(RT) until recently [17-22].

Simultaneously, from the semiconductor community,
dilute magnetic semiconductors (DMS) have been the subjects
of a large number of studies [23-27]. After the discovery
of giant g-factors, many important novel characteristics were
found, such as carrier-induced ferromagnetism [23] and photo-
induced ferromagnetism [24].

Future IT will require Gbps data transfer rates via optical
fibres. An essential part of such data transfer is the fast
operation of the diode laser, which depends on the efficiency
of the optical isolator. An optical isolator consisting of a DMS
is the first practical use of spintronics based on large magneto-
optical effects [26].

© 2014 I0P Publishing Ltd  Printed in the UK


http://dx.doi.org/10.1088/0022-3727/47/19/193001
mailto: atsufumi.hirohata@york.ac.uk

J. Phys. D: Appl. Phys. 47 (2014) 193001 Topical Review

Spin

Magneto-optical effects
Selection rule

Maxwell’s equations
Dirac’s equations

@ e

Electron Photon helicity

Electroluminescence
Photoelectric effect

Figure 1. Concept of spintronic device applications.
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Figure 2. (a) Moore’s law in Si-based processors. Closed circles,
triangles, squares and rhombuses stand for microchip processors
produced by Intel, AMD, IBM and Motorola, respectively. (b) Areal
density growth of HDD. Closed circles and triangles correspond to
demonstration and commercial products, respectively.

concluding section 5.

1.3. Spintronic length scales

The typical length scale of spintronic devices is shown in
figure 3. Spin polarization is transferred either by spin-
polarized conduction electrons in a conductor or spin-wave
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Figure 3. Typical magnetic length scales and development of magnetic recording devices.

propagation across local magnetic moments in a insulator. In
bulk magnets consisting of local moments of 0.1 mm in lateral
size, the average magnetization vector and its distribution
hold the key to macroscopic behaviour [28]. Reducing
the ferromagnet size, a dipole field from the edge of the
sample becomes important, which may, for example, cause
the splitting of a single-domain state. However, when the size
is further reduced, the exchange interaction plays a dominant
role and results in a single-domain state of size dgomain. All
of the spins are aligned along the global easy axis defined by
the magnetic anisotropy, including the shape anisotropy. Each
unit of magnetization consists of a certain number of spins,
within which a spin is preserved in terms of its orientation.
This is called the spin diffusion length dyy for spin-polarized
conduction electrons. Below this length, the exchange length
dex between the spin-polarized electrons or moments controls
the variation of the spin orientation such as the domain-
wall (DW) width. With further reduction from de, spins
can move without scattering within the mean free path A for
conduction electrons. By choosing a certain lateral size, a
specific magnetic property can be achieved.

Dipole energy is dominant over a few tens of micrometres
as in conventional magnetic materials such as tapes. By
reducing the length into the sub-micrometre regime, the
anisotropy energy becomes dominant, as in a high-density data
tape. With further reductions in scale, the exchange energy
controls the magnetic properties, resulting in a magneto-
optical disk and an HDD. Such passive devices are the most
common memories in current technology. In the regime where
the device size is much smaller than the mean free path of
the electrons (in mesoscopic systems), the spin is known to
be preserved during transport (scattering free). One of the

ultimate goals of spintronics is to realize a quantum computer
using the long spin coherence length in a semiconductor [29].
For the first step, spin-polarized three-terminal devices, which
eventually lead to a single electron transistor (SET) [30],
providing fundamental data processing with a single electron,
have also been widely studied.

In theory, ohmic contacts using a highly doped
semiconductor are applicable for spin injection, however the
spin lifetime in semiconductors has a peak at a certain doping
density, at least in the case of GaAs, which is around 10** m—3
[29]. The lateral separation of the ferromagnetic contacts
has to be below the spin diffusion length and also has to
avoid local Hall effects from the influence of the ferromagnet.
Spin coherence times as large as 3 us have been reported in
a Si/Sip75Geprs quantum well (QW) at 4.2K [31], which
corresponds to a spin relaxation length of over 100 um for
a 20 nm thick QW with a doping density n ~ 3 x 10'' cm™2,
This value is almost two orders of magnitude larger than that
of GaAs.

1.4. Generation of spins

Spin-polarized electrons can be generated in non-magnetic
materials using the following methods: spin injection from
a ferromagnet, a magnetic field, an electric field, circularly
polarized photoexcitation, a thermal gradient and Zeeman
splitting (see figure 4). One of the most common methods is
spin injection from a ferromagnetic material, e.g., conventional
ferromagnetic metals (Fe, Co, Ni and Gd), half-metallic
ferromagnets (HMF) and DMS, attached to a non-magnetic
metal or semiconductor through an ohmic contact or a tunnel
barrier. A stray field at the edge of a ferromagnet can also
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Figure 4. List of techniques to generate spin-polarized electrons in a non-magnetic medium.

be used to induce a population difference in spin-polarized
electrons in a non-magnetic material. However this is difficult
to control due to the precise definition of the edge shape.
An electric field can provoke the motion of spin-polarized
carriers in a non-magnetic material towards a favourable
direction based on spin Hall effects. Circularly polarized light
excites spin-polarized electrons in a semiconductor, dependent
upon an optical selection rule. The reverse effect generates
circularly polarized light emission by a spin-polarized electron
current. This can be extended further to spin generation
by electromagnetic waves, including spin pumping and high-
frequency spin induction [32]. In addition, a thermal gradient
has been found to produce a spin-polarized carrier flow due
to a spin Seebeck effect. In a DMS, Zeeman splitting induces
spin imbalance at the Fermi level.

Each of these techniques for spin-polarized carrier genera-
tion and corresponding spin-polarized transport properties are
described in section 2. Representative device designs are ex-
plained in section 3. Section 4 discusses six key technologies
to be developed for better spintronic device operation.

2. Spintronic device structures

Spintronic devices based on the manipulation of spin-
polarized electrons offer the promise of significant advances
in device performance in terms of speed, size scaling and
power requirements [7,8].  Spintronic devices may be
grouped into four categories according to the material system
and the corresponding electronic structures: (i) all-metal
spin transistors including spin valves, (ii) magnetic tunnel

junctions (MTYJ), (iii) ferromagnet/semiconductor hybrid diode
structures and (iv) organic devices, as listed in table 1. For
spin-valve and tunnel junctions, spin-polarized electrons are
electrically injected from a ferromagnet through an ohmic
contact and a tunnel barrier, respectively. The output signals
correspond to GMR and TMR effects, respectively. Finally,
organic structures utilize organic materials as spin media with
either ohmic or tunnel junctions at the spin injector (source) and
detector (drain). For hybrid diodes, spin-polarized electrons
are injected into a semiconductor either electrically through
a ferromagnet/semiconductor ohmic contact (or Schottky
barrier) or optically by introducing circularly polarized light
into a semiconductor. These injected spins travel in the
semiconductor and are detected using either optical light
emission or an electrical signal at another ferromagnetic drain.

2.1. All-metal structures

2.1.1. Diffusive transport. ~The motion of electrons in a
conducting material can be driven by applying an electric
field generating an electric current via Ohm’s law. For
spin-polarized electrons, both conduction-electron transport
in a conductor and spin-wave propagation in an insulator
can be described by the Bloch—Torrey equation without spin-
exchange diffusion [33]:
M . - M H M-HH (1 1
y_y(MXH)_TZ-'_XOTl-F—HZ x(Tz—Tl>
+V - DV(M — M), (1)
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Table 1. List of four major spin-polarized three-terminal devices after [8].

Control

Drain Output

Spin-valve Magnetic tunnel FM/SC hybrid Organic
structures junctions structures structures
Effects GMR TMR Diodes TMR/GMR
Interfaces Ohmic contacts Tunnel barriers Ohmic/Schottky barriers ~ Ohmic/tunnel barriers
Diffusive Ballistic Diffusive/ballistic Diffusive/ballistic
(hot electrons)
Spin media Non-magnetic metals ~ Tunnel barriers Semiconductor Organic materials
Spin coherence 30 nm-1 um ~ a few nm <100 um ~ 200 um
Device Johnson transistors MOS junctions FM/2DEG Lateral spin valves
applications Spin-valve transistors  Coulomb blockade structures Schottky diodes
Lateral spin valves MRAM Spin FET
Superconducting point contacts ~ Spin LED
Spin RTD Spin RTD

Magnetic tunnel transistors

SP-STM

where M s H , Vs X0, I, To, D and 1\20 correspond to magneti-
zation, a magnetic field, a gyromagnetic ratio, magnetic sus-
ceptibility, longitudinal relaxation time, transverse relaxation
time, diffusion coefficient and equilibrium magnetization. The
last term in equation (1) represents a diffusion process. For
a simple spin diffusion process in a non-magnetic medium,
spin-polarized electrons decay in proportion to exp(—D/dyq),
where D is distance from the spin source and dy is the spin
diffusion length in the non-magnetic conductor.

2.1.2. Giant magnetoresistance (GMR).

(i) Fundamentals

In 1988, Baibich et al found a large decrease of resistance in a
[Fe (3 nm)/Cr (0.9 nm)]ep structure under the application of a
magnetic field. A 50% change was discovered using (Rmax —
Rinin)/ Rmax at 4.2K, as shown in figure 5 [13]. Since then,
multilayered GMR structures have been widely investigated
[16]. Thanks to the advancement in growth techniques,

the GMR structure has been simplified down to a trilayer
consisting of ferromagnet (FM)/non-magnet (NM)/FM.

The GMR effect depends on the spin-dependent scattering
of electrons, as discussed below. The resistance shows a
minimum (Ry;,) when the magnetization in neighbouring
ferromagnetic layers are aligned parallel, while it shows a
maximum (Rp,x) with antiparallel alignment. A GMR ratio is
therefore defined as

% — RmaXR len . (2)
min
For the case of a simple trilayer structure, typically a GMR ratio
at RT is around 10%. In 1997, it was reported that a nano-
oxide layer inserted between the pinned ferromagnetic layer
and the antiferromagnet layer increases the GMR ratio due to
specular reflection [34]. A hybrid free spin-valve with a thin
free layer (e.g., NiFeTa), sandwiched between ferromagnetic
and non-magnetic layers to reduce the current-shunting effect,
and a synthetic spin-valve using a synthetic antiferromagnet
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Figure 5. (a) GMR signals together with (b) schematic diagrams of
the two-current model. Reproduced with permission from [13],
Copyright 1988 American Physical Society.

of two antiferromagnetically coupled ferromagnetic layers,
e.g., CoFe/Ru/CoFe, as either a pinning layer or a free layer,
have been also demonstrated to show a large GMR effect [35].
In such advanced spin-valve systems, the GMR ratio can be up
to 20% and has been used as a GMR read head.

Geometrical effects

A voltage application gives rise to the acceleration of the
electrons in the direction of the electric field, either in the layer
plane (CIP) or perpendicular to the plane (CPP) geometry [16].
It should be noted that the GMR effect depends on the NM
interlayer thickness fxy. In the CIP geometry, the relevant
length scale is given by the mean free path in the interlayer
material (approximately 3—5 nm). If 7\ increases beyond this
value, CIP-GMR decreases rapidly [16]. In CPP geometry,
the relevant thickness is given by the spin diffusion length,
which is around 100-1000nm for non-magnetic interlayer
materials [36].

Models

Interlayer exchange coupling model. Grinberg et al first
identified interlayer exchange coupling between transition
metal layers in Fe/Cr multilayers [37]. Parkin er al then
found that the interlayer exchange coupling constant oscillates
as a function of the NM interlayer thickness ty [38].
The oscillation period was observed to be approximately
1.0-1.5nm, which was much larger than the theoretical
prediction of ~0.25 nm from the Rudermann—Kittel-Kasuya—
Yoshida (RKKY) interaction [39]:

Urkky = % sin(2kgtnm), (3)

I\m
where kr is the Fermi wave vector. Coehoorn [40]
demonstrated RKKY oscillations with aliasing effects, which
assumed that lattice planes located at discrete positions in
the non-magnetic layer could only sample discrete points of
the continuous RKKY oscillation, giving a long oscillation

period A:
bid

" ke — (rn/tan)|’

which was in a good agreement with experimental observation.

A “

QW model. Edwards and Mathon proposed that quantum
confinement dependent upon electronic band structures could
explain the current transport in GMR structures [41]. For FM
metals, the majority and minority 3d bands are shifted away
from the Fermi level Er due to the strong internal exchange
interaction among 3d electrons. This gives rise to different
energy levels for up and down spin electrons.

Two current model.  As originally proposed by Mott [42], up
and down spin electrons in 3d transition metals are assumed to
carry electrical current independently at low temperature. In
this model [43, 44], the resistivity is predominantly determined
by interband scattering from 4s to 3d bands or vice versa, and
the scattering probability is proportional to the density of states
(DOS) in the 3d bands at the Fermi level Er. Accordingly, for
3d transition metals, the resistivity can be described as p,
N°(Eg),whereo =7, | and N° (Ep)isthe DOS at Er. Forthe
transition metals and their alloys, s—d interband scattering can
occur much more frequently than other scattering mechanisms
such as s—s scattering due to the large DOS of 3d bands at Efp.
Since electrons scattered into the d-bands do not contribute
significantly to the electrical conduction because of their large
effective mass, this model predicts higher resistivities for the
transition metals and their alloys as compared with those for
simple metals. This is consistent with experimental data for
bulk 34 transition metals.

For an FMI/NM/FM2 trilayer with magnetizations
parallel in the two FM layers, down spin electrons are scattered
into 3d bands in the FM1 layer, whose spins are aligned parallel
to the electron spins. Up spin electrons cannot be scattered
into 3d states because the up spin 3d bands are almost fully
occupied. The same situation can be applied to the FM2
layer so that down spin electrons can flow through the trilayer
without scattering. Up spin electrons suffer scattering at both
the FM/NM interfaces and in each ferromagnetic layer. In an
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antiparallel configuration, down spins are scattered in the FM 1
layer and up spins are scattered in the FM2 layer, respectively.
Consequently, the scattering probabilities of up and down spins
averaged over the trilayer become equal, which means that
the resistances for up and down spin currents are identical.
Therefore the parallel configuration shows a lower resistivity
than the antiparallel configuration.

From the application point of view, spin-valve structures
are fabricated typically consisting of a ferromagnetic
layer pinned by exchange coupling to a neighbouring
antiferromagnetic layer, a non-magnetic spacer layer and a
magnetically soft layer, which can be switched by a small
external magnetic field [45,46]. Such a spin-valve typically
shows AR/R = 5-6% at RT.

(ii) Systems

Granular GMR

In comparison to the conventional GMR in a multilayer with
respect to the magnetization alignment as discussed above,
Berkowitz et al and Xiao et al observed large GMR effects
in a system with Co nanoparticles dispersed in a Cu matrix
as shown in figure 6 [47,48]. In such a granular system, the
magnetic moments in the Co particles are randomly aligned
without an external applied field and are aligned parallel
in the saturated state. These nanoparticles contain a single
magnetic domain whose alignment requires a relatively large
magnetic field, typically in the order of a few kOe. A granular
GMR effect has been reported in Co—Ag and Fe—Ag systems.
Here, the change in resistivity Ap/p can be well described by
1 — (M/Ms)? [49].

Ballistic GMR

In a similar way to a superconducting point contact
measurement [50], Upadhyay et al have reported that the spin
filtering of ballistic electrons transmitted through ultrathin
Co films can be identified from /-V measurements using a

Co nano-contact on a Pb film [51]. In such a system, spin-
polarized electrons can flow through the Co/Pb interface only
when the electron energy matches the superconducting energy
gap. When these energies do not match, most of the electrons
are reflected at the interface. Rippard and Buhrman have
extended this study to Co/Cu/Co spin-valve structures in which
only ballistic electron transport has been detected [52]. Such a
nano-contact has been used to demonstrate STT and adapted to
a magnetic random access memory (MRAM) bit as discussed
in section 3.1.3.

Spin-transfer torque (STT)

In a system consisting of two ferromagnetic layers separated
by a thin NM spacer, STT has been predicted to occur at
the NM/FM interface by flowing an electrical current via
another FM [53, 54]. Conduction electrons are spin-polarized
by flowing through the first FM and exert a torque on localized
electrons in the second FM across the NM spacer. This
induces a rotation of the spins of the localized electrons in the
second FM. In a nano-scale junction, such STT can reverse the
magnetization of the target FM by flowing a current above the
threshold, which is typically of the order below 107 A cm~2.
STT was first demonstrated in a point contact [55] and later in
CPP-GMR and TMR nano-pillars, as discussed in section 3.1.3
for the development of MRAM.

By utilizing the STT, magnetic moments in a domain can
also be rotated by flowing an electrical current. This leads to
the displacement of a magnetic DW in a micro- or nano-scale
ferromagnetic wire [56]. For this case, a threshold current
density is typically of the order of 10'> Acm~2. This offers
the basis for a new magnetic memory, i.e. racetrack memory
(see sections 3.1.4 and 4.5).

2.2. Tunnel junctions

2.2.1. Ballistic transport. = When a scattering event in a
transport medium is negligible, one can assume the electron
conductionis achieved in a ballistic regime for anideal case. To
obtain these conditions, one should either use a tunnel barrier,
which mimics a vacuum, or reduce the dimension of the current
path into one dimension (1D). This increases the mean free path
of electrons and results in highly efficient transport.

2.2.2. Tunnel magnetoresistance (TMR).

(i) Fundamentals

Julliere first reported a 14% MR ratio in Fe/GeO/Fe junctions at
4.2 K [17], as shown schematically in figure 7. Such junctions
are the same as GMR structures with the non-magnetic metal
layer replaced by an oxide barrier. TMR requires a CPP
configuration to avoid ohmic conduction through the metallic
layers.

Origin
Theoretically, a TMR ratio is understood in a diffusive limit to
be similar to the GMR ratio:

R —RY  2Ppvii P

= , Q)
RP 1 — Ppmi Pem
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Figure 7. Schematic diagrams of (a) quantum electron tunnelling through an oxide barrier, (b) the mechanism of spin-polarized tunnelling

and (c) the overlap of wavefunctions for the corresponding electrons.

where Pgyi; and Ppypp are the spin polarization of the FM1 and
FM2 layers, respectively, which are defined as

N, majority — N minority

P (6)

Nmajority + Nminorily

The conductance for parallel (G”) and antiparallel (GAP)
configurations are obtained using the DOS at Ep in the
two ferromagnetic layers, apmiEm2) = Nmajority/ (NVmajority +
Nminority), ie. P=2a—1:

G™ o apvnapvi + (1 — apmi) (1 — apwn), o

G" o apmi (1 — apwp) + (1 — apnin)apma-
(ii) Systems

Conventional TMR

Although the TMR ratio can theoretically be almost 50%
with conventional FM metals, a high TMR ratio was not
reported until 1995. Miyazaki and Tezuka [19] used a
coercivity difference in an Fe/Al,Os;/Fe junction, while
Moodera et al [20] used an exchange-biased CoFe/Al,03/Co
junction to obtain large effects. Similar to GMR
studies, TMR also used spin-valve type structures such
as NiFe/Co/AlO/Co/NiFe/FeMn/NiFe [57], which gave a
TMR ratio of 40-50% [58]. TMR read heads for HDDs
were first implemented by Seagate in 2004 and are now
commonly used. The maximum TMR ratio has been reported
with an amorphous Al-O tunnel barrier in an MTJ with
structure Si(00 1)/Si3N4/Ru/CoFeB/Al,O3/CoFeB/Ru/FeCo/
CrMnPt [59]. In these MTIJs, the interfaces between
ferromegnets and insulators are not sharply defined and the
insulators cannot be treated as an ideal barrier due to defects
and grain boundaries. This results in spin-polarized electron
tunnelling in a diffusive regime.
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Figure 8. Magnetoresistance curves for an

Fe(00 1)/MgO(0 0 1)(20 A)/Fe(00 1) MTJ at T = 293 and 20 K.
The MR ratios were 88% and 146%, respectively. Reproduced with
permission from [62], Copyright 2004 Japan Society of Applied
Physics.

Coherent tunnelling

Based on progress in growth techniques, purely ballistic
transport was achieved in 2004. TMR ratios of over 1000%
have been predicted theoretically at RT with oriented MgO
barriers [60,61]. Such a giant TMR effect is induced by the
Ay band connection at the Fe(00 1)/MgO interface only for
the majority spins. Coherent tunnelling achieved a TMR ratio
experimentally of over 100% at RT [62-65] (see figure 8),
which is expected to reduce the read head size in an HDD and
to improve the read/write operation in an MRAM cell. To date,
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arecord TMR ratio of 604% at RT has been reported in an MTJ
COI’ISiStiIlg of CoyoFegoB20/MgO/CoyoFegoBag [66].

Tunnelling anisotropic magnetoresistance (TAMR)

For a junction with a tunnel barrier sandwiched by a
ferromagnetic electrode on one side and a non-magnetic layer
on the other, its resistance can be controlled by magnetization
rotation through the spin—orbit interaction at the interface.
This is called tunnelling anisotropic magnetoresistance
(TAMR). This effect was first demonstrated experimentally
by Gould et al with a junction of 70 nm Gag 94Mng gsAs/Al-
O(1.4 nm)/Ti/Au, as shown in figure 9 [67]. A TAMR ratio
of ~0.4% has also been measured with GaAs as a tunnel
barrier [68]. Similarly, 13% TAMR has been reported for
a textured 1 nm Co(1 nm)/Pt(1 nm)/Co(1 nm)/Pt(0.5 nm)/Al-
O2nm)/Pt(Snm) junction with perpendicular magnetic
anisotropy [69]. In this case the TAMR has also
been reported to depend strongly on the crystalline
structure of the tunnel barrier [70]. By comparing a
highly textured MgO and an amorphous AI-O barrier in
MTIJs with C00.49F60_21B().30/C00.70Feo_30/0Xide/C00_70F60.30/
Cog 49Fep21Bo 30, the former exhibits 377% TAMR at 10K,
while the latter shows only 89%. The effect was reported
to become as large as 130% using a NiFe/IrMn/MgO/Pt
multilayer [71].

Electromotive force

An electromotive force has been theoretically predicted from
Faraday’s law by Barnes and Maekawa [72], which becomes
active in the presence of a time-dependent magnetization, e.g.,
magnetic domain motion. Their prediction has been proven

experimentally in an MTJ, consisting of GaAs/zinc-blende
MnAs nanoparticles/GaAs [73]. Here, the electromotive force
is found to work on a timescale of 102103 s, which controls the
spin-dependent tunnelling behaviour in the superparamagnetic
MnAs nanoparticles. This induces a high MR of up to
100 000% at 3 K.

Granular TMR

TMR has also been measured in a nano-granular system with
ferromagnetic nanoparticles dispersed in an insulating matrix.
The first TMR effect was observed in granular Ni-SiO, films
[74]; however, the TMR ratio was found to be about 1% at
T = 300K. In 1995, Fujimori et al reported an 8% TMR ratio
at RT in a Co—Al-O system [75]. The effect is very similar to
the conventional TMR effect but with a charging effect in the
nanoparticles. A significant enhancement in the TMR ratio
of more than 20% at 2 K has also been reported [76]. Such
an enhancement by 2/(1 — P?) as compared with sequential
tunnelling (P spin polarization of the ferromagnet) is
theoretically proposed to be induced by co-tunnelling across
nanoparticles in the Coulomb blockade regime [77].

By inserting such a granular TMR system into an
insulating layer in a conventional MTJ, Schelp et al
successfully fabricated a double MTJ [78]. They sandwiched
Co nanoparticles of 2—4nm diameter dispersed in Al-O
between Co layers. The TMR ratio was found to be
approximately 15% at 4.2K and 10% at RT. Significant
enhancement of the TMR ratio has also been reported in a
double MTJ with a CoFe/CoFe-Al-O/CoFe multilayer [79].
The Coulomb blockade was observed below 50K for CoFe
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nanoparticles with diameters between 2.0 and 4.5nm. The
bias voltage dependence of the TMR ratio increased from
10.5% at20mV at 7 K to 23.9% at 0.60 mV. This enhancement
near zero bias agrees very well with the Takahashi-Maekawa
theory [77].

2.3. Ferromagnet/semiconductor hybrid structures
2.3.1. Interfacial properties.

Schottky diode

By depositing a ferromagnetic metal layer directly onto a
semiconductor substrate, a Schottky barrier can be formed
at the interface. The Schottky barrier acts as an intrinsic
tunnelling barrier for electrons travelling across the interface.
Since the barrier is formed at the surface region of the
semiconductor, electron flow is prevented depending on
the band-bending shape of the barrier, resulting in current
rectification.

A spin-polarized electron current across the Fe/GaAs
Schottky barrier has been measured by Filipe et al [80]. A spin-
polarized electron beam from a GaAs photocathode was used
to inject spins, which were filtered by the Fe layer dependent
upon the Fe magnetization orientation. The efficiency of the
filtering was estimated to be above 25%. A Schottky barrier
has been utilized widely for both spin injection and detection
into and from a semiconductor, as discussed in section 2.3.2.

Magnetically dead layer

At the ferromagnet/semiconductor interfaces, a magnetically
dead layer can be formed by the elastic deformation of the
ferromagnetic film due to a large lattice mismatch: the so-
called the Poisson ratio. Early studies showed the presence of
amagnetically dead layer at the interface of an Fe film grown by
electrolytic deposition [81], which was calculated theoretically
[82]. However, recent progress in ultrahigh vacuum (UHV)
technology enables us to grow epitaxial pseudo single crystals
onto a semiconductor and a non-magnetic metal.

Conductance mismatch

A spin-polarized current flow across a ferromagnet/two-
dimensional electron gas (2DEG) interface is predicted
theoretically to be of a detectable order [83, 84]. The electrons
in the 2DEG are confined in a potential well and appear to
possess a zero-field spin splitting due to the Rashba effect.
Conductance calculations also reveal that the interfacial spin-
flip scattering is enhanced.

In contradiction, it has been suggested by Schmidt
et al [85] that there may be fundamental obstacles to
achieving efficient spin transmission across ferromagnetic
metal/semiconductor interfaces via a diffusive process, as
shown in figure 10. Their calculations suggest that a few
electrons with different spin polarization from the majority
spins at the Fermi level may reduce the spin polarization in
the semiconductor. Ideally, 100% spin polarization needs to
be used for the source and drain to achieve highly efficient
spin injection. It can be achieved in the following materials:
DMS and HMFs, such as Heusler alloys, which are discussed
in section 4.1.

c

- anti
. parallel

Cil

Figure 10. (a) Simplified resistor model for a device consisting of
an SC with two FM contacts 1 and 3. The two independent spin
channels are represented by the resistors R4 |, Rsc o and Rs; ;.
Parts (b) and (c) show the electrochemical potentials in the three
different regions for parallel (b) and antiparallel (c¢) magnetization
of the ferromagnets. Reproduced with permission from [85],
Copyright 2000 American Physical Society.

These obstacles can be overcome by using either ballistic
electrons [86] or very thin tunnelling barriers between the
ferromagnet and the semiconductor [87]. If the tunnel
resistance is larger than the resistance in a semiconductor,
which is much larger than that in a ferromagnet, spin injection
with up to 100% polarization is expected.

2.3.2. Spin injection/detection.

Electrical spin injection

By flowing an electrical current from a ferromagnetic
electrode into a semiconductor, spin-polarized electrons
can be injected depending on the spin polarization of
the initial ferromagnetic source. This method has been
used conventionally as originally proposed by Aronov and
Pikus [88] and later reintroduced by Datta and Das [89].
In order to detect the injected spin polarization in a
semiconductor, another ferromagnetic electrode (drain) has
been widely used to measure the spin-polarized current signal
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[80, 84, 86]. Recently, circularly polarized light emission from
a semiconductor has been used as a measure of the spin
polarization of the semiconductor electrons [26,27]. Here
spin-polarized electrons (or holes) have been injected into a
semiconductor, whose efficiency has been estimated by using
circularly polarized electroluminescence (EL) signals from a
QW (see table 1).

Optical spin injection

The other method of injecting spin-polarized electrons
is photoexcitation, which uses circularly polarized light
to excite spin-polarized electrons and detects the spin
polarization as an electrical signal (see figure 11). The
possibility of passing a spin-dependent current through thin
film tunnel junctions of both Co/Al,03;/GaAs and Co/t-
MnAl/AlAs/GaAs with photoexcited spin-polarized electrons
was first discussed by Prins ef al [90]. For the former structure,
a spin-dependent tunnelling current is observed, while only
magnetic circular dichroism (MCD) signals are seen in the
latter. In their experiment, a sample with a 2nm Al,O3
tunnelling barrier showed the largest helical asymmetry of
the photoexcited current of approximately 1.2% at 1.5eV
near the GaAs bandgap. Accordingly, many studies of
spin-dependent tunnelling through metal/oxide/semiconductor
(MOS) junctions have been carried out, e.g., [91], especially
to achieve optically pumped SP-STM as described in
section 3.3.1.

Accordingly, the evidence for the RT spin filtering of
spin-polarized electrons has been investigated systematically
at the ferromagnet/semiconductor interface in forward bias
[92,93]. The bias and GaAs doping density dependence
of spin-filtered signals suggest that electron tunnelling is

the transport mechanism. Further proof of this picture
has been added by temperature-dependent measurements of
bandgap engineered NiFe/AlGaAs barrier/GaAs structures
[92,93]. Spin-dependent effects were only observed in the
bias and temperature range where electron tunnelling occurs.
In addition, strong optical magnetocurrent effects at RT
have been observed in spin-valve/semiconductor structures.
The difference in the optical magnetocurrent obtained
between parallel and antiparallel spin-valve configurations
was extremely large (up to 2400%). This indicates that
the spin-dependent electron transport across the spin-valve
structures was determined by the relative spin alignment of the
ferromagnetic layers and the initial spin polarization of the
photoexcited electrons. The photon energy dependence of
the optical magnetocurrent also proved that the photoexcited
electrons tunnel into the ferromagnet ballistically. Recently,
the effect of a QW in the semiconductor on spin-polarized
electron transport across the ferromagnet/semiconductor
interface has also been made [94]. Since 20 nm thick FeCo
and Fe films are used for the measurement, MCD background
signals dominate the polarized photocurrent, resulting in, at
most, 0.5% of the photocurrent being attributable to a true
spin-dependent signal at 10 K. The spin-filtering effect can be
used for future spintronic devices, such as an optically assisted
magnetic sensor [95].

A p-n junction was employed to demonstrate the spin
voltaic effect by photoexcitation [96]. Across a n-GaAlAs/p-
GalnAs/p-GaAs junction, a circularly polarized photocurrent
was detected at 4 K, which was different from the MCD
background. Similarly, the spin Hall effect was reported in a
planar p—n junction [97, 98]. A planar 2DEG/two-dimensional
hole gas (2DHG) photodiode was patterned into a Hall bar with
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the p—n interface at the centre. Due to the skew scattering
in the bar, clear spin Hall signals were observed, dependent
upon the circularly polarized light introduction. Such spin-
dependent behaviour was explained by Zuti¢ et al [99]. A
monotonic change in the spin-polarized electron density was
numerically calculated with respect to the applied bias voltage.
Similar analysis was carried out on magnetic semiconductor
junctions [100].

Spin transport in GaAs
In GaAs, which is widely used in spintronics, the valence band
maximum and the conduction band minimum are aligned at
the I'-point. The centre of the Brillouin zone (k = 0), with
an energy gap E; = 1.43¢eV at RT, indicates that the only
transition induced by photon energy kv occurs at I' (direct-gap
semiconductor) [101, 102]. The valence band (p-symmetry)
splits into a four-fold degenerate Pz, state at I's and a two-
fold degenerate Py, state, whichlie at I'; (A = 0.34 eV below
P5,,), whereas the conduction band (s-symmetry) is a two-fold
degenerate S, state at I'. The P3/, band consists of two-fold
degenerate bands; heavy hole and light hole sub-bands.
When hv E,, circularly polarized light excites
electrons from P/, to Si. According to the selection rule
(Amj = £1), two transitions for each photon helicity (o * and
o ~) are possible. However the relative transition probabilities
for the light and heavy holes need to be taken into account
in order to estimate the net spin polarization. For example,
if electrons are excited only from the valence band maximum
(I'g) by circularly polarized light, three times more spins are
excited from m; = =£3/2 than from m; = =£1/2 states.
Although the maximum polarization is expected to be 50% in
theory, the maximum observed experimentally is ~40% at the
threshold. This is due to experimental limitations, such as spin
depolarization in the GaAs layer and the interfaces [101, 103].
For E; + A < hv, the polarization decreases with
increasing hv due to the mixture of the light and heavy
hole states with the split-off valence band states, which have
the opposite sign. Such interband absorption occurs only
through the spin-orbit interaction, since the electric field of
the exciting light only influences electron orbital motion. For
E, + A < hv, the spin-orbit interaction becomes negligible
and spin depolarization during the cascade process can be
significant. Therefore the electron optical orientation is absent.
Recently, spin injection has also been demonstrated into
an indirect semiconductor Si, as described in section 3.2.1.

2.4. Organic structures

In general, organic materials contain carbon atoms, e.g.,
diamond, graphene, fullerenes or carbon nanotubes (CNT).
Recently, organic materials have been used as an NM media to
accumulate and carry spin-polarized electrons (holes). The
main difference from the above metallic-based devices is
that the magneto-transport properties are governed by the
interfacial orbital bonding. Hence, orbital moments play a
very important role in the FM/organic junctions, in addition to
the spin moments [104]. It is critical to control the interfacial
states in a reproducible manner.

Graphene

Graphene is a sheet of a carbon monolayer in a honeycomb
alignment and has been widely prepared by exfoliation
technique [105]. Large-area graphene has been able to
be prepared using chemical vapour deposition (CVD) [106]
and epitaxial growth on SiC [107]. MR measurements on
multilayer epitaxial graphene have been performed [108].
Clear Hanle signals were observed and revealed the spin
diffusion length up to approximately 200 pm.

Following these exciting discoveries, spin-polarized
electron transport has been detected in a graphene sheet by
measuring lateral spin-valve signals in a non-local geometry
(see figure 12) [32,109]. A Berry phase has also been
observed by measuring the quantum Hall effect in bilayer
graphene [110]. This phase was proposed by Berry in 1984
as a geometrical phase [111]. A pseudo-spin-valve has
been proposed by sandwiching bilayer graphene with two
pairs of ferromagnetic electrodes [112]. This also suggests
the possibility of gate operation by an additional pair of
ferromagnets. A graphene-based memory logic has been
proposed and demonstrated by many groups, e.g., [113].
Such a system has an advantage of low-power operation and
scalability. Further details can be found in, for example, [104].

Carbon nanotubes (CNT)

A new form of organic structure, a CNT, was demonstrated
in 1991 by Sumio Iijima [114] by rolling a graphene sheet.
The CNT can be categorized into three types; zig—zag, chiral
and armchair. Only the first two possess both metallic and
semiconducting characteristics due to the band overlap at
the Fermi level between 7 and sp?, suggesting an ideal
conductance of 2G. The first spin-polarized electron transport
across a CNT was measured in a metal-on-tube configuration,
as shown in figure 13 [115]. This configuration is fabricated
by a fine metal-patterning process onto a dispersed CNT
on a substrate, and it has lower contact resistance without
CNT distortion and interfacial oxide-barrier or contamination
formation as compared with a tube-on-metal geometry. A
buried-tube configuration by electrode melting can further
reduce the contact resistance. For a single-wall (SW) CNT,
these transport properties are especially pronounced. For the
case when the contact resistance is larger than the quantum
resistance, a Coulomb blockade has been observed [116]. An
SW-CNT can be treated as an ideal 1D system, suggesting that
acceleration of one electron induces acceleration of the whole
system up to the Fermi velocity [117]. This is clear proof of
the Tomonaga—Luttinger liquid proposed in 1950 [118, 119],
which is different from the Fermi liquid, with different effective
mass for independent electrons. The Kondo effect has also
been observed below 1 K [120], showing a resistivity increase
by spin flip during the transport, as proposed by Kondo in
1964 [121]. In addition, ambipolar hole/electron transport has
been observed in an SW-CNT [122]. Optical emission from
an SW-CNT has also been achieved [123]. These fundamental
physical features clearly indicate that the CNT and related
organic materials can be used in future spintronic devices.

Fullerenes
By folding a graphene sheet, fullerenes were discovered in
1985 by Kroto et al [124], and were named after an architect,
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Figure 12. (a) A schematic of a graphene spin device. (b) A
scanning electron microscope image of a graphene spin device.

(c) Result of a local MR measurement (upper panel) and a non-local
MR measurement at RT (lower panel). Reproduced with permission
from [109], Copyright 2007 The Japan Society of Applied Physics.

Richard Fuller, who designed a net sphere. The fullerene is of
great importance, as an extra atom can be inserted inside the
structure providing additional metallic features, such as spin
polarization by Gd inserted in Cgo [125]. By co-depositing
fullerenes and ferromagnetic nanoparticles, granular TMR has
been reported, showing a 26% TMR ratio at 2K [126]. This
has a great potential to be improved further.

Other organic materials

Another material that has been heavily investigated is
the molecular organic semiconductor, 8-hydroxyquinolinato
(Algs). A first attempt has been made to observe GMR in
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Figure 13. (a) Structure of our devices, consisting of a single
multi-walled carbon nanotube (MWNT) electrically contacted by
ferromagnetic Co. (b) Two-terminal differential resistance as a
function of magnetic field for three different MWNT devices at
4.2 K. Reproduced with permission from [115], Copyright 1999
Nature.

a Lag ¢751933Mn0O3 (LSMO)/Alq3/Co junction [127]. This
provides a GMR ratio of 12% at 11 K. By sandwiching
Algs with permalloy (Py) and Co as well as an additional
Al,O3 tunnel barrier, a TMR ratio of 6.0% at 300 K has been
reported [128]. Without using the additional barrier, the spin
polarization of an Alqs/Al junction is estimated to be only 6%.
The spin diffusion length in Alq; has been measured to be
10 + 1nm at 90K [129].

In 1974, Aviram and Ratner proposed a molecular rectifier
[130]. A molecular diode was demonstrated with a Langmuir—
Blodgett (LB) film [131]. For instance, a spin-transistor
demonstration has been reported using a CNT as a medium
[132]. By using half-metallic LSMO as the spin source
and drain, highly efficient spin-transistor operation can be
achieved [133].
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Figure 14. Major bio-applications of ferromagnetic nanoparticles

3. Spintronic device designs

In this section, the operation and recent development of the
current major spintronic devices are described. The devices are
categorized by the number of terminal electrodes, operational
modes (passive or active) and spectroscopic usage.

3.1. Two-terminal passive spintronic devices

Here, the operation and recent development of the current
major spintronic devices are described. The devices are
categorized by the number of terminal electrodes, operational
modes (passive or active) and spectroscopic usage.

3.1.1. Magnetic field sensors. From 1994, Non-Volatile
Electronics Inc. (NVE) developed a series of magnetic field
sensors and switches based on GMR [134]. These sensors can
be used to detect position, a magnetic media, rotational speed
and an electrical current at low cost. Using a polycrystalline
Co/Cu/Co multilayer, a GMR ratio of more than 70% has been
reported at RT [135].

Recently, magnetic biosensors have been developed using
ferromagnetic nanoparticles as a magnetic marker, as listed
schematically in figure 14 [136]. In principle, these magnetic
markers can be used for both drug delivery and on-chip
biosensors. For drug delivery, blood flow is employed
to deliver a magnetically labelled drug or a micro-medical
machine, and a local magnetic field specifies the point of
delivery. For biosensors, a magnetic nanoparticle or magnetic
bead is attached to a target molecule and is trapped by a
stray field from a GMR-type sensor. In order to realize
these bio-applications, three major issues need to be solved;
biocompatibility, size uniformity and surface stability [137].

3.1.2. Hard disk drives (HDD). 1In 2005, a TMR head was
introduced by Seagate [138], which was used in longitudinal
recording based HDDs. This resulted in an areal density of
>600 Gbitin~2. These heads are attached to an arm, which is

. Reproduced with permission from [136], Copyright 2006 Springer.

moved precisely over the platter using an actuator controlled
by a linear motor. The write head for longitudinal recording
was a ring-shaped magnet invented by Schuller (AEG).

In an HDD, the media consists of CoPtCrX alloy (X =
B and Ta) thin films deposited on a metallic (Al) or glass
platter [139]. These written bits are read out by a read head,
where an MR head is used in order to detect a change of
direction of a small stray field from the medium. Such a sharp
change induces a change in the MR value, which is detected
electrically.

Perpendicular recording
In 1967, perpendicular magnetic anisotropy [140] was first
observed [141], which was then demonstrated in Co/Pd [142]
and Au/Co/Au multilayers [143] in 1986. In 2000, Hitachi
demonstrated an HDD with perpendicular recording with an
areal density of 52.5 Gbitin~2 using granular CoPtCr media
[138]. In 2005-2006, perpendicular recording was finally
introduced by Seagate, Hitachi and Toshiba. This is expected
to achieve over 1 Tbin~2. These perpendicular media contains
CoPtX alloys, which increase the HDD fabrication const. A
search for alternative materials has been carried out intensively.
Such perpendicular recording media achieved over
300 Gbitin~? recently [144]. In order to increase the areal
density further, coupled granular continuous (CGC) media
were proposed [145]. The CGC media consist of a cylindrical
granular layer sandwiched by a continuous soft under layer
and cap layer. Due to the inter-granular coupling, the thermal
stability and signal-to-noise ratio was improved by five times
or more, achieving the areal density of 400 Gbitin=2 [146].
Using a soft switching layer coupled to a hard under
layer, an exchange coupled composite (ECG) medium was
then proposed [147,148]. Here, the soft layer assists the
magnetization reversal in the hard layer by coherent rotation,
as described by the Stoner—Wohlfarth model [149]. A
combination of these two composite media has led to a new
ECC/CGC medium [150]. The ECC/CGC media reduce
the coercivity further with maintaining strong perpendicular
anisotropy.  This media is expected to achieve almost
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Figure 15. Scanning near-field optical microscope (SNOM) images
of a HAMR head (a) with no poles and no aperture and (b) with the
magnetic write poles and with an aperture. (c) Magnetic force
microscopy image of high coercivity media being written without
heat assist and with heat assist. Reproduced with permission

from [155], Copyright 2008 IEEE.

1 Tbitin~2. In order to overcome the areal density of Tbitin=2,
bit-patterned media was proposed [151]. By patterning nano-
scale island-shaped bits typically consisting of 10-20 grains,
the media can achieve 10 Tbitin~2.

Alternative recording methods
For the further improvement in the HDD areal density, the
trilemma has to be overcome among the areal density, thermal
stability and writability [152]. A possible solution is to assist
the magnetization switching for writing by energy, i.e. heat
or microwave. Heat-assisted magnetic recording (HAMR)
was proposed [153,154]. A laser beam is employed to
heat the media up locally and reduce the thermal stability
of the data bit to be written. A scanning near-field optical
microscope is implemented into a writing head and a successful
demonstration has been reported (see figure 15) [155]. In
2012, TDK demonstrated a new HAMR head with the areal
density of 1.5 Tbitin~? and bit-error rate of 10~2. Seagate also
demonstrated a new HAMR drive in 2012.
Microwave-assisted magnetic recording (MAMR) was
proposed by Zhu et al [156]. The MAMR utilizes microwaves
to reduce the switching field by an order of magnitude [157].

Spintronic read heads

As replacements of the above TMR heads, coherent TMR,
nano-oxide-layered (NOL) GMR and half-metallic GMR
junctions have been investigated, as shown in figure 16. The
requirements for the next-generation HDD is above 2 Tbitin 2,
achievable by satisfying both MR >50% and resistance—area
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Figure 16. Current and target values of (a) MR ratios and RA for an
HDD read head after. Reproduced with permission from [158],
Copyright 2013 Springer.
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Figure 17. Schematic diagrams of MRAM. Reproduced with
permission from [159], Copyright 2013 IOP.

product (RA) < 0.1 Q um? as indicated by the dotted region
in figure 16 [158]. The coherent TMR junctions are required
to lower their RA by one order of magnitude, and nano-
oxide-layered GMR junctions are required to almost double
their MR. Among these candidates, the half-metallic GMR
junctions satisfy these requirements. Accordingly, Hitachi
Global Storage Technologies (HGST, now a Western Digital
company) has been investigating half-metallic Heusler alloy
GMR junctions.

3.1.3. MRAM/spin RAM.  After the commercial success of the
GMR head [158], one of the major ongoing device studies is to
realize a MRAM, as shown schematically in figure 17 [159].
MRAM can achieve the following features [158, 160, 161]:

(1) non-volatility similar to HDD without using a mechanical
head
(i1) read and write times of the order of nano-seconds
(iii) high density
(iv) low-power consumption.
Hence MRAM is a good candidate for a universal memory.
MRAM can also avoid the delay and unnecessary power
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Table 2. List of major memories [173, 175].

Spin RAM MRAM FLASH DRAM FeRAM SRAM
Rules 32nm 90 nm 32nm 90 nm 45nm 90 nm 90 nm
Non-volatility Y Y Y Y N N Y N
Read time ~1ns 300ns (GMR) 10-50ns 10-50 ns 10ns  10ns 100-200ns 1.1ns
<60ns (TMR)
Write time ~1ns <10ns 0.1-100 ms 0.1-100 ms 10ns  10ns ~100ns 1.1ns
Repetition >10" >10" >10° >10° >10%  >10P 10°-10"? >10"
Cell size 0.01 um? 0.25 pum? 0.02 um? 0.1 um? 0.25 um? 1-1.3 um?
5Gbecm™2* 256Mbcm™2  2.5Gbcm™?* 512Mbcem™? 256 Mbcm ™ 64 Mbcm™2
Cell density 6 F? 27 F? 4 F? 6 F? 8 F? 8 F? 92 F?
Chip capacity >1Gb >1Gb <10Mb
Program energy 120 pJ 10nJ 30-120nJ 5pJ + refresh 5pl
per bit
Soft error hardness Y Y Y Y N
Process cost RT process Lower bit cost HT process

Note: * represents target values.

consumption due to circuit leads, and can provide a high-
density circuit by the converting passive current leads in
conventional electronic devices into memory cells. The
comparison between the MRAM and the other major memories
are summarized in table 2.

Current volatile memory stores data in tiny capacitors.
The data needs to be refreshed thousands of times per second
for dynamic random access memory (DRAM) but not for static
random access memory (SRAM). For non-volatile memory,
flash memory (FLASH) is a form of electrically erasable
programmable read-only memory (EEPROM) and uses an
extra floating gate on a transistor to store data, a large
section of which can be erased by applying a voltage pulse.
However, because of the limited rewritability and long write
time, FLASH was initially used as ROM. Many formats
have been produced including: CompactFlash by SanDisk in
1994, SmartMedia (SSFDCC: Solid State Floppy Disk Card)
by Toshiba in 1995, MultiMediaCard originally proposed
by Siemens AG in 1998, Memory Stick by Sony in 1998,
and SD (secure digital) memory cards developed by Toshiba,
Matsushita and SanDisk in 2000.

MRAM was first proposed by Schwee in 1972 [162]. The
functionality of MRAM was demonstrated with a Fe-Ni-Co
alloy-based GMR cell [163]. In 1996, the first MTJ cell was
implemented in an MRAM demonstration [164, 165]. IBM
and Motorola independently developed 1kbit and 512 kbit
MRAM, respectively, in 1999 [166, 167]. Motorola developed
a 1Mbit, 2Mbit and 4Mbit MRAM [168,169]. NEC-
Toshiba also demonstrated 1 Mbit and 16 Mbit MRAM in
2003 and 2006, respectively [170]. Fast random access has
been demonstrated at a speed of ~5ns for read and write
[171]. In 2007, Freescale Semiconductor, which was spun
off from Motorola in 2004, commercialized a 4 Mbit MRAM
with a working temperature between —40 °C and 105 °C, for
automobile applications. In 2010, EverSpin Technologies,
which was spun off from Freescale in 2008, started to ship
a 16 Mbit MRAM. This is operated at a bias voltage of
3.3V and a current of 60 mA for read-out and 110 mA for
write-in at a speed of 35ns. Currentlyy, MRAM suffers
from the implementation of an additional transistor for each
cell, which prevents further miniaturization. To avoid this

structural limitation, one-transistor (1T)/4MTJ was proposed
[172], suggesting that there is further potential for MRAM as
a high-density memory.

These research activities are recognized as one of the
key future technologies and are heavily funded by several
governments.  For example, in 1997, the US Defence
Advanced Research Projects Agency (DARPA) funded IBM,
Motorola and Honeywell to demonstrate 16 kbit MRAM with
an access time of less than 100ns within Iinch square
chips [173]. This is based on a Honeywell radiation-hard
CMOS underlayer process. The New Energy Development
Organization (NEDO) in Japan also funded the Spintronics
Nonvolatile Function Technology Project from 2006.

For MRAM operation, the reference voltage is normally
set at the voltage given by Vi = (Vu — Vi)/2, where Vy
and V, represent the output voltages at the highest and the
lowest resistance. In order to realize a Gbit MRAM, Ve
needs to be of the order of 100 mV. This requirement can be
achieved by either introducing a double tunnel junction with a
ferromagnetic free middle layer [173] or fabricating a textured
tunnel junction [174].

Thermal stability is also a crucial issue, as discussed in
section 3.1.2. For an MRAM, due to the presence of half-
selection in an MRAM bit, which occurs when a bit or write
line current flows and induces a random read or write signal, a
thermal stability Kv/kgT > 100 is then required. A synthetic
ferromagnetic layer has been typically used to maintain high
thermal stability [175].

In principle, cross-point architecture guarantees a very
high areal density. However, in reality reliable read-out
requires one additional transistor cell for each MRAM cell
(1T/1MT]J) due to unwanted parallel current paths. For reliable
cell selection, toggle switching has been proposed by Motorola
to circumvent the half-selection in an MRAM bit [175].

The MRAM cells are initially proposed to be reversed by
an Ampere field generated by a write current (see figure 17).
However, with reducing cell size, the switching field increases,
resulting in larger power consumption (see in figure 18
[176]). Therefore, current-induced magnetization switching
(CIMS) by STT has been proposed [53, 54] and demonstrated
experimentally [55]. A critical current density of switching of
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Figure 18. Required writing currents for several techniques
dependent upon cell size. Reproduced with permission from [176],
Copyright 2006 Toshiba Review.

J. ~ 107" Acm™2, which is at least one order of magnitude
larger than the Gbit RAM requirement, has been reported.
Using a CPP-GMR nano-pillar, an effective STT has been
realized by combining two techniques: precise nanofabrication
and precisely controlled film growth. A substantial decrease
in a critical current density for CIMS has been achieved in a
current-perpendicular-to-plane pseudo-spin-valve nano-pillar
by inserting an ultrathin spin-scattering Ru layer [177] and
an additional ferromagnetic layer [178]. This is an improved
structure compared with a simple pseudo-spin-valve with a
spin-scattering layer and has successfully achieved a critical
current density of 2 x 10® Acm™2. This was a crucial
breakthrogh for Gbit-scale MRAM applications.  Further
reduction in the critical current density has been achieved
by modifying the shape of the nano-pillar into a nano-ring
where the magnetization in each ferromagnetic layer forms
a vortex state at remanence [179, 180]. These magnetization
directions are aligned to be either clockwise or anti-clockwise
by carefully demagnetizing the nano-pillar so that a vertical
current assists CIMS by inducing an Ampere field without
magnetic-moment curling or domains, i.e. there is no stray
field.

A TMR nano-pillar with an AI-O barrier has then been
employed as a cell showing a TMR ratio of ~30% and J. <
107 Acm™2 [181]. After the discovery of coherent tunnelling
across an epitaxial MgO barrier, the improved operation of
a TMR nano-pillar has been demonstrated with a TMR ratio
of ~100% and J, ~ 6 x 10° Acm~2 with a pulsed current
duration of 100ms [182]. This has been followed by a
further improvement with a TMR ratio of 160% and J. of
2.5 x 10° Acm~2 [183].

Accordingly, Sony has proposed a Spin RAM, which
utilizes STT-CIMS for writing rather than the Ampere field
used for MRAM, demonstrating 4 kbit operation [184]. They
have achieved a resistance—area product RA of 20 Q um? and
a TMR ratio of 160%, with a minimum writing current of
200 pA. In 2007, Hitachi—-Tohoku University demonstrated a
2 Mbit Spin RAM with a cell size of 1.6 x 1.6 um? (16 F?), a
TMR ratio of 100% and a writing current of 200 uA.

For the next-generation MRAM and Spin RAM, the
following issues need to be solved: the reduction of the
switching field or critical current density and a reduction of

the fabrication rule. Based on the scalability of MRAM and
Spin RAM bits, STT must be used as discussed above. For the
reduction of power consumption, the thermal stability of the
free layer has to be compromised. A synthetic ferromagnet,
such as CoFeB/Ru/CoFeB, has been implemented as the free
layer by AIST [185], resulting in a five times increase in
thermal stability with only an 80% increase in the critical
current density. This configuration can achieve a 10 Gbit Spin
RAM device. The remaining issue to realize a high-density
Spin RAM is the reduction of the fabrication rule, which
may be achieved by replacing the additional transistor with
a possible new device design as described above.

3.1.4. 1D memory tracks.

DW resistance
In order to minimize the total magnetic energy of a
ferromagnetic structure, a DW with a width of the order
of 100nm can be formed between magnetic domains.
The competition among the energy terms—magnetostatic,
exchange and anisotropy—produces magnetic domains,
mainly due to the magnetostatic energy in a mesoscopic
ferromagnet. Within a DW, the spins gradually rotate from the
direction of the domain to the direction in the neighbouring
domain. If the ferromagnet is thick, the spin rotation within
the wall is out-of-plane, forming a Bloch wall. For thin
ferromagnet films, in-plane rotation, known as a Néel wall,
occurs. For an intermediate ferromagnetic film thickness, a
combination of these two walls, a cross-tie wall, forms [186].
Since such a wall is sandwiched by magnetic domains
with their magnetization at certain angles, e.g., 90 or 180°, this
system is expected to show large MR if a spin-polarized current
is applied across the wall. Reported experimental observations
of this effect are controversial. Positive DW resistivity has been
reported [187,188]. This has been supported theoretically
using a spin-flip scattering model [189]. However, negative
resistivity has also been reported [190, 191]. This has been
explained using a weak localization theory [192]. This
contradiction may be due to the relatively large measurement
area, typically micrometre-scale. Accordingly, more confined
and controlled samples have been prepared for detailed
studies [193].

DW displacement

Following Slonczewski and Berger [53, 54], STT has also been
applied to displace a DW by flowing an electrical current (see
figure 19). A ferromagnetic micro-wire has been prepared with
a DW, giving a current density between 10'! and 10'> Am~2
for wall motion [194, 195]. The velocity of the wall motion has
also been estimated to be 2-6 m s~! [56]. A similar experiment
has also been performed in a DMS wire [196, 197].

The detailed behaviour can be analysed by solving the
Landau-Lifshitz—Gilbert equation. A spin-transfer-torque
term has been calculated in the ideal adiabatic limit to
show a threshold current of the order of 10'> Am~2 [198].
Additionally, spin relaxation of conduction electrons has been
taken into consideration [193, 199-201]. Some studies suggest
that spin relaxation is equivalent to damping [202]. However,
to date, no conclusive model has been developed [203].
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Figure 19. (a) MFM image after the introduction of a DW. DW is
imaged as a bright contrast, which corresponds to the stray field
from positive magnetic charge. (b) Schematic illustration of a
magnetic domain structure inferred from the MFM image. DW has
a head-to-head structure. (¢) Result of micromagnetics simulation
(vortex DW). (d) Result of micromagnetics simulation (transverse
DW). (¢) MFM image calculated from the magnetic structure shown
in (¢). (f) MFM image calculated from the magnetic structure
shown in (d). (g) Magnified MFM image of a DW. (k) MFM image
after an application of a pulsed current from left to right. The
current density and pulse duration are 1.2 x 102 Am~2 and 5 us,
respectively. DW is displaced from right to left by the pulsed
current. (i) MFM image after an application of a pulsed current
from right to left. The current density and pulse duration are

1.2 x 10"2 Am~2 and 5 us, respectively. DW is displaced from left
to right by the pulsed current. Reproduced with permission

from [56], Copyright 2004 American Physical Society.

By simply forming a nano-ring, both a flux-closure vortex
state and a uniformly magnetized state, a so-called onion state,
have been observed [204]. In the former state, the magnetic
moment shows no stray field, while, for the latter case, two
magnetic moments along the half-circle form a pair of head-
to-head and tail-to-tail DWs. These two distinct states are
proposed to be used for storing data. A nano-ring of this
type has been used as a template to investigate magnetization
switching dynamics [205], DW pinning [206], STT [207],
GMR [208] and TMR [209].

An all-metallic DW logic device has been demonstrated at
RT [210]. By forming a “Y’-shaped junction consisting of two
permalloy quarter-arc nano-wires, the magnetization reversal
induced by the DW motion acts as a NOT circuit. Allwood et
al have successfully demonstrated NOT-logic operation under
the application of an oscillatory magnetic field with up to
11 junctions. The output signals were observed using the
magneto-optical Kerr effect (MOKE). By tuning the shape of
the “Y’-junction, they have also realized an AND operation in
a DW logic device [211].

3.1.5. 1D nano-dot track. ~ An alignment of elongated single-
domain quantum dots (QDs) can be treated as a majority gate
for logic operation [212]. By employing either ferromagnetic
or antiferromagnetic coupling between the neighbouring dots,
a three-input gate device has been demonstrated which gives
NAND or NOR operation. Based on fast magnetization
reversal (~100 ps), the fast operation of ~100 MHz is expected
to be achieved with very low-power consumption (~0.1 W for
10'° gates). This QD logic can be much smaller compared with
the DW logic originally proposed by Cowburn and Welland
[213].

3.2. Three-terminal active spintronic devices

3.2.1. Spin transistors. In order to replace a conventional
electron with a spin as a data carrier, improved transistor
operation with higher density is expected to be achieved.
Accordingly, the following spin transistors have been proposed
and demonstrated to date.

All-metal bipolar spin switch

In 1985, Johnson and Silsbee first demonstrated successful spin
injection from a permalloy (Py) into Al and spin detection by
the Py using a non-local geometry (see figure 20) [214]. The
65 nm thick Py micrometre-size electrodes (15 x 40 um?) were
prepared on a 100 um wide and 50 um thick Au wire using a
shadow mask. A clear GMR-type signal was measured below
36.6 K for a Py separation of 300 «m with a current application
of 47mA, which generates diffusive spin-polarized electron
transport in the Au bar. This study was then extended to a
Johnson bipolar spin switch by sandwiching a thin Au layer
between Py electrodes [215]. At 10K, a clear spin signal was
detected up to an Au thickness of 1.54+0.4 um. However, these
devices may suffer from a stray field from the edges of the Py
electrodes as well as current diffusion into the bulk region.
Nanofabrication advancement then enables the patterning of
1D nano-wires, as discussed in sction 3.2.2.

Spin-polarized field effect transistors (spin FET)

In 1990, Datta and Das reintroduced a spin-polarized field
effect transistor (spin FET), which requires efficient spin
injection into a semiconductor [89]. The spin FET provides
a key concept for three-terminal spintronic devices. Electron
spins are injected from a source modulated by a gate bias and
are detected at a drain. In an ideal one-dimensional spin FET,
the spin orientation is proportional to the gate voltage, and the
drain current can be modulated with the spin orientation from
a minimum of 180° to a maximum at 360° [216].
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Figure 20. (a) Pedagogical model of a three-terminal device in cross-section. (b) Geometry of a spin-switch device. N is a non-magnetic
metal counterelectrode. (c¢) Diagrams of the densities of state, N(E), as functions of energy, of the F1-P-F2 system depicted in (a). (d) Data
from a prototype with d = 98 nm. Under constant bias current, the voltage is recorded as the magnetic field is changed. Reproduced with

permission from [214], Copyright 1985 American Physical Society.

The spin—orbit interaction Hamiltonian can be derived
from the Dirac equations [217]:

qh

Hso = ——— (5 - [E x pl), 8

so=7 53 [ExPp] ®)
where g, i, m, c, G, E and p are the electron charge, Planck
constant, electron mass, speed of light, Pauli matrices, electric
field and electron momentum, respectively. By comparison
with the Rashba Hamiltonian Hy = n(G x k) - ¥ (k: wave

vector and v: unit vector perpendicular to the plane),
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Therefore, the spin—orbit interaction constant 7 can be
obtained using a gate voltage Vi and distance between the
electron path and the gate d:

Hy =
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As proposed by Datta and Das [89], a2DEG in a semiconductor
has been widely exploited as a possible medium for spin-
polarized electron transport due to the high in-plane mobility.
Spin injection (almost 1% change) has been reported for a
ferromagnetic metal/InAs 2DEG device at 75 K by Hammar
et al [218]. A potential difficulty is the exclusion of a Hall
voltage associated with the strong magnetic field due to the
ferromagnetic elements. Direct spin injection and detection
of spin polarization in a NiFe/InAs QW/NiFe system has
been reported at 4.2 K by Monzon and Roukes [219]. It is
very difficult to distinguish a spin-dependent signal from the
experimental background noise, although local Hall effects can
be suppressed by minimizing magnetic fields in the low-density
conduction channels. This can be achieved by engineering the

nano-magnet switching properties and eliminating multiple
magnetic domains in the injection region. In order to avoid
local Hall effects, a multi-terminal geometry has been proposed
[86] and used [220], however it was not successful. This
can also be avoided by patterning into an asymmetric multi-
terminal geometry.

Successful spin injection from epitaxial Fe into n-
GaAs(001) has been demonstrated at 4 K by Crooker et al
[221].  MOKE imaging has been used to detect spin
polarization at both the spin injector and detector in the
lateral device, as shown in figure 21. A detailed image of
spin transport at the edge of an n-GaAs layer has also been
investigated by focused cross-sectional MOKE imaging [222].
The image verifies the exponential decay of spin-polarized
electrons injected from a CoggsFeps, electrode, which is
attributed to the spin relaxation in GaAs. Even though the
sample preparation and measurement are extremely difficult,
this new technique offers a way to map the depth profile of spin-
polarized electrons under an electric field in three-terminal
spintronic devices.

Spin injection from Fe into ZnSe has also been
investigated. Coherent band matching has been investigated
theoretically for this system, as has been similarly reported
for epitaxial MgO-based tunnel junctions [223]. The majority
spins in the vicinity of the Fermi level are dominated by
s-characteristics as compared with the minority spins, resulting
in larger conductance for the majority bands.  Further
ab initio calculations have predicted that Fe/ZnSe(00 1) and
Fe/GaAs(00 1) interfaces act as highly efficient spin filters
with a spin polarization of 99% [224]. These results are very
promising for future spin-injection devices.

Spin-polarized lasers

Circularly polarized light emission was initially studied in
InGaAs QW [225]. A vertical cavity surface emitting laser
(VCSEL) was fabricated with circular polarization in Voigt
geometry, showing 35mW power under a magnetic field



J. Phys. D: Appl. Phys. 47 (2014) 193001

Topical Review

Figure 21. (a) Photomicrograph of the lateral
ferromagnet/semiconductor device used for electron spin injection,
transport, accumulation, and detection. (b) Images of the Kerr
rotation angle 0k (o< S;) near the source and drain contacts.

Vb = +0.4 V. The region of spin accumulation near the drain contact
also exhibits positive 0, indicating that both the injected and
accumulated spin polarizations are antiparallel to M. Reproduced
with permission from [221], Copyright 2005 Science.

of 2T. The VCSEL operation was then demonstrated both
by optical and electrical injection [226]. By optimizing
the structure to reduce spin—orbit coupling, just a 4% spin
polarization of injected carriers led to a nearly complete (96%)
polarization of emitted light reported with a QW-VCSEL
[226], demonstrating that such lasers can be highly efficient
spin filters and spin amplifiers, as predicted theoretically
[227]. The behaviour of the spin lasers were analysed by
the bucket model [228]. The model offers a way to design
a desirable spin laser for both QW and QD configurations.
Spin-injection modulation was also demonstrated to be able
to eliminate parasitic frequency modulation (chirp) and to
enhance the modulation bandwidth [229], improving the two
key parameters in lasers. The operation frequency can be over
11 GHz, which is highly advantageous for future spintronic
communications via circularly polarized light at RT [230].

Spin-polarized light-emitting diodes (spin LED)

Since DMS show a large Zeeman splitting and ferromagnetism
[25], DMS can be used as a spin aligner to inject
spin-polarized carriers, i.e. spin-polarized electrons or holes,
into a semiconductor. The spin polarization of the injected
carriers is detected optically through circularly polarized
EL from the semiconductor (e.g., GaAs), which are called
spin-polarized light-emitting diodes (spin LEDs).  With
ferromagnetic p-GaMnAs as a spin aligner, spin-polarized
hole injection has been reported at low temperature [231].
At forward bias, spin-polarized holes from the p-GaMnAs,
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as well as unpolarized electrons from the n-GaAs layer, are
injected into an InGaAs QW, so that the recombination of
the spin-polarized holes can create a circularly polarized EL
emission from the QW. However, as the spin relaxation time
for the holes is much shorter than that for the electrons [232],
the spin polarization signal through the recombination process
in the GaAs is very small (about = 1%). Using paramagnetic
n-BeMnZnSe with a large Zeeman splitting as a spin aligner,
highly efficient electron spin injection has been achieved with
an applied field of ~3 T (spin polarization in EL ~90%) [233].
This is because the spin diffusion length of the electrons has
been reported to be above 100 um in the GaAs [29]. Similar
results have been obtained using CdMnTe [234], ZnMnSe
[235,236], ZnSe [237] and MnGe [238], but only at low
temperatures of typically 7 < 80 K. Since RT ferromagnetism
has been predicted in several DMS compounds [239] but
not yet observed, spin injection at RT with a DMS may be
achievable in the near future (see section 4.1 for more details).

Schottky diodes

A ferromagnet/semiconductor Schottky diode consisting of an
Fe (20nm)/GaAs/InGaAs QW LED structure, has been used
to measure circularly polarized EL by Zhu er al [240]. Spin
injection from the Fe into the GaAs was achieved with an
efficiency of about 2% at 25K, which was independent of
temperature. However, the right and left circularly polarized
EL intensity did not show a clear difference. By examining
the tails of the Gaussian-like EL intensity distributions, a
heavy hole excitation contribution was estimated. Hanbicki
et al [241] have performed a similar experiment with an Fe
(12.5 nm)/AlGaAs/GaAs QW LED and have observed a spin
injection efficiency of 30%. They clearly observed a significant
difference between right and left circular EL intensity. The spin
polarization was estimated to be 13% at 4.5 K (8% at 240 K).
Taking the spin relaxation time in the QW into account, they
reported a small temperature dependence of the spin injection
efficiency, which is consistent with spin-polarized electron
tunnelling.

Crooker et al measured a spin polarization of 32% at an
Fe/GaAs Schottky junction [221]. In Fe/GaAs/Fe junctions,
more up spin electrons were injected on one side and more
down spins were ejected from the other end by flowing
a current across the junction. This indicates that positive
spin polarization is achieved in reversed bias, while negative
polarization is achieved in forward bias. Both positive and
negative spin polarizations have been measured in an Fe/GaAs
Schottky junction introducing spin-polarized electrons by
circularly polarized photoexcitation [242].

Tunnel diodes

Jonker’s group in the Naval Research Laboratory also inserted
a tunnel barrier at a ferromagnet/semiconductor interface to
achieve ballistic spin injection. A spin polarization of 30% at
4.5 K was measured in an Fe/Al,03/GaAs system [243]. Using
coherent tunnelling with an epitaxial MgO(0 O 1) barrier, a spin
polarization of 55% was achieved [244]. This leads to a spin
injection efficiency of 32% at 290K [245]. However, atomic
mixing across the MgO barrier during annealing to crystalize
the barrier needs to be prevented.
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Spin-polarized resonant tunnelling diodes (spin RTD)

A DMS has been used for a spin RTD in AIAs/GaMnAs/AlAs
[25] and BeTe/ZnMnSe/BeTe [246] structures. In the spin
RTD, spin orientations can be controlled by a gate voltage,
which relies on a giant Zeeman splitting of the Mn?* ions.

In 2000, Ohno et al have achieved a magnetic phase
transition by applying a bias voltage in an InMnAs layer
sandwiched within a FET [247]. A positive bias on the
gate created an electric field which repels holes, causing the
Mn magnetic moments to rotate randomly (paramagnetism).
A negative voltage generates an electric field which attracts
holes, causing the Mn magnetic moments to align along the
field direction (ferromagnetism). Although these phenomena
were only seen at 25K with a bias voltage of £125V, this
is a significant step towards the realization of three-terminal
spintronic devices. A similar effect in a metallic film is
discussed in section 4.2.

Spin injection into Si

Since Si has an indirect bandgap, poor spin injection is
expected [248]. It has also long been believed that intrinsic
spin polarization in Si is typically a few per cent at RT
and hence spin injection into Si is very difficult. Present
nano-electronic devices predominantly depend on Si-based
technology, indicating the importance of spin injection into
Si with high efficiency. A junction of Co/Al,O3/Si has been
used to demonstrate that the RA product can be tuned over eight
orders of magnitude by inserting an ultrathin Gd layer which
has a lower work function against Si [249]. Such tunability in
the RA product is very useful to realize a spin MOSFET, which
requires a narrow RA window against the Si doping density.

Spin injection into Si has been successfully demonstrated
by Jonker et al in an Fe/Al,03/n-Si with an LED structure
underneath [250]. As seen in figure 22, circular light
polarization of 5.6% at 20K (2.8% at 125 K) was measured,
indicating an injected spin polarization of approximately 30%.
Recently Dash et al demonstrated spin injection into Si at
RT [251], where the spin lifetime and diffusion length was
estimated to be 142ps and 230nm, respectively. These
experiments have opened the door to Si spintronics, which
possesses a significant advantage for the implementation of
spintronics into Si-based nano-electronics, e.g., spin-polarized
metal-oxide-semiconductor (MOS) FET, as described in
section 4.2.

Since then, many groups have been working on this topic.
In particular, Si has been reported to possess a very long spin
lifetime under optimum doping: up to 1.3 ns and 122 ps for
n- and p-doped Si at RT [252]. This allows the reduction
of the numbers of interconnections in the current multi-core
architectures [253] and hence is very advantageous for device
applications in addition to the perfect compatibility with the
current CMOS technology. The next step is spin injection
using a four-terminal configuration.

Similarly, spin injection into Ge has been investigated,
e.g., [254]. In particular, p-Ge has an advantage for spin-
polarized electrons to be injected through only a tunnel barrier
(without Schottky barrier formation), resulting a clear Hanle
signal at RT. Here it should be noted that the Hanle signal
is a negative MR induced by a small perpendicular magnetic
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Figure 22. Magnetic-field dependence of P, for the GaAs QW
free exciton in the EL spectra from the Fe/Al,O3/Si/AlGaAs/GaAs
QW/AIGaAs n-i-p structure. Py tracks the magnetization and
majority electron spin orientation of the Fe film, shown as the solid
line. The EL spectrum at 3 T and 20 K is shown in the inset,
analysed for o+ (red) and o — (blue) polarization. The main peak is
the free exciton at 1.54 eV from the 10 nm GaAs QW. Reproduced
with permission from [250], Copyright 2007 Nature.

field application, while the inverted Hanle signal is a positive
MR induced by an in-plane field. In three-terminal geometry,
therefore, the Hanle signal is only sensitive to the accumulated
spins under the injector, while the inverted Hanle signal is
sensitive to the interfacial roughness between the injector and
the NM layer due to the perpendicular component of the stray
field. This is very useful for spin-transistor device applications.

Spin-valve transistors

Monsma et al successfully produced a spin-valve transistor
(see figure 23) in 1995 [255], demonstrating large effects
due to both electron injection into the spin-valve from a
semiconductor across a Schottky barrier and ballistic electron
detection at the spin-valve/semiconductor interface. A metal
base consisting of [Co(1.5nm)/Cu(2.0nm)]4 was fabricated
by wafer-bonding in UHV and was sandwiched by a Si
emitter and collector. Since the CPP configuration is very
sensitive to a magnetic field, the transmitted current across
the structure can be controlled by applying a field. Due to
the complicated fabrication process, this device may not be
relevant for mass production. Another disadvantage is that the
gain (collector current/emitter current) is very small (~1073).
More recently, spin-polarized hot electrons have been injected
from CoggsFep 16 into a 10 um thick Si layer and detected
by a NiggoFep 2o layer which was also fabricated by wafer
bonding [256].
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Figure 23. Schematic diagram of a spin-valve transistor.
Reproduced with permission from [255], Copyright 1995 American
Physical Society.
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Figure 24. Schematic diagram of a magnetic tunnel transistor.
Reproduced with permission from [257], Copyright 2003 AIP
Publishing LLC.

Magnetic tunnel diodes

By replacing a spin-valve structure with a MTJ in the
spin-valve transistor, a very large magnetocurrent change
of over 3400% has been demonstrated in a magnetic
tunnel diode, as shown in figure 24 [257]. Hot electrons
were injected from the top Cu emitter into the bottom
GaAs base through a tunnel barrier in the structure which
was GaAs/C00,70Fe0_30/Cu/1\Ii0_g1Fe0.19/A1203/Cu. Here, the
transmission spin polarization can be as high as 95%.

Coulomb blockade diodes

By confining the current path into a lateral nano-bridge (30 nm
wide and 60 nm long), a clear Coulomb blockade has been
observed in a Co—Al-O granular film [258]. At slightly above
the threshold voltage of the Coulomb blockade regime, the
TMR ratio was reported to exceed 30%. This device used
NbZrSi as the injector and detector for the Coulomb blockade
nano-bridge. The structure was further modified into a vertical
Al/Co-Al-O/Co granular junction [259]. A bias-dependent
oscillatory behaviour of the TMR ratio was clearly observed
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at 4.2 K, the sign change of which occurs at the step-points of
the Coulomb staircase.

Nano-ring diodes

A nano-ring structure has the great advantage of forming
a stray-field-free magnetic configuration. Gallo et al [260]
proposed a spin FET with a split-nano-ring source and drain.
The nano-ring is set to be in the vortex state, assuring that
the source and the drain are antiferromagnetically coupled
with a separation below 50nm. Such a spin FET has been
demonstrated experimentally [261]. A 2 pum-diameter Fe
nano-ring with a 30nm gap in the middle was fabricated by
electron-beam lithography. Magnetic domains, both in vortex
and onion form, were observed by magnetic force microscopy,
confirming a similar magnetization reversal process to that in
a conventional nano-ring. This is the first step towards the
realization of a spin FET consisting of a nano-ring.

3.2.2. 1D lateral nano-wires. Significant effort has been
devoted to fabricating an all-metal transistor based on the GMR
effect. The first successful spin injection across NiFe/Au/NiFe
junctions was reported by Johnson [214], which can be
explained using GMR theory [262]. This finding led to the
realization of a Johnson transistor, as discussed in the previous
section. Even so, it was found to be very difficult to reduce the
distance between the two ferromagnetic electrodes to below
the spin diffusion length of the non-magnetic medium for
consistent operation.

Recent development in nanometre-scale fabrication
techniques has enabled the expansion of these vertical
GMR structures into a lateral configuration consisting of
ferromagnetic nano-wires and a non-magnetic nano-wire to
bridge over the spin injector and detector. In such alateral spin-
valve configuration, spin-polarized electrons can be injected
with an electron charge current (local geometry) and without a
charge current (non-local geometry). Initially, an asymmetric
multi-terminal geometry has been used to inject spin-polarized
electrons into an InAs 2DEG wire. However, only an AMR
effect at 4.5 K [220] or a very small signal (~0.2%) at below
10K [263] have been measured. By inserting a 2nm thick
oxide layer between the Fe and GaAs layers, around a 5%
change, dependent upon the magnetization orientations, has
been measured below RT [80]. This result turned out to be due
to the conductance mismatch, as discussed in section 2.3.1.

Non-local spin-valves

In 2000, Jedema et al re-energized spin-injection studies using
a non-local geometry, as shown in figure 25. Using the
non-local geometry, pioneering works have been carried out,
successfully demonstrating diffusive spin injection from a
ferromagnetic NigyFe,o nano-electrode, spin accumulation in
a non-magnetic Cu nano-wire and spin detection by another
NiFe nano-electrode. Spin polarization of the injected current
was a few per cent and the spin diffusion length in the
Cu was estimated to be 350nm at RT. A non-local contact
geometry was used to avoid the Hall effect inducing significant
voltages [264]. They have extended their study to ballistic
spin injection by inserting an Al-O tunnel barrier at the
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Figure 25. Geometry of our spin-valve device. (a) Scanning
electron microscope image of the device. (b) Device cross-section.
(c) The spatial dependence of the spin-up and spin-down
electrochemical potentials (u, dashed lines) in the Al strip. (d),
Output signal V/I as a function of the in-plane magnetic field B for a
sample with a Co electrode spacing L = 650nm at 7 = 4.2 K and
RT. Reproduced with permission from [265], Copyright 2002
Nature.

ferromagnet/non-magnet interface [265]. Accordingly, non-
local spin-valve systems have been extensively employed to
investigate efficient spin injection by minimizing interfacial
scattering in both diffusive contacts [266] and ballistic contacts
[267], and also by optimizing the junction area [268]. A
185 nm wide Ag nano-wire has then been employed due to
its longer spin diffusion length [269]. For a Py separation
of 300nm, a AR as large as 8.2m2 at 79K has been
reported.

In these devices, the junction resistance is a key parameter
in controlling interfacial spin polarization. To date, a 24% spin
polarization at a NiFe/Ag interface at 79 K [269] and 25% at
a Co/Au interface at 4 K are the best values achieved. This is
still only half of the expected value from ferromagnetic spin
polarization.
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Figure 26. Two-dimensional images of spin density n, and
reflectivity R, respectively, for the unstrained GaAs sample
measured at T = 30K and E = 10mV um~!. Reproduced with
permission from [273], Copyright 2004 Science.

Spin Hall effect

Non-local spin valves have also been used to detect both
spin Hall and inverse spin Hall effects, clearly indicating
the advantages of a lateral device configuration. A charge
current in a paramagnetic metal has been predicted to induce
a transverse spin imbalance without the application of a
magnetic field, resulting in a spin Hall effect [270,271]. A spin
current can also induce a spin Hall voltage without a charge
current or a magnetic field, i.e. an inverse spin Hall effect [272].
This is theoretically equivalent to an anomalous Hall effect in
a ferromagnet and originates from the spin-orbit scattering of
conduction electrons through skew and side-jump scattering.
A spin Hall effect of this type was first observed at the edges
of a GaAs semiconductor channel by magneto-optical Kerr
imaging, as shown in figure 26 [273]. This is a new method
to generate spin polarization as well as to manipulate electron
spins without the application of a magnetic field.

The spin Hall effect has also been detected in a nano-
wire lateral metallic spin-valve structure [274]. Here, a spin
current was injected into a 60 nm wide Al wire from a 250 nm
wide Cog goFeq 20 wire by the non-local method. The spin Hall
voltage was then measured at the other end of the Al wire.



J. Phys. D: Appl. Phys. 47 (2014) 193001

Topical Review

By employing a perpendicularly magnetized FePt layer and
an Au Hall bar, both spin Hall and inverse spin Hall effects
as large as 2.9 m<2 have been reported at RT for a separation
between the injector and detector of 70 nm [275]. Such a large
signal is very useful for the generation of spin polarization in
a non-magnetic material.

The spin-injection Hall effect, which is a transverse
voltage response to the local spin polarization of injected
charge carriers, has also been reported in a 2DEG photovoltaic
cell of GaAs/AlGaAs/GaAs [97].  The spin-dependent
photovoltaic effect resulting from this effect has been found
to convert the degree of circular polarization of light directly
to a voltage signal.

Spin Seebeck effect

Similar to the conventional Seebeck effect, a thermal gradient
in an FM/NM bilayer can induce the spin Seebeck effect [276].
By attaching Pt electrodes at both ends of a Nig g Feg. 9 strip
with a temperature gradient across the strip, spin-polarized
electrons with the opposite sign can be collected at both ends
dependent upon the direction of magnetization of the strip and
the temperature gradient. The structure is much larger than the
nanometre scale with dimensions of up to a millimetre. How-
ever, the essence of the effect can be understood by a 1D mod-
elling. A spin current is generated in the NM due to the thermal
non-equilibrium between magnons in the FM and conduction
electrons in the NM [277]. This effect converts thermal energy
into a spin voltage, which is another method to generate spin-
polarized electrons. Similarly, the spin Seebeck effect was
observed in a magnetic insulator [278]. This indicates that the
effect can be carried by spin waves even in an insulator. A spin
Seebeck voltage of ~15 uV was reported with a 25 K thermal
gradient across 6 mm. These systems can be used for thermo-
electric devices, which possess great potential to realize mag-
netic cooling and energy harvesting efficiently. Accordingly,
a spin Seebeck device concept has recently been demonstrated
by NEC and Tohoku University [279].

3.3. Spin-polarized spectroscopy

3.3.1. Spin-polarized scanning tunnelling microscopy
(SP-STM).  Spin-polarized scanning tunnelling microscopy
(SP-STM) was proposed in 1990 by Johnson and Clarke [280]
and Wiesendanger et al [281]. These reports were theoretically
supported by Molotkov [282] and Laiho and Reittu [283] in
1993. This technique uses a direct-gap semiconductor tip.
This is expected to be used to observe the surface magnetic
configurations with an almost atomic resolution.

Spin-polarized electron tunnelling from a Ni STM tip
into a GaAs substrate was first demonstrated by Alvarado and
Renaud [284]. The Ni tip is magnetized by an electromagnet
and is used as a spin injector. It scans over the sample surface
in its measurement state. Spin-polarized electron tunnelling
through the vacuum is detected as circularly polarized EL
signals in which the change is ~30% at RT. This value
corresponded to a minority electron spin polarization of
Ni(00 1) at the Fermi level. This suggests that minority spin
electrons provide the dominant contribution to the tunnelling
current.

24

After the first photoexcitation measurement by Prins
et al [90], modulated circularly polarized light has been used
to excite spin-polarized electrons in a semiconductor (e.g.,
GaAs). Although optically excited electrons are scattered
mainly at the semiconductor surface with back illumination
[285], Sueoka et al have demonstrated the possibility of
detecting spin-polarized signals by scanning a Ni STM tip
over a GaAs film with circularly polarized light shone through
an AlGaAs membrane [286]. Suzuki et al have performed a
similar observation by scanning a p-GaAs STM tip over a Co
film with back illumination through a mica/Au/Co film, and
have obtained magnetic domain images [287]. GaAs tips are
fabricated using photolithography and anisotropic etching to
prevent limitations due to facets {105}. A three monolayer
(ML) Co film exhibits perpendicular magnetization and shows
less than the MCD effect of 0.14%. This is much smaller than
the observed polarization response of about 10%. Polarization
modulation response images of the SP-STM show very good
agreement with MFM images. Inorder to avoid the MCD effect
and possible light scattering through the sample structures,
Kodama et al introduced photon helicity into a GaAs tip in the
vicinity of the sample, which is equivalent of front illumination
[288]. They detected a change of approximately 7% in -V
curves between right and left circular light irradiation of NiFe
films.

3.3.2.  Andreev reflection.  Similarly, by implementing
Andreev reflection and replacing the ferromagnetic STM tip
with a superconductor, surface spin polarization at the Fermi
level of various metals has been observed [50]. Due to
Andreev reflection, the spin polarization can be estimated from
the differential conductance of the point contact. The effect
was used to observe the half-metallicity of CrO, with a spin
polarization of 90 & 3.6% at 1.6 K. Even though this technique
is very sensitive to the surface spin polarization, it is commonly
used to evaluate the spin polarization of new ferromagnetic
materials such as Heusler alloys.

4. Future perspectives

Here, we identify seven major issues that need to be overcome
to design a new spintronic device and to advance the current
technologies, especially in their operation speed and efficiency.

4.1. Spin sources

The hybridization of a ferromagnetic metal with a
semiconductor offers the possibility of engineering the electron
spin DOS of the ferromagnet by tuning its lattice constant.
A TII-V semiconductor, in particular, has been utilized as a
template for the epitaxial growth of Fe and Co due to the
matching of the lattice constant. From the 1980s, by using
molecular-beam epitaxy (MBE), ferromagnet/semiconductor
direct interfacial properties, such as detailed growth modes,
self organization, interfacial spin scattering and the formation
of magnetic dead layers, have been widely investigated in,
for example, single-crystal Fe/GaAs and Co/GaAs hybrid
structures [289].
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Figure 27. (a) MR as a function of the magnetic field at 2 K (well

below the EuS 7¢) and (b) at 7K, and at 30 K (well above the EuS
Tc). Reproduced with permission from [292], Copyright 2013 AIP
Publishing LLC.

Magnetic semiconductors

The search for an applicable spin-filtering layer has
successfully produced very large TMR using a large Zeeman
splitting in the magnetic semiconductors EuO and EuS [290].
Spin filtering has also been reported using Europium and
Chromium calcogenides rock-salt, e.g., EuO and EuSe, and
the spinels, e.g., CdCr;S4 and CdCr,Se4 [291]. For example,
EuS shows a TMR ratio of up to 110% at 2K, as shown in
figure 27, which disappears above T¢c ~ 16.8 K [292].

Introduction of magnetic ions, typically Mn, into III-VI
semiconductors has been carried out to form a DMS since
the 1970s [293]. GaMnAs and InMnAs have been grwon
by Munekata et al [23] and Ohno er al [294]. However, the
Curie temperature is around 110 K with 5.5% Mn doping [295].
Recently it has been approaching RT (e.g., 250 K with §-doped
Mn : GaAs [296]), which may be used in devices in the near
future.

MBE-grown epitaxial DMS, such as (Ga,Mn)As and
Zn(Be,Mn)Se, have demonstrated highly efficient spin
injection into GaAs [26,27], which has been applied to the
realization of spin-polarized three-terminal devices: a spin
FET, a spin-LED (see figure 28) and a spin RTD. However,
DMS requires a large external magnetic field to induce Zeeman
splitting at low temperature (below RT). A recent report
demonstrated the possible operation of a bipolar magnetic
junction at RT [297], which has been theoretically predicted
[298] (table 3).
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Figure 28. (a) Electrical spin injection in an epitaxially grown
ferromagnetic semiconductor heterostructure, based on GaAs.

(b) Total EL intensity of the device (d = 20 nm) under forward bias
at temperature 7 = 6 K and magnetic field H = 1000 Oe is shown
(black curve) with its corresponding polarization (red curve).
Reproduced with permission from [231], Copyright 1999 Nature.

Half-metallic ferromagnets (HMF)

In order to exploit the 100% spin polarization induced
by spontaneous magnetization, HMFs are under intensive
investigation [299]. The HMF possesses a bandgap § at the
Fermi level Er only for its minority spins, achieving 100% spin
polarization at Er. Four types of HMFs have been predicted
so far, as shown schematically in figure 29: oxide compounds
(e.g., rutile CrO; [300] and spinel Fe;O4 [301]), perovskites
(e.g., (La,Sr)MnO; [302]), zinc-blende compounds (e.g., CrAs
[303] and MnAs [304]) and Heusler alloys (e.g., NiMnSb
[305]). Even though both CrO;, and Lag7Sro3MnO; have
been reported to show almost 100% spin polarization at low
temperature [300, 302], to date there has been no experimental
report of their half-metallicity at RT, which is required for
device applications.

Heusler alloys

Among these proposed HMFs, Heusler alloys hold the greatest
potential to realize half-metallicity at RT due to their lattice
constant matching with the III-V semiconductors and MgO.
They have high Curie temperatures 7¢ (above RT) and large §
at Ex. Heusler alloys are categorized into two distinct groups
by their crystalline structures: half Heusler alloys of the form
XY Z in the C1, structure and full Heusler alloys of the form
X,YZ in the L2; structure, where the X and Y atoms are
transition metals, while Z is either a semiconductor or a non-
magnetic metal [305,306]. The unit cell of the L2, structure
consists of four face-centred cubic (fcc) sublattices, while that
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Table 3. List of major spin-polarized three-terminal devices.
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Figure 29. Schematic diagrams of half-metallic structures.

of the C'1,, structure is formed by removing one of the X sites.
In the Heusler alloys, half-metallicity is known to be fragile
against atomic disorder. For the L2; structure, when the Y and
Z atoms exchange their sites (Y—Z disorder) and eventually
occupy their sites at random, the alloy transforms into the B2
structure. In addition, X-Y and X-Z disorder finally leads to
the formation of the A2 structure.

The recent excitement in this field has been triggered by
Block et al, who measured large negative magnetoresistance at
RT in a quarternary full Heusler Co,Cry ¢Feg4Al alloy [307],
which proves the controllability of the spin DOS of the full
Heusler alloys by substituting their constituent elements. They
reported —30% MR at RT with pressed powder compacts,
which act as a series of MTJs. As a result, many attempts have
been made to utilize these alloy systems to achieve large MR.
Also the first TMR using a B2 sputtered Co,Cry ¢Feg 4Al film
has been reported to be 26.5% at 5 K (16% at RT) by Inomata et
al[308]. This alloy film with L2, ordering has then been grown
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fully epitaxially for the first time and has been implemented
into a fully epitaxial MTJ [309]. The TMR ratio has later been
increased to over 100% at RT using a MgO barrier [310]. In
such MTJs, the oscillatory behaviour of tunnelling resistance
has been found to be enhanced as compared with the coherent
tunnelling with conventional ferromagnets [311], which is
independent of temperature.

Recently, an MTJ with an epitaxial L2; Co,MnSi film has
been reported to show very large TMR ratios of 70% at RT and
159% at 2 K [312]. These are the largest TMR ratios obtained
in an MTJ with a Heusler alloy film and an Al-O barrier. The
TMR is purely induced by the intrinsic spin polarization of the
Heusler electrodes, which is different from an MTJ with an
oriented MgO barrier, where a TMR ratio of 386% has been
achieved at RT (832% at 9 K) for Co,FeAly5Sigs [313]. The
TMR ratio reported here is the highest ever in an MTJ with a
Heusler alloy film but with the assistance of coherent tunnelling
through an oriented MgO barrier. In addition, an MTJ using
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Figure 30. Recent development in a TMR ratio.

epitaxial Co,Fe(Al,Si) films with an epitaxial MgO barrier has
been found to double the TMR ratios, with values as high as
150% at RT and 312% at 7K [314]. This rapid decrease in
the TMR ratio with increasing temperature does not follow
the temperature dependence of the magnetization, which is
known empirically to follow T3/2. This suggests that a small
fraction of atomically disordered phases cannot be ignored
in spin-polarized electron transport at a finite temperature.
The elimination of these disordered phases, especially near
the barrier interface, should improve the TMR ratio further
and realize half-metallicity at RT. Compositional analysis has
shown that Si phase segregation occurs at the surface of
Co,MnSi sputtered films after annealing and is independent of
the grain size [315]. Such minor phase segregation is difficult
to detect and characterize by macroscopic measurements, such
as magnetization measurements and XRD, as bulk properties
dominate the signals, especially for the case of epitaxial
films. In addition, a half-metallic bandgap at RT has been
demonstrated in the same Heusler alloy system [316,317],
showing the potential of Co-based Heusler alloys to realize
absolute half-metallicity at RT. This could lead to an infinite
TMR ratio at RT (see figure 30).

Accordingly, an attempt has been made to utilize a
Co,FeSi layer to inject spin-polarized electrons into GaAs
[318]. However, the measured spin polarization of the
circularly polarized light emission was only 15-20% at 20 K.
In addition, a fully epitaxial CPP-GMR device, consisting of
Co,MnSi/Ag/Co,MnSi, exhibits a maximum GMR ratio of
36.4% at RT [319].

The Gilbert damping constant for Heusler alloys, which
defines the switching speed of the magnetization precession
as discussed in section 4.4, is expected to be small because
of the weak spin—orbit interaction and low spin DOS at Ef.
Experimentally, the Gilbert damping constants of Co,MnSi
and Co,FeSi films are found to be 0.005 and 0.02, respectively
[320]. These are similar to those of NipgFep,, and are
independent of the atomic ordering. This fact implies that
the magnetization of Heusler alloys relaxes on nanosecond
timescales, which will be crucial for the fast operation of an
MRAM device and a GHz oscillator.

F€3Si

DO0s-ordered Fe;Si is well known as a ferromagnetic Heusler
alloy with a high Curie temperature (>800K) and a spin
polarization of ~45% [321]. Despite the relatively low spin
polarization, Fe;Si is an ideal candidate for injecting spin-
polarized electrons into Si due to the perfect lattice match.
An epitaxial Fe;Si film has been successfully grown on a
GaAs(001) [322] and exhibits a magnetic moment of (1.11 &
0.01)up per atom at RT, which agrees well with the bulk value.
Using the Andreev reflection, the spin polarization of the film
was estimated to be (45 £ 5)%. An Fe;Si layer has also been
grown epitaxially on a Si(1 1 1) substrate showing a magnetic
moment of ~3.16up per formula unit (fu.) at RT [323].
The Schottky characteristic across the interface achieved the
ideality factor of ~1.08 due to the very sharp interface.

Perovskites

Perovskites, such as (La,Sr)MnQOj, exhibit both strong
ferromagnetism and metallic conductivity with the partial
substitution of La®* jons with 2* ions such as Ca, Ba, Sr, Pb
and Cd [324,325]. Since only one spin band exists at the
Fermi energy (EF) in these films, 100% spin polarization can
be achieved. Using these materials instead of a conventional
ferromagnet, a very large MR of ~150% at RT has been
observed [326]. This is known as colossal magnetoresistance
(CMR). Using Mn-perovskite thin films, a TMR ratio of
up to 450% has been reported, but only below the Curie
temperature [327]. CMR can be induced either by breaking
the insulating symmetry of Mn** and Mn** alternating chain
or by suppressing spin fluctuation near 7c.

Rutiles

Using Andreev reflection, CrO, has been proven to show
a half-metallic nature at low temperature as suggested by
ab initio calculations [328]. CrO, has a tetragonal unit
cell with a magnetic moment of 2.03ug/f.u. at 0K [329].
The ferromagnetism of CrO, appears below 391 K [330].
Above this temperature, another phase of Cr,O3; is known
to show antiferromagnetism, which is the major cause of the
reduction of the half-metallicity. Highly-ordered CrO; films
are predominantly grown by CVD [331].

Spinels

The most commonly studied oxide of Fe is Fe;04, which has a
magnetic moment of 4.1up/f.u. [332]. The Curie temperature
is ~850 K and the Verwey temperature is 123 K. Spin-resolved
photoemission experiments show that Fe;O, exhibits a spin
polarization of up to —80% [333]. Very high spin polarization
has also been suggested by the measurement of an MR ratio
of over 500% through a nano-contact [334]. Epitaxial Fe;O4
films have been grown by various techniques, including MBE
under an oxygen atmosphere, magnetron sputtering and laser
ablation [331].

By replacing one of the Fe ions with a divalent metal ion,
e.g., Mn, Co, Ni etc., a ferrite can be formed [331]. Pénicaud
has predicted half-metallicity in Mn, Co and Ni ferrites [335].
In particular, NiFe,O4 shows a bandgap in the majority band,
indicating that this compound can become an insulator or semi-
metallic half-metal.
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Other oxides

Another interesting oxide is metal-doped TiO, [336]. By
replacing Ti with Co at a level up to 8%, a transparent
ferromagnet has been successfully fabricated with a magnetic
moment of 0.32up/f.u. at RT. This film also shows 60% MR at
2 K. Most of these oxides have their 7¢ below RT, which means
that they cannot be used as spin sources for future devices
operated at RT.

Materials with perpendicular magnetic anisotropy

In an MRAM cell, perpendicular magnetization requires lower
energy for the reversal due to the lower potential barrier
formation as compared with in-plane magnetization switching
via an intermediate state between in-plane and plane normal. It
is therefore critical to use perpendicularly magnetized FM for
the spintronic devices, which also reduces the stray field from
the FM layer and their cross-talk with the neighbouring cells.

FePt with L1y ordering shows the largest uniaxial
anisotropy of 7x 107 erg cm ™~ perpendicular to the plane [337].
The spin polarization of FePt is expected to be approximately
70% [338]. This is an ideal material for perpendicular record-
ing mediain an HDD. Great efforts have therefore been devoted
to growing L 1y-ordered FePt films. Initially, substrate heating
during the film deposition followed by annealing at 600 °C was
widely used in order to transform the initial face-centred cubic
(fcc) disordered structure, which has in-plane anisotropy, into
the L1y phase [339]. However, this process induced island
growth and led to a very rough surface [340]. Lower tem-
perature growth was later optimized [341] and the epitaxial
growth of both FePt(00 1) and FePt(110) onto MgO(00 1)
and MgO(1 10) substrates was successfully achieved.

L1y-ordered FePt films have been implemented in both
TMR [342] and GMR [338] junctions. Mitani et al fabricated
an MTJ with an L1y-FePt/Al-O/FeCo structure, having a
TMR ratio of 18% at RT (40% at 4.2K) [342]. Using
Julliere’s model [17], they estimated the spin polarization of
the FePt layer to be 33%. For FePt/Au/FePt GMR nano-
pillars, STT has been demonstrated systematically by tuning
the crystalline order of the FePt layer. The disordered fcc
phase shows in-plane anisotropy and is used as a conventional
reference. However, the L1j-structure has been used to
introduce a perpendicular magnetization in a nano-pillar. By
combining these two different FePt structures, STT with a
90° magnetization configuration has been demonstrated by
Seki et al [343], Mangin et al [344], and Meng and Wang
[345], which is expected to achieve ultrafast magnetization
switching [346]. As shown in figure 31, a GMR nano-pillar
with the structure L 1(-FePt/Fe/Au/FePt/Fe/Au/FePt shows a
perpendicular anisotropy of 6.7 x 107 erg cm ™3 and a critical
current density of (5-6) x 107 A cm~2. This is almost one order
of magnitude smaller than the conventional in-plane nano-
pillar [343].

Recently, an epitaxial Mn; 5Ga film has also been found
to exhibit strong perpendicular magnetic anisotropy (Kperp =
1.2 x 10" ergem™3) with small saturation magnetization
(Ms = 250emucm™?) at RT [347]. This alloy system can
also be used as a perpendicular magnetic medium.

It has also been reported that CoFeB/MgO shows per-
pendicular anisotropy [348]. This is induced by the perpen-
dicular magnetization components of the CoFeB at the MgO
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Figure 31. Resistance as a function of current pulse (/,) measured
at 77K for a 90° configuration and the conventional type. Solid and
open circles are the data for the 90° configuration and conventional
type, respectively.

interface. The STT-CIMS has also been demonstrated using a
CoFeB/MgO/CoFeB stack with the TMR ratio over 120% and
the switching current of 49 ©A at a 40 nm-diameter junction.
This may be the best building block for the MRAM cell.

4.2. Gate operation

Electric field operation

Gate control of the spin—orbit interaction in InGaAs was
demonstrated by Nitta et al, as shown in figure 32 [349].
This is clear evidence of the controllability of the spin—orbit
interaction in a 2DEG by an electric field through a Rashba
Hamiltonian. These workers have observed Schubnikov—de
Haas oscillations in an Ing 53Gag 47As/Ing 5o Alg 43 As QW as a
function of a gate voltage. Therefore, it is crucial to employ a
semiconductor with a large spin—orbit interaction coefficient.

Recently, full gate-voltage operation has been demon-
strated [350]. By applying a few V (up to £3 V), a uniform
oscillation was measured in a non-local geometry below 40 K.
This result has unambiguously proven a gate operation by an
electric field.

Using a 0.55 ns voltage pulse, Shiota et al demonstrated
voltage-induced magnetization reversal in a Ni gFe( ,/MgO/Fe
nano-pillar junction [351]. Their method achieved a signifi-
cant reduction in magnetization-reversal energy to as low as
5 x 10717 J. It should be noted that the applied voltage controls
the surface magnetic anisotropy due to the screening effect by
conduction electrons in the ferromagnet. The applied voltage
is theoretically predicted to change the number of electrons at
the Fermi level, resulting in the increase of an orbital moment
along a preferred direction [352]. The effect was reported to
be increased by the factor of two using ionic liquid [353]. In
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Figure 32. (a) Sketch of the device with interdigital ferromagnetic
contacts connected to 2DEG channels. (b) Cross-sectional view of
the junction and (c) top scanning electron microscopic (SEM) view
of adevice with L = 1.8 um, W =2 um, F1 = 2 um and
F2=3pum. AR(B)/R, measured (e) for a device with 14 parallel
units and L = 0.45 um at different temperatures (the Ry of this
device is about 100 €2). Reproduced with permission from [349],
Copyright 1997 American Physical Society.

addition, in an ultrathin Co film, a change in the Curie temper-
ature was reported by applying an electric field [354], which
may be used in a spin-torque transistor.

Spin-polarized metal-oxide-semiconductor field effect transis-
tor (spin MOSFET)

In order to implement spintronic devices into current Si-based
technology, a spin-polarized metal-oxide-semiconductor field
effect transistor (spin MOSFET) has been proposed [355]. For
the case of a conventional device, a transmittance from an
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Figure 33. Scanning electron micrograph of the nano-ring spin
operator.

emitter to a collector a(= Jc/Jg), where Jc is the collector
current density and Jg is the emitter current density, is typically
less than 0.1%, leading to a current amplification factor S[=
a/(1 — «)] to be much smaller than 1. This clearly indicates
that neither current nor voltage amplification for spin-polarized
carriers can be achieved. This prevents the formation of a spin-
polarized logic circuit. For the proposed spin MOSFET, a gate
can amplify both a spin-polarized current and voltage with
excellent compatibility with Si technology. The drain current
density (Jp) has been calculated to be enhanced by almost two
orders of magnitude for a parallel magnetization configuration
between the emitter and the collector, as compared with the
antiparallel case. In addition, a reconfigurable logic circuit
can be designed with a spin MOSFET by connecting the gate
to a word line, the source to an earth and the drain to a bit
line. Such a circuit offers a very simple cell design based
on one spin MOFET as a unit cell. This has a significant
advantage over an MRAM device, due to its small fabrication
scale and its simpler structure as compared with the current
MRAM cell designs. Such a device, consisting of as little as
ten spin MOSFETS, forms a two-input symmetric function for
a logic device, which is similar to a neuron MOS [356].

Magnetic field operation

A lateral spin-valve structure has been fabricated using a non-
magnetic Cu nano-ring in order to split a diffusive spin-current
path for operation (see figure 33) [357]. By providing Larmor
precession independently to each spin path with respect to the
distance from a dc current path, this introduces a perpendicular
Ampere field and acts as a gate in a three-terminal device.
The difference in the non-local signals between the parallel
and antiparallel configurations gives ~10% decrease with a dc
current of i3 = 60 mA. This is equivalent to a perpendicular
field of 15mT for a separation of 250 nm between the dc
current path and a nano-ring with an outer diameter of 320 nm
and an inner diameter of 70nm. For a 180° phase shift,
a perpendicular field of 175mT is estimated to be required
for this device. The calculation can also be applied to a
semiconductor nano-ring for magnetic-field operation. It is
therefore important to minimize the dimensions of the device
to operate a spin-polarized electron current effectively.
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Figure 34. Calculated results of the spin polarization of the tunnel
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contacts with the depletion layer thickness of 200 ML and various
values of the Schottky barrier height Ag. The vertical lines
correspond to the energy £ — Ec¢ (Ec: bottom of the conduction
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American Physical Society.

Interface resonant states

Dery and Sham [358] proposed a spin switch using spin
filtering through localized electron states in a heavily doped
semiconductor. In their model, s conduction electrons tunnel
through a Schottky barrier and carry positive spin polarization
into a ferromagnet. Localized d electrons transfer negative
spin polarization, as the spin DOS for the down spins at
Er is larger than that for the up spins. Chantis et al [359]
also predicted negative spin polarization in a range of bias
voltages across an Fe/GaAs (8 ML)/bcc Cu structure due to the
formation of interface resonant states for down spin electrons
formed at the interface with the Fe layer. Since the spin
polarization is found to be dependent upon the photoexcitation
energy, anew model has been proposed by Honda et al [360]. It
is shown that band matching of resonant interface states within
the Schottky barrier defines the sign of the spin polarization of
the electrons transported through the barrier. The predictions
agree very well with experimental results including those for
the tunnelling of photoexcited electrons [242] and suggest that
spin polarization (from —100% to 100%) is dependent on the
Schottky barrier height (see figure 34). They also suggest that
the sign of the spin polarization can be controlled with a bias
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voltage. A recent report [361] further confirms that the abrupt
Fe/GaAs interface does not form an interfacial resonant state
(IRS), while partially intermixed ones form IRSs. This finding
provides a way to fabricate a spin FET with a consistent and
reproducible spin polarization of an injected current.

Using equation (10), the electric-field operation requires
further improvement in the spin—orbit interaction constant 7
to achieve a realistic spin-transistor design. For magnetic
field operation, as the spin modulation by the Hanle effect
has already been demonstrated in non-local spin valves
[221,267], this technique may also be a promising method
to modulate spin-polarized electrons in the non-magnetic
medium. However, further miniaturization is crucial in order
to implement a source of a magnetic field into the three-
terminal devices. This should be able to be achieved by further
improvement in nanofabrication techniques. For interfacial
control, a clean and sharp interface is essential, which also
requires further improvement in film growth techniques.

4.3. Spin current/voltage amplification

In a spin MOSFET made with an HMF, magnetocurrent
amplification has been proposed theoretically, as shown in
figure 35 [362]. A magnetocurrent ratio, the difference in drain
currents between the parallel and antiparallel configurations
which is divided by the drain current in the antiparallel
configuration, is calculated to exceed 10'° with a small drain—
source voltage of 0.1 V. According to this proposal, a spin
MOSFET can also satisfy the scaling merit and give low
voltage operation.

As shown in figure 36, a spin logic device, consisting
of a semiconductor nano-wire with multiple ferromagnetic
contacts, has been proposed to achieve fast and reconfigurable
logic [363]. This is based on interconnected spin MOS
junctions for data operation to maximize spin accumulation.
Such a device is calculated to rotate the magnetization in 10 ns
under a bias voltage of 0.5 V.

Even though the distance travelled by spin-polarized
electrons in a non-magnetic medium should be within the spin
diffusion length, it is crucial to develop a method to amplify
the spin-polarized current or voltage. Especially for the case
of a non-local spin-valve, the magnitude of the spin current
introduced into the medium is estimated to be three orders of
magnitude smaller than the originally injected spin-polarized
(charge and spin) current. Therefore, spin amplification must
be implemented to improve both the signal-to-noise ratio and
the power consumption.

4.4. High-frequency oscillators

In order to integrate spintronic devices into current Si
technology, which is operated at over 3 GHz, or to even
improve on it, spin operation at a few GHz is required. As
a first step towards high-frequency operation, both the fast
settling of spin oscillation, which is defined by a damping
constant, and the fundamental spin dynamics in devices need
to be investigated.
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Vbs = 1.5V for #,, = 2.0, 2.5 and 3.0 nm. Reproduced with
permission from [362], Copyright 2004 AIP Publishing LLC.

Damping constant

Ferromagnetic resonance (FMR) has been measured for a
permalloy film [364]. The Gilbert damping constant was
measured to be of the order of 10® s~! and was found to depend
on the thickness of a Cu capping layer. This small value of
the damping constant (~0.02) is an important parameter for
the reduction of the switching current. Magnetization reversal
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still has a significant advantage over current Si technology due
to its reversal speed which is in the femtosecond region [365].
A focused circularly polarized beam (100 um diameter and
40fs pulse) has been used to reverse the magnetization of a
Gd22F674.6C03_4 film.

A small Gilbert damping constant is essential for high-
frequency operation. To date, permalloy films have been used.
However, Heusler alloy films also have a similar damping
constant to permalloy and may have more advantages due to
their very large spin polarization of 100% in theory.

Nano-pillars
In an STT nano-pillar, microwave oscillation has been realized
due to the angular dependence of the STT without the
application of an external magnetic field [366,367]. The
nano-pillar consisted of a stack of Nigg;Fep 9 (4nm)/Cu
(10nm)/Nig g1 Fep 19 (15nm) and showed a frequency-
dependent STT, as shown in figure 37. Similarly, for
a spin-valve nano-pillar of a structure of NiggiFeo 9
(5 nm)/Cu (40 nm)/Nig g; Fey. 19 (60 nm), microwave oscillation
has been reported in the frequency range between 300 kHz
and ~1.1GHz. High-frequency operation has then
been extended to a MTJ formed from a nano-pillar
of Cog goFen.20B0.20/MgO/Cog soFen20Bo2o to demonstrate
microwave generation in the vicinity of 7GHz [368] and
3-8GHz [369]. The frequency of these devices can be
controlled by a bias current or a bias voltage. However, even
though extensive efforts have been devoted to this area, the
linewidth of the microwave oscillation in an MT]J is still of the
order of ~100 MHz, which is much wider than that required for
device applications. Typically a Q-factor of 10 000 is required
for reliable device operation, leading to a linewidth of <1 MHz.
These devices also have an output power of ~0.1 uW, which
is three orders of magnitude larger than conventional GMR-
based oscillators.

By reversing these microwave oscillations induced by
a dc current, i.e. applying a microwave ac current, a dc
voltage was observed to be generated in nano-pillar junctions
[370,371]. Thisis called the spin-torque diode effect and takes
the maximum at the resonant frequency. This effectcanbeused
in a microwave detector with very high sensitivity.

Magneto-optical Kerr imaging has been employed to
observe spin dynamics in GaAs [372]. Time-resolved spin
dynamics in GaAs, which is introduced by the extrinsic
spin Hall effect, was measured magneto-optically. A single
homogeneous spin decoherence time has been determined in
GaAs, which is responsible for the limitation of high-frequency
spin dynamics at the sample edges.

Vortex oscillators

Vortex core oscillation has been reported in the frequency range
between 300 kHz and 1.1 GHz in a structure of Py (60 nm)/Cu
(40 nm)/Py (5 nm) nano-pillars [373]. The electrical switching
of a vortex core has also been demonstrated with an ac current
in a 50 nm thick Py disc with a diameter of 1 um [374].

In theory, these ferromagnetic discs and FM/NM/FM
stacks can be operated at almost the FMR frequency of ~
a few GHz, which can be better than the current Si-based
devices. In preliminary demonstrations, a point contact can
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contacts are heavily doped. Reproduced with permission from [363], Copyright 2007 Nature.
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Figure 37. Microwave power spectra for the Co (8 nm)/Cu

(10 nm)/Py (8 nm) nano-pillar for an applied field close to zero
(H,pp = 2 Oe) at different currents corresponding to the coloured
symbols in the inset. Inset: dV/dI versus I for H,,, = 2 Oe.
Reproduced with permission from [366], Copyright 2003
Nature. Figure 38. Schematic diagram of a proposed racetrack memory.
Reproduced with permission from [379], Copyright 2010 The
American Association for the Advancement of Science.

realize a very large Q-factor for the frequency-dependence of
the power spectral density [375]. However, by patterning the
ferromagnetic layer or the entire GMR/TMR stack into anano- ~ position after wall motion is induced by a current. Since
pillar or disc, the Q-factor decreases significantly due to the a vortex-like component in the wall can induce the random
presence of the edges. In order to overcome this issue, a new movement of the wall after the current injection, a step-like
design needs to be developed. motion is required for memory applications. At this stage,
wall motion at a speed of 100ms~! under a current density
of 2 x 10'> Am~2 has been achieved [377,378]. This type
of DW motion has been implemented into an MRAM device
The DW displacement discussed in section 3.1.4 can also be  to switch the magnetization in the free layer of a bit, which
used to produce a racetrack memory, as shown in figure 38  has been demonstrated by NEC with a wall separation of 45 to
[58,376]. This memory, originally proposed by Parkin, 60nm [379].

potentially extends a device structure into a 3 D configuration. In order to achieve fast read/write operation, the DW
Experimentally, the DW needs to be pinned at a precise motion, dependent upon the current-pulse width, has been

4.5. 3D racetrack memories
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Society.

studied [380,381]. Thomas et al have observed the
amplification of the DW oscillation, even after pulsed current
injection. By carefully matching the time constants of these
phenomena, they have reported the possibility of reducing
the critical current density for DW motion using numerical
calculations. During the DW motion, there are known to be
complex oscillatory motions depending on the shape of the
vortex components of the DW [382]. By tuning the current
pulse, a coherent and reproducible smooth motion of the DW
has been achieved.

In order to realize the operation of a racetrack memory,
micro- or nanometre wide ferromagnetic wire needs to be
fabricated either with very smooth edges, which ensures
uniform DW displacement, or with periodical DW traps at the
edge. Itis also crucial to fabricate these wires in the shape of a
‘U’ figure, as shown in figure 38. These requirements are very
severe for current nanofabrication techniques.

A similar concept was utilized in a magnetic ratchet
[383], where magnetic domains are shifted as data bits in a
multilayered vertical wire. There have also been great efforts
to employ a skyrmion [384] and magnon [385] instead of a
DW, which are expected to warrant reproducible motion by a
lower current density as compared with the studies described
as above.
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Figure 40. (a) Scanning electron micrograph of a device identical in
design to the one measured, with schematic ovals indicating
locations of dots upon gate depletion. (b) Differential conductance
dI/dVy, of the left dot for an odd number of electrons, N. When the
right dot contains an even number of electrons (M =+ 1), a zero-bias
peak in d/ /dVy is seen, indicating a Kondo state. Reproduced with
permission from [397], Copyright 2004 The American Association
for the Advancement of Science

4.6. Topological insulators

Topological insulators are a new class of materials allowing
an electron flow at the surface, while prohibiting that in
the bulk region [386]. This is due to the formation of the
Dirac point (2D) or cone (3D) between the valence and
conduction bands. At the Dirac point in a 2D system,
up- and down-spins flow in the opposite directions, where
an impurity cannot induce the backscattering of these spin-
polarized electrons. This minimizes the energy loss of a
spin-polarized current, realizing a device with low-power
consumption. This phenomena can be observed as a spin
Hall effect and was first predicted in graphene [386]. The
first experimental measurement of the spin Hall effect was
reported on Hg,_ . Cd,Te/HgTe/Hg,_.Cd,Te QW [387]. Fu
et al then formalized the criteria to become a topological
insulator [388]. By introducing ferromagnetic atoms at the
surface of the topological insulator, electrical-gate-controlled
magnetism was demonstrated in Mn,Bi,_,Tes_,Se, [389].
Such a system can offer a fundamental building block for an
impurity- or defect-resistant spintronic memory.
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4.7. Quantum spintronic devices

Ballistic magnetoresistance (BMR)

A ballistic magnetoresistance (BMR) of 280% was first
discovered in Ni nano-constricted point contacts, as shown
in figure 39. These consist of a chain of atoms, under an
applied field of 120 Oe at RT, reported by Garcia et al [390].
In such a system, the conductance is found experimentally to
be quantized as integer multiples of 2/ h(= G(/2), where the
factor of two corresponds to the spin degeneracy as compared
with those made of non-magnetic materials [391]. BMR has
been explained theoretically to be induced by spin-dependent
electron transport across a confined magnetic DW trapped at
the point contact [392-394]. The length scale of such an abrupt
change of magnetization direction at the DW is much shorter
than that for conventional Bloch and Néel walls. However,
these point contacts are normally fabricated by pulling off both
ends of two bulk electrodes across the contact, which leaves
the possibility of MR induced by magnetostriction [395].
Recently, distinct non-linear current-voltage behaviour has
been reported only in a ferromagnetic point contact without
applying an external magnetic field. This proves the intrinsic
presence of BMR [396]. However, a reproducible sample
fabrication process needs to be established for future device
applications.

Spin-polarized QDs

In the Kondo regime, the control of spin states has been
demonstrated by applying a non-local voltage into a QD (see
figure 40) [397]. Magnetic impurities in QDs can be treated as
a Kondo system [121]. Two QDs were designed to be coupled,
which was suppressed and split by changing the number of
electrons trapped in the dot non-locally. This technique may
be applied to future quantum data processing systems.

These quantum spintronic devices are still under
development. At the moment most of the devices can
only be operated at very low temperatures; however, the
operating temperature is expected to be increased by further
miniaturization and improvements in design.
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5. Concluding remarks

After the implementation of GMR into an HDD read head,
device applications have been driving spintronic research
for over two decades, as summarized in figure 41. Recent
progress further enables us to demonstrate spin memories and
spin transistors, both of which are expected to be applied to
devices. The spin memories utilize spin-polarized electron
(hole) transport, while the spin transistors employ spin—orbit
interactions as described to be Mott- and Dirac-type devices,
respectively, in [398]. In this article, both the physical
principles and device designs have been reviewed. Future 3 D
and quantum spintonic devices need to be developed.
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