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Abstract

Spintronics is an emergent interdisciplinary topic for the studies of spin-based, other than or
in addition to charge-only-based physical phenomena. Since the discovery of giant
magnetoresistance (GMR) effect in metallic multilayers, the first-generation spintronics has
generated huge impact to the mass data storage industries. The second-generation spintronics,
on the other hand, focuses on the integration of the magnetic and semiconductor materials and
so to add new capabilities to the electronic devices. While spin phenomena have long been
investigated within the context of conventional ferromagnetic materials, the study of spin
generation, relaxation, and spin-orbit coupling in non-magnetic materials took off only
recently with the advent of hybrid spintronics and it is here many novel materials and
architectures can find their greatest potentials in both science and technology. This article
reviews recent progress of the research on a selection of hybrid spintronic systems including
those based on ferromagnetic metal (FM) and alloys, half-metallic materials, and two-
dimensional (2D) materials. FM and alloys have spontaneous magnetization and usually high
Curie temperature (7¢), half-metallic materials possess high spin polarization near the Fermi
level (E£F), and the 2D materials have unique band structures such as the Fermi Dirac cone and
valley degree of freedom of the charge carriers. Enormous progress has been achieved in
terms of synthesising the epitaxial hybrid spintronic materials and revealing their new
structures and properties emerging from the atomic dimensions and the hetero-interfaces.
Apart from the group-1V, IlII-V, and II-VI semiconductors and their nanostructures, spin
injection and detection with 2D materials such as graphene, transition-metal dichalcogenides
(TMDs) and topological insulators (TIs) has become a new trend and a particularly interesting
topic due to either the long spin lifetime or strong spin-orbit coupling induced spin-
momentum locking, which potentially leads to dissipationless electronic transport.
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1 Introduction

Spintronics, also known as spin electronics, is an exciting topic of physics and electronics. It
studies spin-based, other than or in addition to charge-only-based physical phenomena, which

promises not only new capabilities of electronic devices, but also interesting science [1-5].

Since the middle 20™ century, the semiconductor (SC) based electronics industry has
followed the famous Moore’s law that the number of transistors per square inch increases
exponentially, i.e., doubles every eighteen months [6]. However, this trend is about to hit a
limit within the next decade when the computing units enter the regime of nanometer scale
and the quantum mechanism starts to dominate. One of the uppermost problems that restrict
further device minimization is the electron tunneling effect. When the length of gate is scaled
down to about 3 nm, which can be predicated if the Moore’s law applies, considerable
leakage current from the source to drain can occur. Another issue is the growing power
density in circuits, leading to the ever-increasing operation temperature. This heating effect
has serious consequences for the reliability and controllability of the shrinking transistors. To
engineer new transistors and electronic circuits that can break through the physical limitations
has been the major challenge of the contemporary IT industry. Spintronics is involved in this
subject by offering novel material/structure candidates, where the spin of electrons can be
utilized as an extra degree of freedom for data processing. The progress of the electronics
technology from the vacuum tube, to Si-based transistors and then the spintronics is
illustrated in Figure 1. Such spin-based devices are expected to present abundant desirable
properties including high processing speed, low power consumption and non-volatile memory

storage capabilities.

Meanwhile, the spin-based or related phenomena themselves are valuable subjects for
fundamental physics and material science. Spin has been generally accepted as an intrinsic
form of angular momentum carried by elementary particles, composite particles, and atomic
nuclei. However, a comprehensive description of spin, spintronics and their related
phenomena, such as spin scattering, spin transfer, spin wave and spin-orbital interactions, is
still physically and mathematically subtle. Much research effort in this field has been inspired
by the earliest proposed spin-field-effect transistor (spin-FET) by Datta and Das in 1990 [7].
Such a prototype ferromagnet (FM)/SC hybrid device exhibits magnetic source and drain for
injecting and detecting spin-polarized electrons. Transport of electron spins is confined in a
non-magnet channel where, on one hand, a gate voltage can be applied to lead to spin
precession via the Rashba-type spin-orbit interaction [8], and, on the other hand, the relative
magnetization directions in the source and drain provides another means to dominate the

conductivity in the device when there is no bias from the gate. This three-terminal spin



transistor is extremely intriguing in the sense that it relies on the mainstream SC technology
and is structurally similar to that of a conventional transistor but has a very different working
mechanism, which will be discussed in the following sections. Here the fabrication of well-
defined FM/SC hybrid interfaces with controllable magnetic properties for the spin
injection/detection processes is generally regarded as one of the most crucial and challenging

steps to realize functional spintronic devices.

Given their fundamental and technological importance, this article aims to serve as a
comprehensive review covering the key aspects, i.e. growth, structure and properties, and
most updated progress of the field of hybrid spintronic materials. The rest of this article is
organized as below. Section 2 gives an overview of the emergence and history of spintronics.
Various representative SC-based hybrid structures with FM metals and alloys are presented in
section 3, and those with half-metallic materials including magnetite and Heusler alloys in
section 4. Section 5 is devoted to more exotic hybrid spintronic structures with two-
dimensional (2D) materials covering graphene, transition-metal dichalcogenides (TMDs) as
well as topological insulators (TIs). The concepts of spin-FET and conductivity mismatch,
and recent experimental realization of spin devices with conventional SC and 2D materials
are presented in section 6. Finally, we conclude the essential issues of this fast-expanding

field and give an outlook of the future research in section 7.
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2 The Development of Spintronics
2.1 GMR in metallic multilayers: the first generation spintronics

The rise of spintronics can be marked by the discovery of the giant magnetoresistive (GMR)
effect in 1988 by A. Fert [9] and P. Griinberg [10] (who shared the 2007 Noble Prize of
Physics). In their pioneering experiment, the MR effect as high as 50% at low temperature of
Fe/Cr multilayers was observed and that the FM Fe layers are antiferromagnetically coupled
through the non-magnetic Cr interlayers as shown in Figure 2. Later Parkin ef a/. found that
the interlayer coupling between the magnetic layers can oscillate between ferromagnetic and
antiferromagnetic exchange depending on the thickness of the non-magnetic layers [11].
Although the earliest GMR effect had been demonstrated in the current-in-plane (CIP)
geometry, it was later suggested by Valet and Fert that longer spin diffusion length and even

stronger effect could be realized in current-perpendicular-to-plane (CPP) geometry [12].
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Figure 2 The experimental diagram of the GMR effect of three Fe/Cr superlattices at 4.2 K in CIP
geometry. Image adapted from Ref. [9].

The GMR effect has been demonstrated on a successive FM/non-magnetic metal
(NM)/FM trilayer structure, known as a spin-valve, in which the two FM layers have
distinctly different magnetic coercive fields (H.). Due to the shape anisotropy, the
magnetization lies in the plane of the FM layer which gives rise to two possible magnetic
configurations of the spin-valve. One of the FM layers is magnetically hard, such that
relatively large magnetic fields are required to switch its magnetization, whilst the other layer
is magnetically soft, requiring much smaller magnetic fields to change its magnetization
direction [13]. Considering an increasing magnetic field applied to the spin valve, initially the
field is only large enough to saturate the soft layer and thus at this moment the two FM layers
have antiparallel magnetization. And when the field is sufficient to re-orientate both the soft

and the hard layers, the two are aligned in parallel. This alignment of the magnetization of the



two FM layers relative to each other changes the electrical resistance between two values in

the spin-valve.

The underlying principle of the spin-valve can be qualitatively interpreted by the
Mott’s two current model, which was proposed as early as 1936 to explain the sudden
increase in resistivity of FM metals as they are heated above the Curie temperature (7.) [14].
Mott’s s-d scattering model assumes that the electrical conductivity in metals can be
described in terms of two independent conducting channels, corresponding to the spin-up and
spin-down electrons, respectively. It also assumes that the two spin channels do not mix over
long distances and thus the electrical conduction of them occurs simultaneously. In spin-
valve, for the parallel-aligned FM layers, the spin-up electrons pass through the structure
almost without scattering while the spin-down electrons are scattered strongly within both FM
layers. On the contrary, both the spin-up and spin-down electrons are scattered strongly
within one of the FM layers for the antiparallel-aligned trilayer. The different spin scattering
rate between the spin-up and spin-down channels is proportional to the asymmetry of the
density-of-states (DOS) near the Fermi level Er. In the magnetized FM layers, the DOS differ
between the spin-up and spin-down electrons and hence have more states available to one
spin orientation than another. When a bias voltage is placed across the FM/NM/FM trilayer,
electrons will pass through depending on the availability of free states for its spin
direction. If two magnetic layers are parallel, majority electrons in one will find many states
of similar orientation in the other, causing a large current or a low overall resistance. On the
other hand, if they are antiparallel, both spin directions will encounter a bottleneck in either of

the two plates, resulting in a higher total resistance.

Shortly after the successful demonstration of the GMR effect, such device was
quickly implemented by IBM in the form of a GMR read head for hard disk divers (HDD) in
1991, which had increased the HDD areal recording density by three orders of magnitude
within ten years. Furthermore in 1995, by replacing the NM spacer layer of the spin-valve
with a thin non-magnetic insulator, magnetic tunnel junctions (MTJs) emerged [15] and were

then applied to Magnetic Random Access Memory (MRAM).

2.2 Hybrid spintronic systems: the second generation spintronics

The great success of the GMR and its derivatives in metal-based devices (usually classified as
the first generation spintronics) have not only boosted the research and technology of spin-

based phenomena, but also encouraged people to take an even more ambitious step, i.e. spin



injection, a process to create spin polarization into NM or paramagnetic SC. FM/SC hybrid
spintronic systems naturally combine the desirable properties of both SC and FM, and could
provide new types of control over conduction in electronic devices. Using SCs for spintronic
applications bears several distinguished advantages over the aforementioned metal-based
GMR devices. Unlimited to the context of spintronics, SCs have the ability to amplify signal
and serve as a multi-functional device [16]. The integration between spintronics and SCs,
along with major advances in nanotechnology, is expected to not only ensure continued
adherence to the Moore’s law but also nourish many revolutionary new concepts that are very
often termed “more than Moore”. With this respect, second generation spintronic devices,
which focus on integrating magnetic materials with versatile and active SC devices, have ever

since constituted a research theme of immense importance.
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Figure 3 Schematic of the proposed spin-FET by Datta and Das. The device consists of FM source and
drain. The electrons are injected into the transport channel with a population of spin. Under the effect
of spin-orbit interaction, the spin will process about the effective magnetic field originated from the
gate electric field. The device current will be determined by the projection of electron spin onto the
magnetization direction of the drain. Image adapted from [7].

There are several attracting points that persuade the electronics community to believe
that active control and manipulation of spins in SCs in the second-generation spintronic
devices could be complimentary to the mainstream electronic industry. Not to mention the
overwhelming role played by SCs in contemporary electronic devices, it amplifies signal,
which is not possible in the case of metal-based devices. Spin-orbit coupling in SCs provides
a means to manipulate electron spins [8]. Long spin relaxation time and coherence length
over micron-sized distances have been unambiguously evidenced in SCs [17, 18]. This also
means that any information carried by the electron spin can be efficiently transferred in a
given SC transport channel. Controllable SC properties by impurity doping are extremely
beneficial for tailoring specific device functionalities. Most importantly, easy integration with
the current SC fabrication technologies in combination with flexible design concepts have

rendered SC spintronics highly technological relevant.



As mentioned above, a large portion of the research work reported to date in the
hybrid spintronics community was very much stimulated by the novel idea of Datta and Das
[7], whom proposed the spin FET — an analogy of the conventional FETs as illustrated in
Figure 3. With spin-polarized electrons injected from a FM source into a SC and detected
using a FM drain electrode, spin-FET integrates the functionality of passive thin film devices
and active SCs structures, which is a fundamental goal for which many researchers are
pursuing today. Spin-FET is structurally similar to the conventional FETs, e.g. the metal-
oxide-semiconductor-FET (MOSFET) but functions with a remarkably different mechanism.
Since only a small energy and a short period of time are needed to change the spins
precession compared to that required in a MOSFET where the channel needs to be under
inversion, spin-FETs are expected to present high computing speed but low power
consumption [7, 19-21]. To be elaborated in latter sections, such spin-FET architecture is
highly unique as it can combine not only with conventional SCs but also with various
emerging low-dimensional structures and materials that exhibit novel spin properties. This
design flexibility is advantageous particularly in situation where tailor-made device

functionality is to be achieved for specific applications.

3 Semiconductor hybrid structures with ferromagnetic metals and alloys

A high-quality FM/SC interface is the core of both devices, opening up a gateway to realizing
robust spin injection/detection. As such, in section 3, we will review the epitaxial growth,
structure and properties of several representative FM/SC hybrid systems with fundamental
and technological relevance to the key development of the second-generation spintronics.
This include FMs, namely Fe, Co, Ni, and FM-alloy based hybrid materials, namely magnetic
amorphous alloy CoFeB, intermetallic Fe;Si and perpendicular magnetization MnxGa on IlI-
V semiconductors as well as on Si and Ge. While more details of the FM epitaxial growth and
in-situ characterization on GaAs and InAs can be found from a previous chapter by Xu ef al.
[22], this section highlights the recent research progress on the FM/SC interfaces and their
impact on spin injection. We also direct interested readers to an article by Hirohata ef al. on
Heusler alloy-based hybrid structures with SCs [23], which are closely related to the present
topic but not fully covered by this review.



3.1 Metal-based structures
3.1.1 Ferromagnetic Fe on GaAs, AlGaAs and InAs

Epitaxial growth, film and interface structures

The growth of epitaxial FM/SC hybrid structures was first demonstrated in Fe/GaAs by
Prinz’s group in Naval Research Laboratory [24]. This is possible in part due to the fact that
the lattice constant of bce Fe (2.866 A) is almost exactly half that of GaAs (5.654 A). Over
the years, Fe/GaAs continues to be a model system for the epitaxial growth of FM metals on
SCs. The Fe/InAs hybrid structure is another interesting system, as metals on narrow gap
SCs, such as InAs which has a direct bandgap as small as 0.36 eV at room temperature (RT),
form low resistance contacts [25]. Though the lattice mismatch of Fe and InAs (6.058 A) at
5.4% is much larger than that of Fe/GaAs (1.3%), high-quality bcc Fe has been demonstrated
on InAs(001) by Xu et al. [26]. On the other hand, exceptional cases exist for Co and Ni, as
their metastable bcc phases can be stabilized on GaAs and InAs in the atomic/nanometer

thickness range.

Molecular-beam epitaxy (MBE) is the most commonly used growth technique to
synthesize high-quality hybrid FM/SC structures. It is highly crucial to have a clean and well-
ordered SC substrate prior to the growth. For the FM/SC systems to be discussed below,
typical substrate cleaning procedures may include ex-sifu chemical cleaning, followed by in-
situ thermal annealing with or without argon ion sputtering. Alternatively, to have well-
ordered surface with a specific reconstruction, it is also common to use substrates with an As
capping layer, and in this case the surface reconstructions are mainly controlled by the
annealing temperatures [27]. In many earlier studies, the FM layers were grown at elevated
temperatures of around 470-500 K, and such high temperature growth usually ended up with
the formation of a magnetic dead layer at the hybrid interface. In order to reduce or even
eliminate the intermixing of Fe with Ga, In, or As at the interface, Xu ef al. eventually

demonstrated the epitaxial growth at RT.
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Figure 4 LEED patterns of the GaAs(001)-(4 x 6) substrate after As desorption and after Fe deposition
at RT. Image adapted from Ref. [28].

The growth processes are usually be monitored in-situ by either reflection high-
energy electron diffraction (RHEED) or low-energy electron diffraction (LEED). Figure 4
shows the LEED patterns of Fe/GaAs(001) following the deposition of Fe at RT [28]. These
LEED observations demonstrate that the Fe grows epitaxially on GaAs(001) at RT with an
epitaxial relationship of Fe(001)<100>||GaAs(001)<100>, and that the lack of Fe LEED
patterns for the first 4 monolayer (ML) suggests a 3D Volmer-Weber growth mode. The
epitaxial growth of Fe/InAs, as monitored by LEED, indicates an epitaxial relationship of
Fe(001)<001>|InAs(001)<001>, similar to that of the Fe/GaAs(001) [29]. The most
distinctive feature of a clean SC surface is the formation of a variety of reconstructions and
associated atomic scale structures [30-32]. To demonstrate how these atomic scale structures
effect the lattice relaxation, the epitaxial growth in Fe/InAs(001)-(4 x 2) has been studied in
details with dynamic RHEED by Xu et al. [29].

Figure 5 shows the relative changes of the peak separations compared to that of the
InAs(001) substrate as a function of Fe coverage for the [011] and [0 1 1] directions. The
growth could be divided into three stages. Region I (0—5 ML): in this pseudomorphic growth
stage below a critical thickness d. = 5 ML the films have the same lattice constant as that of
the substrate and are highly strained. Region II (5-25 ML): this is a transition region between
pseudomorphic growth and full relaxation. The films begin to relax after about 5 ML along



both directions. However, the relaxation along the [0 1 1] direction is significantly faster than
that along the [011] direction. Region II could then roughly be divided into two sub-regions,
(i) 5-10 ML and (ii) 15-25 ML. In sub-region (i), the lattice constant along the [0 1 1]
direction changes rather sharply with increasing thickness and approaches the bulk value
around 10 ML, while the lattice constant along the [011] direction changes much more slowly

and levels off around 25 ML in region (ii), showing the anisotropic lattice relaxation.

According to a simplified model [33, 34], the thickness dependence of the strain
relaxation in equilibrium can be described as & = n(1-d./d) for d > d., where ¢ is strain, 7 is
the lattice mismatch, d. is the critical thickness, and d is the thickness of the overlayer. The
fitted curve is shown by the dotted line with a critical thickness of 5 ML. However, these
theoretical results disagree with the experimental data in both directions. A modified
phenomenological model can explain “the anisotropic lattice relaxation” using an modified
expression for the strain as € = 7[1—(d./d)"]. Here a new parameter n is to characterize the
thickness dependence of the lattice relaxation. While the critical thickness was approximately
the same of d. = 5.0 = 0.3 ML for both directions, it has been found that » = 3.0 + 0.2 for the
[0 11] direction and n = 1.5 + 0.1 for the [011] directions, suggesting different energy

barriers along these two directions.
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Figure 5 (a) Relative changes of the RHEED strip distances compared with that of InAs(001) substrate
as a function of Fe coverage, (b) STM image of the InAs(100)-(4 x 2) substrate, and inset, enlarged

image showing clearly the In rows, and (c) a 3D schematic atomic model. Image adapted from Ref.
[29].

With scanning tunneling microscopy (STM), Xu ef al. further studied the mechanism
of different lattice relaxation along the [011] and [0 1 1] directions, which are equivalent in
the bulk counterpart. On an InAs(001)-(4 x 2) surface, a 4 x periodicity with a repeat distance
of 17 A along [011] can be observed. The height of the bright rows is about 3 A, which agrees

with the height of the corrugation between the first and the third In dimers. The In dimer rows



along the [011] direction is expected to present an additional energy barrier to the motion of
the interfacial dislocations along [011] direction. This “anisotropic energy barrier” will
therefore lead to different thickness dependences of the lattice relaxation along two <011>

directions.

As we shall see in section 6, the abruptness and properties of FM/SC interfaces
largely determine the spin injection/detection efficiency of spin devices. In this sense, it is
very crucial to establish relevant knowledge on the interface formation mechanism down to
the atomic scale. Zega et al. compared the atomic structures of two types of Fe/AlGaAs
interface by high-resolution transmission electron microscopy (TEM) (see Figure 6): one for
an as-grown interface that showed an injected spin polarization of 18% in a full spin-light-
emitting-diode (spin-LED) device structure, and the other for an annealed one exhibited an
improved spin polarization of 26% [35]. An interfacial region of ~0.7 nm thick with some
disorders was identified for the as-grown sample, whereas the annealed interface was thinner
(~0.5 nm) without any distinguishable disorder. Further measurements by high-angle annular-
dark-field microscopy indicated the existence of an atomic layer of intermixed Fe and As for
the annealed interface. Through density functional theory (DFT) calculations, it was
suggested that the mild annealing step could sharpen the Fe/GaAs interface, attributed to a
restructuring of the interface into a lower-energy state, thereby reducing the degree of the
mixing. LeBeau et al. [36] and Fleet et al. [37-39] also reported several other types of
interfacial atomic structures for the Fe/GaAs system. Some consisted of a single partially
occupied phase inserted between Fe film and As-terminated GaAs [36], while the others
possessed different structures coexisted in the same film [37-39]. An example for the latter
scenario has been illustrated in Figure 7, in which structures I and II can coexist in the same
Fe film, but with the former being the majority, thus leading to an abrupt Fe/GaAs interface;
since structure II is partially mixed in nature, it tends to roughen the interface [39]. In general,
these TEM results can have several implications: (i) the formation of various interface
structures may be related to different surface reconstructions of GaAs(001) used in these
studies, prior to Fe deposition. For fair comparisons, the exact surface conditions of the GaAs
must be known. (ii) This might also partly account for the experimentally measured values for
the Fe/GaAs Schottky barrier height, which have been quite wide-ranging so far (0.2 to 0.8
eV) [40, 41]. In particular, for systems with different interfacial structures, a distribution of
barrier heights should be expected. This would in turn provide preferential regions that
dominate transport properties, as well as strong temperature dependence of device behavior,

which have indeed been observed [42, 43].
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Figure 6 High-resolution TEM images of an Fe/AlGaAs spin-LED structure. (a) As-grown, and (b)
post-annealed at 500 K for 10 min. Scale bar is 1.0 nm. Image adapted from Ref. [35].
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Figure 7 Two types of atomic structures existing at an Fe/GaAs interface after a mild post-annealing at
500 K for 10 min. Structure I shows an abrupt interface, while structure II results in a rough, mixed
interface. Image adapted from Ref. [39].

Magnetic and magnetoelastic properties

In the artificially engineered FM/SC layered structures, substantial spin accumulation and
transport can occur at the FM/SC interface, which is decisive for spin injection. For the
proposed spin-FET [7], spin-LED [44-47] and their derivatives, the best opportunity for
achieving optimal spin injection and transport could only be obtained when no magnetic dead

layer exists at the hybrid interface.

Many researchers have reported on the epitaxial growth of Fe on GaAs, among which
there exist the long lasting debate over the presence of magnetic dead layer at the Fe/GaAs
interface [48]. This detrimental effect used to be attributed to the formation of
antiferromagnetic FeoAs [49] and half-magnetized FesGascAs, [48] in the vicinity of the

interface, until a bulk-like magnetic moment of RT grown Fe on GaAs(001)-(4 X 6) and its
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corresponding magnetic phase evolution [28] (see Figure 8) were demonstrated. The former
result was further confirmed with unambiguous X-ray magnetic circular dichroism (XMCD)
down to the ML regime [50]. By contrast, Monchesky et al. suggested a FM dead layer in
Co/GaAs system associated with the formation of interfacial Co.GaAs for Co thickness less
than 3.4 ML [51]. In addition, the evolution of interface properties of electrodeposited Ni film
on GaAs upon annealing revealed a significant enhancement of As out-diffusion,
accompanying by an increased Schottky barrier height which has been attributed to the Ni-
Ga-As compound formation [52]. More recent attempts to incorporate magnetic thin films
with TIs have, for instance, shown a ~1.2 nm magnetic dead layer of Co on Bi,Se; [53]. All
these studies clearly uncover the high risks of modifying the magnetic ordering near a region
of the surface or interface of FM/SC due to interdiffusion, termination and hybridization; and
controversial reports make this issue rather complex. Whether a deposited FM on SC is
magnetically ordered at the interface is a must-addressed issue before any functional

spintronic devices can be practically developed.
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Figure 8 Evolution of the magnetic phase of Fe/GaAs corresponding to the growth morphology. Image
adapted from Ref. [28].

Another open issue over almost two decades is the origin of an uniaxial magnetic
anisotropy (UMA), unexpected from the crystal symmetry of bce Fe and first observed in the
Fe/GaAs(001). The evolutions of the hysteresis loops of Fe/GaAs(001)-(4 x 2) and
Fe/InAs(001)-(4 x 2) are shown in Figure 9 [54]. The Fe films grown on both substrates show
the existence of UMA, dominating the global magnetic anisotropy in the ultrathin regions.
However, above the critical thicknesses of about 50 ML for Fe/GaAs and 16 ML for Fe/InAs,
the cubic anisotropy takes over. There are four possible mechanisms responsible for the UMA
observed in Fe/GaAs and Fe/InAs: (i) shape anisotropy as the films show 3D island growth;
(i1) if a nearly half-magnetized phase exists at the interface, then this may be partly

responsible for the UMA; (iii) intrinsic anisotropy due to the unidirectional nature of Fe-As,
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Fe-Ga and Fe-In bonds; (iv) magnetoelastic interactions due to strain in the ultrathin epitaxial
films caused by lattice mismatch. STM study shows no evidences of shape anisotropy due to
the 3D island growth [29]. The so-called nearly half-magnetized phase at the interface could
also be excluded, as this phase does not exist in the samples grown at RT [28]. It is now
generally believed that the atomic scale structure related to the SC surface is responsible for
this UMA.
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Figure 9 Magneto-optical Kerr effect (MOKE) hysteresis loops of Fe/GaAs(001)-(4 x 2) (left panel) in
the thickness range of 5-140 ML grown at RT with the magnetic field applied along four major axes,
and that of Fe/InAs(001)-(4 x 2) (right panel). Image adapted from Ref. [54].

By examining the magnetic anisotropy of the Fe films deposited on GaAs substrates
with different reconstructions, Kneedler et al. proposed that the unidirectional nature of Fe-As
or Fe-Ga bonds is responsible for the UMA [55]. This might be understood as a “chemical”
effect, in which the electronic structure of the Fe atoms near the interface differs distinctly
from “normal” bcc Fe. Measurements of the thickness dependence of the anisotropies in
Fe/GaAs by Brockmann et al. demonstrated that the UMA is a pure interface term originating
exclusively from the Fe/GaAs interface. This favours the picture of “unidirectional chemical
bonding” at the interface [56]. In another study, Tivakornsasithorn et al. reported the epitaxial
Fe films on GaAs, ZnSe, and Ge; and their results tend to suggest that by controlling surface
reconstructions of the semiconductor substrates, one may engineer the magnetic anisotropy in

the magnetic overlayers [57].

13



&~

K, (10° erg/cm’)
o [

off
K",
)

Kk

0.65 0.10 0.15 0.20 0.25
14 (1IML)

Figure 10 Effective fourfold in-plane magnetic anisotropy constant Ki° (triangles) and effective
uniaxial in-plane anisotropy constant Ky (squares) versus inverse film thickness for Fe34Coss films on
GaAs(001), determined from MOKE loops. Image adapted from Ref. [58].

Another picture accounting for the origin of the UMA is the uniaxial magnetoelastic
coupling due to anisotropic lattice relaxation [29, 59]. The magnetoelastic energy E_ can be
expressed as  E; =—3/2(A,,01011;~ Ao-110p0-11) - Here Ay, and A, are the
magnetostrictions along the [011] and [0-11] directions respectively; and oy, and O,y
are the stress. The magnetoelastic effect occurs as a direct consequence of the compression or
expansion of the Fe film for lattice matching with GaAs or InAs. In these specific cases,
Ahmad et al. found that the magnetoelastic constants of a 10 ML Fe film on GaAs could be
20 times larger than that of bulk Fe as illustrated in Figure 11, thereby revealing the great

importance of magnetoelastic coupling in magnetic ultrathin films [60, 61].
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Figure 11 Magnetostriction constants of Fe films on GaAs(001) and Gao.sIno2As(001) substrates as a
function of Fe film thickness. The solid black line is the magnetostriction constant of bulk Fe in the
[110] direction, and the dashed line is proportional to the inverse thickness, and is a guide for the eye.
Image adapted from Ref. [61].

14



Claydon ef al. have observed UMA in the lattice-matched system Fe/Ing,GaosAs as
well [27]. While not being explained by magnetoelastically induced uniaxial anisotropy, this
result would seem to support the “chemical” effect proposed by Kneedler ef al., in which the
UMA is derived from the unidirectional nature of Fe-As or Fe-Ga bonds [55]. It is noteworthy
that the magnetic properties and interface structure of Fe films on MgO buffered GaAs(001)
have been reported by Choi ef al. [62]. A two-fold UMA in the Fe can still be observed but
cannot be related to the bonding between the Fe and the GaAs. In this case, the uniaxial
chemical bonding can readily be ruled out, and the UMA can be regarded as a uniaxial
structural property. While all these studies demonstrated the impotence of the interface
structures to the magnetic anisotropies, the atomic scale mechanism of the UMA is still far

from conclusive.

3.1.2 Metastable ferromagnetic Co and Ni on GaAs

Co is another 3d FM that can be grown epitaxially on GaAs(001) [63-68] and GaAs(011) [63,
69-73]. The lattice parameter of Co is about 2.82 A and that of GaAs is about 5.65 A, almost
perfectly double of Co. Therefore, bcc phase of Co on GaAs is intuitively expected, even
though it is not a naturally occurred phase. Prinz ef al. in their pioneering paper in 1985
indeed reported MBE growth of bcc Co on GaAs(001) [63], but theory however showed that
such a bce phase is rather a forced structure stabilized by the interaction with the GaAs
substrate [69]. Other authors have claimed that epitaxial Co grown on the GaAs(001) could
possess a hcp structure [65], which has been evidenced by an observed combination of bce
and hcp phases, in which the hcp Co islands form at the free surface of bec Co at a thickness
of 14.5 nm [69]. Figure 12 shows the RHEED patterns of the GaAs substrate along the [110]
and [100] directions with a 3.0 nm thick bcc and 20.0 nm thick hep Co film [69].
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Figure 12 RHEED patterns at various thickness points in the Co film deposition on GaAs. Image
adapted from Ref. [69].

As emphasized earlier, 3d FMs and any other metallic thin films grown on bare GaAs
substrates may suffer from issues such as segregation of substrate atoms, which could result
in intermixing of SC atoms with metallic atoms or formation of complicated interface. In
order to avoid these complications, experiments using seed [74, 75] and passivation layers
have been investigated [63, 76, 77]. The first approach relies on using a seed layer as a
physical barrier to block possible out-diffusion of atoms from the substrates. Thin Fe layers
have been employed as such a barrier on GaAs(001), on top of which bce Co could be grown
epitaxially [74]. Fundamentally relevant to the use of a seed layer, the passivation layer
approach aims at treating the GaAs surface with materials that acts as a field barrier, so that
electron loss from the GaAs and diffusion of SC atoms into a metallic overlayer can be

avoided. S and Sb have been used in this case [78, 79].

Epitaxial growth of bcc Ni on GaAs(001) constitutes an interesting hybrid FM/SC
system in its own right, since for Ni the bce structure does not naturally exist. The MBE
growth of this particular heterostructure was first demonstrated by Tang et al. [80]. By
depositing at RT, the bcc phase of Ni was shown to exist up to 2.5 nm, exhibiting a fourfold
in-plane magnetic anisotropy with its easy axes along the <100> directions. The fcc phase
was observed to set in beyond a Ni thickness of 2.5 nm, contributing a UMA to the global
anisotropy of the film. Later it was found that growing the Ni film at 170 K rather than at RT
offers two advantages: (i) the stable bce thickness can be extended up to 3.5 nm [81]; and (ii)

there exists no magnetic dead layer at the Ni/GaAs interface. The magnetization of the bcc
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phases was determined as (0.52 + 0.08) ups/atom with the Curie temperature of 456 K, in very

good agreement with the theoretical value of 0.54 wp/atom [82].
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Figure 13 Atomic structure of ultrathin becc Ni/GaAs(001). (a) High-resolution TEM image with the
electron beam along the [110] direction. (b) Grazing angle X-ray diffraction (XRD) spectrum with
incident angle at 0.2°. Image adapted from Ref. [81].

More recently, Liu ef al. have revisited the interface magnetic properties of epitaxial
Co and Ni grown on GaAs(001)-(4 x 6) surfaces, using a specially designed FM/FM,/SC
structure shown in Figure 14 [83]. This structural design was purposely made not only for
allowing easy observation of the magnetization of FM; in atomic scale, but also for restoring
the realistic situation of the FM/SC interfaces involved in hybrid spintronic devices. These
authors have observed a suppressed magnetization (reduced by ~50%) of the epitaxial 1 ML
Co, which can be attributed to a combined effect of the island growth geometry at low
coverage, the tendency to follow the bce stacking of the GaAs substrate, and the detrimental
interdiffusion [83]. These factors were observed to have impacted the Ni/GaAs(001) interface
more severely, leading to nearly vanished magnetic moment for the 1 ML Ni down to 5.
Besides the suppressed magnetization of the interfacial ML FM, atoms, modification also
occurred in the topmost FM; stabilizing layer. Based on the fact that the underneath FM»
materials can follow the island growth geometry at low coverage, these authors speculated
that some of the FM; atoms atop might have contacted the SC substrate and hence the

stacking transformation and the detrimental interdiffusion could apply to these FM; atoms.
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Figure 14 (a) Schematic illustration of the FM1/FM./SC structure (right) retrieving the FM>/SC
structure (left). (b) Co/GaAs and Ni/GaAs interfaces versus the distance along the (100) direction. The
distance is normalized to the lattice constant of GaAs. The colored spheres at the bottom indicate the
position of each atomic layer. The dashed lines indicate the interfacial or the FMa region. Image
adapted from Ref. [83].

3.2 Alloy-based structures

As the most established base for both fundamental research and technological applications in
second generation spintronics, the impact of metal-based 3d FM/SC hybrid interfaces is
clearly undisputed. However, because of the growing demands on robustness, stability, and
reduced physical dimension, this field is currently transforming into a new stage where more
exotic hybrid interfaces beyond those conventional ones are needed. We will in this respect
introduce three types of alloy-based FM/SC hybrid systems that include CoFeB/GaAs, FesSi
on GaAs, Si, and Ge, and Mn,Ga/GaAs. These have been particularly chosen, in response to
(1) the puzzling issues on the UMA in 3d FM/GaAs(001) hybrid structures as discussed in the
previous sub-section and (ii) the strategic requirement of a perpendicular magnetic anisotropy
(PMA) in spintronic devices for high-density and current-controlled applications as discussed
in section 6. For ease of comparison, the growth conditions and magnetic properties of the
metal-based as well as the alloy-based structures reviewed by this article have been

summarized in Table 1.
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3.2.1 Amorphous ferromagnetic CoFeB on GaAs and InAs

The commonly observed UMA in the epitaxial ultrathin films of Fe on GaAs(001) and
InAs(001) are believed to stem from two main mechanisms, i.e. interfacial bonding
interaction and magnetocrystalline anisotropy [28, 29, 54, 84] as discussed in the previous
sub-section. Separating these magnetic contributions is technically challenging but yet not
impossible when using a magnetic material without an intrinsic magnetocrytalline anisotropy.
Amorphous FM alloys are one such group of materials. In fact, CoFeB, a representative alloy
in this group, has now become an indispensable constituting material for several viable non-
volatile magnetic storage applications related to the giant tunneling magnetoresistance (TMR)
effect [85, 86], current—induced spin-transfer torque (STT) [87, 88], MRAM and spin
transport devices. Hindmarch ef al. were able to explicitly separate the interface-induced and
intrinsic magnetic anisotropies in 3d FM/III-V(001) hybrid systems when using the
amorphous alloy [89, 90]. Interestingly it was observed that a much stronger UMA can be
attained in their sputter-deposited CosoFesB2o film on GaAs than on AlGaAs/GaAs. The
mechanism of the UMA was explained in terms of a "bond-orientational" anisotropy model,
in which a long-range microstructural anisotropy arises due to local anisotropic coordination
polyhedra [90]. Tu et al. took a step further to investigate the UMA in CossFexsB films
grown on the different surface orientations of GaAs [91]. A strong UMA of ~270 Oe was
achieved on the (001) face, but only a weak one of less than 20 Oe for both (011) and (111)
surfaces as shown in figure 15. The angular dependence of the UMA revealed quite
distinctive behavior on the different GaAs surfaces, which could be related to different
surface morphology of the FM films. In a very recent attempt to correlate UMA and atomic
scale interface magnetism by XMCD, Yan et al. quantified the orbital to spin magnetic
moment ratio of the Co and Fe atoms in CoFeB/GaAs(001) and observed an remarkable
enhancement of the ratio by more than 300% [92]. Such an enhanced orbital moment relative
to the bulk counterpart was higher for the Co atoms, leading to a possible link between the
presence of the UMA and the large spin-orbit coupling in the ultrathin films on GaAs.
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Figure 15 Magnetic hysteresis loops along the easy- and hard-axes of CoFeB films deposited on (a)
(001), (b) (011), and (111)-oriented GaAs substrates, respectively. Image adapted from Ref. [91].

3.2.2 Intermetallic Fe;Si on GaAs, Si, and Ge

Lattice structure

Due to the ease of overlayer/substrate intermixing, high-quality hybrid interfaces between I11-
V SCs and 3d FM metals are restricted to be grown at rather low temperatures, mostly not
exceeding RT [1, 28, 84]. This thermal instability issue, which is expected to limit these
interfaces for robust and high-temperature applications, has led to an exploration for
alternative FMs that possess comparable or even higher spin polarization along with better
stability on III-V SCs. Intermetallic Fe;Si is one such candidate, exhibiting a high Curie
temperature of 803 K [93]. Ordered FesSi crystallizes in a DO0s lattice structure [94, 95], and
can be regarded as a magnetic Heusler alloy (note that we purposely separated this part from
section 4, because FesSi is a half-metal), taking the notation of Fe(A, C).Fe(B)Si(D). As
illustrated in Figure 16, the four penetrating fcc sub-lattices A, B, C, and D are at the
coordinates of (0, 0, 0), (0.25, 0.25, 0.25) and (0.5, 0.5, 0.5), and (0.75, 0.75, 0.75),
respectively, rendering two chemically and magnetically non-equivalent types of Fe atoms

[94, 96]. The Fe(A, C) atoms have 4 Fe(B) atoms and 4 Si(D) atoms as first-nearest neighbors
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and are characterized by a magnetic moment of 1.35 ug. The Fe(B) atoms, on the other hand,
carry a moment of 2.2 ug, having 8 Fe(A, C) atoms as first-nearest neighbors [94, 96]. Falling
into the group of Heusler alloys though, half-metallic behavior is not expected for Fe;Si.
According to the bulk electronic structure calculations [97-100], the DOS close to the Fermi
level exhibits a dip for the minority spins and the spin polarization should therefore be
roughly of the same order of magnitude as that for Fe, i.e. ~43% [101]. Such a value has in
fact been verified by point contact Andreev reflection spectroscopy for MBE-grown FesSi

epitaxial films on GaAs(001) [102].

As far as epitaxial growth is concerned, Fe,..Si: binary alloys can exist in the fcc
phase within a wide range of Si concentration between x = 0-0.265; but to obtain an ordered
DO; structure, the Si content should be confined within 9.5-26% [103]. It was demonstrated
that realistic epitaxial growth of Fe;Si (5.64 A) could be largely facilitated by its good lattice-
match with various SCs including GaAs(001) and (113)A (5.65 A) [102, 104-111], Si(111)
(5.43 A) [112-115], and Ge(111) (5.65 A) [116-119]. When compared with Fe/GaAs(001)
[55, 120], those FesSi-based hybrid interfaces are generally more thermally stable with
respect to post-growth annealing [121, 122].

Figure 16 DO; lattice structure of bulk FesSi with Fe atoms on non-equivalent A, C and B sub-lattice
sites. Image adapted from Ref. [111].

Epitaxial growth and magnetic properties

Liou ef al. have reported one of the first experimental demonstrations of epitaxial
Fe;Si/GaAs(001) by MBE [104]. Within a wide range of substrate temperatures of 550—800
K, the epitaxy of stoichiometric Fe;Si down to 2 MLs was practically achievable. Not
mentioned in this pilot study though, one might speculate, from the experimental procedures,

the use of an As-terminated GaAs surface for such epitaxial growth [104, 123]. This starting
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growth front is very crucial from the growth perspective, because in many cases it largely
determines the exact growth mode to be involved, as for the metal-based 3d FM/SC hybrid
systems. For instance, Herfort ef al. has shown that an As-rich (2 x 1) surface of GaAs(001)
enables a layer-by-layer growth of Fe;Si [105], but, on a Ga-rich (4 x 6) surface, a 3D growth
has been observed instead [124]. These results have also been consistently found in other
studies [102, 107]. As a side note, the speculation that we made for the GaAs surfaces used in
Ref. [104] is in fact in good agreement with their observation of a sharp RHEED pattern just
after a ML of Fes;Si deposition; such a pattern would have been absent in the case of 3D
growth due to surface roughness. Later Herfort et al. [105] optimized the growth temperature
range (150-250 °C), within which Fe;Si/GaAs(001) with better structural and magnetic
properties, in comparison to those in Ref. [104], can be achieved. In particular, higher
magnetic moments of ~1050 emu/cm’ (at RT) were obtained in the optimized films than the

values, i.e. ~1000 emu/cm’ (at 10 K) in Ref. [104].

The rationale behind the use of an optimized (low) growth temperature for
Fe;Si/GaAs(001) in Ref. [105] as well as in other related works [102, 107-109, 124] is two-
fold: to promote a long-range atomic order but simultaneously limit short-ranged disorder
originated from possible intermixing of Fe/Si with Ga/As. Indeed, Figure 17 shows the cross-
sectional TEM images obtained for two nearly stoichiometric Fes;Si films grown on As-rich (2
x 1)-GaAs(001) at 550 and 700 K, respectively [108]. It is apparent that a superior interface
can be fabricated at the lower temperature. More importantly, there is no sign of an
intermixed layer over the sample area of several microns. This is in contrast to the growth at
higher temperature, where an extended and rough reaction layer is detected that consists of
flat precipitates of various crystalline phases. Coupling the TEM results with the data
separately extracted from glazing incidence XRD [108, 109], the authors concluded that 70%
of the FesSi films grown at 550 K possesses a high degree of long-range atomic order, while
the remaining 30% might be defective, due to the mixing of the D-site Si atoms with the A-
and C-site Fe atoms [108]. A two-step growth strategy for the epitaxial Fe3Si/GaAs(001) was
alternatively proposed by Hsu et al. [110]. This method relies on an initial growth of a 2 nm
thick Fes;Si at 450 K in order to minimize possible interfacial reactions, followed by ramping
up of the substrate temperature to 550 K. Even though an intermixed layer of 2-3 MLs was
detected by x-ray photoelectron spectroscopy (XPS), an ultra-sharp Fe;Si/GaAs interface can
be achieved with this strategy. Further, in view of the seemingly insurmountable issue on the
interface intermixing even at the growth temperature as low as 450 K, Makarov et al. have
developed to employ a MgO buffer layer as a physical diffusion barrier in between Fes;Si and
GaAs [125]. With a 3.0 nm MgO, the thermally induced interdiffusion at the hybrid interface

was reduced dramatically.
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Figure 17 Cross-sectional TEM images of two stoichiometric Fe3Si/GaAs(001) hybrid structures grown
at (a) 550 K and (b) 700 K. The thicknesses of the films are ~50 nm. Image adapted from Ref. [108].

The magnetic moments in epitaxial Fe;Si/GaAs have been mainly studied by bulk
measurements and are found to be ranged between 6601050 emu/cm® [102, 104, 105, 110,
126], with the highest being obtained from samples grown at an optimized temperature range
[105]. To access the atomic scale magnetism, which is directly correlated to the electronic
structure of the alloy films, both element-specific XMCD as well as polarized neutron
reflectometry (PNR) have been employed. PNR characterizations performed by lonescu et al.
have simultaneously revealed the atomic magnetic moment and interface roughness of Fe;Si
film on Ga-rich (4 x 6) surface [102]. The former parameter has been quantitatively found as
(1.107 £ 0.014) up/atom at RT, close to the bulk value of 1.175 up/atom at 6.5 K [94, 95],
while the interface roughness was about 2.3 £ 0.1 nm. On the other hand, via XMCD,
Krumme et al. directly compared the magnetic moments of FesSi films on different surfaces
including MgO(001), Ga-rich (4 x 6) and As-rich (2 x 2) of GaAs(001) [124]. Figure 18
shows the X-ray absorption (XAS) and XMCD spectra at the Fe L, 3 edges of those grown on
MgO and Ga-rich (4 x 6) surface. Concurrently the maximum of the absorption signal at the
L; edge decreases by ~8% for Fe;Si on MgO and by ~17% on Ga-rich (4 x 6). Additionally, a
shoulder occurs 2 eV above the L3 edge in the Fe;Si XAS. However, at the L, edge, the

absorption intensity is nearly unchanged. The broadening as well as the shoulder has been
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ascribed to a hybridization of Fe and Si atoms in the lattice. The magnetic moment on MgO
calculated by the XMCD sum rules is 1.6 ug, while those on Ga-rich (4 x 6) and As-rich (2 x
2) are, respectively, 1.5 and 1.3 ug. A possible origin for the reduced moments in Fe;Si/GaAs

in reference to bulk Fe might be related to the diffusion of As or Ga atoms into the FM.
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Figure 18 Normalized RT XAS (top) and XMCD (bottom) spectra measured at the Fe L3 edges of 57
ML FesSi on MgO and GaAs-(4 x 6) compared to the spectra of bulk-like Fe. Image adapted from Ref.
[124].

While these previous studies have clearly demonstrated the moderate spin
polarization and high thermal stability in FesSi, another unique feature that sets the binary
alloy apart from other contender materials for spin injection is its lattice constant that matches
those of the many mainstream SCs including high-index GaAs(113)A, Si(111) as well as
Ge(111).

The main motivation of studying the Fe;Si/GaAs(113)A hybrid structure lies on the
low surface symmetry of the SC surface, which may potentially induce novel magnetic and
magneto-transport behavior in the alloy film [127-130]. A group at Paul-Drude Institute for
instance observed an unexpected anti-symmetric behavior in a so-called planar Hall effect
(PHE), originated from the anisotropic MR of an Fe;Si epitaxial film on GaAs(113)A [127,
129]. This anti-symmetric term renders a sign change of the PHE when the direction of the
saturating in-plane magnetic field is reversed and shows an in-plane magnetic anisotropy.
Later it was shown that the relative magnitude of these components depends sensitively on

the atomic order of the FM [127].
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Ordered FesSi has a slight lattice mismatch of 4.2% with Si, thus providing an
opportunity for establishing an epitaxy between the two materials [112-115]. Generally
speaking, the main challenge for such an epitaxial growth concerns a strong tendency for the
Fe atoms of Fes;Si to diffuse into the substrate and form silicides. Accordingly, low
temperature growth, as in the case of Fe3Si/GaAs [102, 104-111], is mandatory. Yakovlev et
al. have succeeded in fabricating epitaxial Fes;Si films on Si(111)-(7 x 7) surfaces at 450 K by
MBE [115], resulting in an epitaxial relationship of FesSi(111)||Si(111). At RT, those films
are magnetic with a weak uniaxial magnetic anisotropy of 26 Oe and a relatively narrow
ferromagnetic resonance linewidth of 11.57 Oe. Yoshitake ef al. also reported a RT growth of
epitaxial FesSi/Si(111) with an extremely smooth surface morphology by DC sputtering
[113]. Relative to MBE, this technique generates atoms or molecules with kinetic energies of
several eV when reaching the substrate surface. This can promote epitaxial growth at a lower
temperature. However, it should be noted that such fabricated FM films were found to possess
a B, structure. In this phase, the Si atoms are not expected to arrange in an ordered manner.
Nevertheless, those films have shown a saturation magnetization of 960 emu/cm®, which is
slightly lower than the bulk D0O; counterpart. Nakane ef al. developed a preparation technique
for both stoichiometric and off-stoichiometric D03-Fes+.Sij«x thin films with a strong texture
using silicon-on-insulator (SOI) [112]. The FM films were synthesized by thermally activated
silicidation reaction between an ultrathin SOI layer and a pre-deposited Fe layer at an
annealing temperature from 920-1080 K. The film composition in this case is mainly

controlled by the relative SOI/Fe thickness ratio.

The nearly perfect lattice-match between Fe;Si (5.64 A) and Ge (5.65 A) makes this
combination particularly promising for Ge-based spin devices. Electrical injection/detection
of spin-polarized electrons in Ge has already been demonstrated using FM FesSi contacts
(also see section 6) [131-133]. The epitaxial growth of Fe;Si on various Ge surface
orientations was pioneered by a group at Kyushu University [116-118]. At a substrate
temperature of 360 K, FesSi with a D03 lattice structure can be grown epitaxially by MBE on
both Ge(110) and Ge(111), while a polycrystalline film is formed on the (001) surface [117],
as illustrated in Figure 19. The alloy film grown on Ge(111) features an atomically sharp
interface, while that on Ge(110) is slightly rougher (~3 nm). Structurally quite different
though, both Fe;Si/Ge(100) and Fe3Si/Ge(111) have a saturation magnetization value of ~1 x
10° A/m, which is almost identical to the bulk counterpart. However, in terms of magnetic
switching behavior, the Fes;Si film on Ge(111) has a smaller coercivity and weaker in-plane
angular dependence than on Ge(100), which might be related to the lesser amount of
structural defects in the former case, that can act as pinning sites for magnetic domains [117].

Maeda et al. have carried out an experimental study focusing on two particular issues: (i)
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epitaxial growth of Fe;Si/Ge(111) at a wide range of substrate temperature (360—700 K), and
(i1) thermal stability of stoichiometric and off-stoichiometric Fes;Si/Ge(111) with respect to
post-growth annealing [116]. For the first issue, the authors extracted the depth profiles of Fe
and Ge concentrations and atomic order in Fe;Si/Ge(111) prepared at a series of substrate
temperatures. By Rutherford backscattering spectroscopy and TEM, an optimal temperature
range was determined to be below 430 K; for higher temperatures, a very rough interface was
observed, consisting of both FeGe and Fes;Si originating from atomic interdiffusion. In
addition, the authors have concluded that stoichiometric Fe;Si are more thermally stable than
the off-stoichiometric one. For instance, after post-annealing at 700 K, off-stoichiometric
Fe4Si/Ge(111) was found to possess the impurity FeGe phase, whilst purely stoichiometric
sample could maintain its D03 ordered structure and high crystallinity even after being post-

annealed at 750 K for 120 min [116].

26



(d)

Figure 19 Cross-sectional TEM images and selected area electron diffraction patterns of 50 nm thick
FesSi films grown on various Ge surface orientations at 360 K. Image adapted from Ref. [117].
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(@)
Fe,Si(111)

Figure 20 High-resolution TEM images and selected area electron diffraction patterns of FesSi/Ge(111)
grown at (a) 360 and (b) 700 K. The latter shows the coexistence of cubic FeGe epitaxially grown in
FesSi. Image adapted from Ref. [116].

The magnetic properties of epitaxial FesSi/Ge(111) films particularly grown at 430 K
have been characterized by Ando et al [118]. The hybrid structures fabricated at such
temperature exhibit atomically flat interfaces. An unexpected in-plane uniaxial magnetic
anisotropy was observed in all samples in the as-grown state, but the direction of the uniaxial
easy axis appeared to be random. By post-growth annealing at 400—700 K, such a random
behavior of the uniaxial easy axis can be greatly reduced as a consequence of an alignment of
the magnetic easy axis along the [011] direction. This observation was also accompanied
with a reduction in the sample saturation magnetization. These authors argued that the
thermal effect on the Fe;Si/Ge magnetic properties might be associated with an increased
fraction of the ordered DO0s; phase in the FM film [118]. For the first time, Yamada et al.
demonstrated MBE growth of DO0s;-Fe;Si on Ge(111) at RT [119]. Figure 21 shows the
saturation magnetization at RT and the degree of local D03 ordering for 25 nm Fe;Si films as
a function of growth temperature. The magnetization values are insensitive to the growth
temperature from RT to 600 K, but reduces considerably when going beyond 600 K, possibly
due to magnetic dead layer formation near the hybrid interface. This is in good agreement

with the local phase ordering extracted by Mdssbauer spectroscopy [119].
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Figure 21 The saturation magnetization at RT and the degree of D03 phase of 25 nm thick Fe3Si grown
at a temperature range between RT and 700 K. Image adapted from Ref. [119].

3.2.3 Perpendicular Mn,Ga on GaAs

Lattice structure

Magnetic materials with PMA, be it intrinsic in nature or extrinsically-induced, have rapidly
become a core group of materials in second generation spintronics. On one hand, these
materials are highly essential for realization of high recording density non-volatile memory
[134-136] by using the so-called STT effect in perpendicularly magnetized MTJs [88]. In
these key devices, the magnetization direction can be manipulated by applying an electric
current, thus making possible the technology of STT-MRAM that has many unique features
including non-volatility, scalability, high speed, and low consumption power [137, 138]. On
the other hand, materials exhibiting PMA are fundamentally very intriguing, because of the
many physical phenomenona like remanent spin injection in spin-FET and spin-LEDs (also
see section 6), giant anomalous Hall effect (AHE), and long-lived ultrafast spin procession,

etc [139-146].

Previous theoretical calculations have suggested that Mn,Ga alloys could be a game-
changer for the advanced MRAM industry, with its thermodynamically stable L1, phase
possessing large perpendicular anisotropy of 26 Merg/cm®, moderate magnetization of 2.51
4s/Mn atom, and large magnetic energy product of 28.2 MG Oe [145, 147-149]. For these
reasons, we will focus on various aspects from lattice structure to epitaxial growth and to

tailoring of PMA in Mn,Ga/GaAs(001) hybrid structure.

The binary Mn—Ga phase diagram shown in Figure 22 indicates several ordered

phases in Mn,Ga [150, 151]; yet for spintronics, two particular tetragonal phases are of most
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relevance due to strong magnetism and high Curie temperature: L1y ferromagnetic phase for
0.76 <x < 1.8 [152, 153], and D0y, ferrimagnetic phase for 2 <x < 3 [145, 154-156]. The L1o-
Mn,Ga has lattice parameters of a = 3.88-3.90 A and ¢ = 3.64-3.69 A [152, 153]. Each Mn
atom in L1o-MnGa is expected to contribute a moment of 2.51 ug [148, 149]. For bulk D0»-
Mn,Ga, the lattice constants are @ = 3.90-3.94 A and ¢ = 7.10-7.17 A [154-156]. As
mentioned just above, Mn.Ga alloys have been predicted to have strong PMA along with high
spin polarization and Curie temperature as well as low magnetic damping constant [145]. For
accessing these properties in practice, reliable growth of the alloys films constitutes a key

prerequisite, which will be reviewed in some details below.
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Figure 22 (a) Phase diagram of binary Mn-Ga system,; (b) Unit cells of two ordered magnetic phases
(L1o and D022) of Mn,Ga alloys. Image adapted from Ref. [147].

Epitaxial growth and perpendicular magnetic anisotropy

Over recent years, several groups have successfully accomplished the growth of L1o- and
D022-Mn,Ga films by either magnetron sputtering or MBE. First studies were done in the 90s
when Krishnan, and Tanaka et al. respectively confirmed square and perpendicular hysteresis
of Mn;Ga (1.2 < x < 1.5) grown on GaAs(001) by magneto-optical, magnetic and transport
measurements [142, 143]. Since then, various substrates based on SCs and insulating oxides

have been studied for the growth [157-162]. However, only GaAs and MgO substrates can
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lead to appreciable PMA. In most cases, D02-Mn.Ga films were fabricated on MgO(001)
[139, 140, 146, 156, 157, 163]. Wu et al. for instance reported magnetic and magneto-
transport properties of 5 nm thick Mn,Ga and Mn,sGa epitaxial films with PMA on Cr
buffered MgO(001) [139, 146]. Kurt et al. further prepared stoichiometric D02;-Mn3;Ga films
with an out-of-plane magnetic easy axis on MgO, Pt-MgO and Cr-MgO, and extracted a spin
polarization of 40-58% in Mn,Ga and Mn3;Ga by point-contact Andreev reflection [156, 163].
Despite these efforts, the theoretically predicted magnetic properties in Mn,Ga [148, 149],
ideal for MRAM and STT applications, were seemingly unreachable, until the major
breakthrough by Zhu et al [164]. In that particular work, the authors demonstrated for the first
time pronounced magnetic properties in homogeneous L1o-Mn;sGa epitaxial films on
GaAs(001) including perpendicular H. tunable from 8.1 to 42.8 kOe, PMA with a maximum
of 21.7 Merg/cm®, energy product up to 2.6 MGOe, squareness exceeding 0.94, and
magnetization controllable from 27.3 to 270.5 emu/cm’ at RT [164]. By various
characterization methods, the MBE-grown Mn, sGa films were found to possess good epitaxy
for growth temperatures below 600 K. Going beyond 650 K could however lead to impurity
phases, possibly due to intermixing between Mn and GaAs. Figure 23 shows the typical
perpendicular and in-plane magnetic hysteresis loops of Mn;sGa film grown at 400 K
reported in the pioneering work of Zhu et al [164], which indicates a high squareness and
strong PMA as high as 42.8 kOe. These features also hold for films grown between 400 and
600 K. Generally speaking, these results are on one hand quite different from other reports for
films grown on other substrates [158, 160, 162], and on the other hand still lower than the
calculated values for stoichiometric L1o-MnGa [148]. Both strains within the films [149] and
marginal off-stoichiometry could be responsible for such disparity. In particular, it has been
predicted that excessive Mn atoms in a Mn,Ga will align antiparallel to the rest of the

magnetic atoms, in turn resulting in spin compensation [148].
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Figure 23 Perpendicular and in-plane magnetic hysteresis loops of L1o-Mn1.5Ga film on GaAs grown at
(a) 400 K, and (b) various substrate temperatures. (¢) Remanent magnetization, (d) saturation
magnetization, and (e) H. as a function of substrate temperature. Image adapted from Ref. [164].

There exist three different proposals aiming at optimizing these non-ideal magnetic
properties as well as controlling the PMA of Mn,Ga films for specific spintronic applications.
The first involves composition tuning and post-growth annealing. Inspired by the studies on
the composition-dependence of magnetic properties of bulk Mn,Ga polycrystals [145, 153],
Zhu et al. performed a systematic investigation on using both composition and post-growth
annealing to tailor the magnetism in their MBE-grown Mn,Ga epitaxial films on GaAs(001)
[152]. They found that epitaxial films could be obtained under two conditions: (i) Within a
composition range from x = 0.76 to 2.6; and (ii) annealing temperatures up to ~650 K [152].
A prolonged annealing at 750 K would otherwise significantly deteriorate the magnetic
behavior of Mng7sGa films, owing to Mn,As formation. The second approach is strain
engineering. The magnetic properties, especially the PMA, of Mn,Ga are strongly growth-
and substrate-dependent [143, 156, 160-162, 165-167]. For instance, Mn,Ga films grown on
GaSb(111) behaved like a hard FM, whereas on Al,O3(0001), similar films were magnetically
soft [162]. Such strong substrate-dependent magnetic properties, which largely originate from
strain, have motivated Al-Aqtash and Sabirianov to examine the variation of the PMA in
MnGa as functions of Mn concentration and applied elastic strain [168]. Using DFT theory,
these authors have demonstrated that a large PMA can exist in MnGa and be effectively tuned
for a wide range of concentrations and compressive/tensile strains. The third approach relies
on interfacial exchange interaction in a FM/Mn,Ga bilayer structure, which was developed by

a group at Tohoku University, with the ultimate goal on enhancing the MR effect in MTJs
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[169-173]. Kubota ef al. and Ma ef al. have respectively reported perpendicularly magnetized
MTJs based on L1¢o-MnsGass and thin CoFeB electrodes with a MgO tunnel barrier. In those
studies, either a thin Fe or Co layer was introduced between the MnGa layer and the MgO
barrier layer to investigate interfacial effect on the device’s magnetic and transport properties.
For Fe insertion, a maximum TMR ratio of 24% was observed in MTJs with a Fe thickness of
1.1 nm at RT [173], whilst a much higher ratio of 40% for Co insertion with a comparable
thickness [170]. Such a disparity in device performance has been explained by the difference
in exchange coupling at the FM/MnGa interfaces, with Fe and Co exhibiting an opposite
coupling with the magnetization of the MnGa. In the ultrathin limit, Fe tends to couple
ferromagnetically with MnGa, whereas Co prefers an anti-FM coupling [170, 171, 173-175].
In particular, the latter type of coupling leads to an unusual four low-resistance states in
Mne>Gasg/Co/Mg/MgO/CoFeB devices rather than two in conventional ones (see Figure 24).
An abrupt transition of the interfacial exchange coupling from FM and anti-FM is further
observed by Ma et al. in L1o-MnGa/Fe;..Co, epitaxial bilayers when x is around 25% [171].
By considering the band structure of the MnGa alloy (see Figure 25), the authors have
accounted for this transition by the spin-polarization reversal of Fe;.«Co, due to the rise of the
Fermi level as the Co content increases. In another relevant study, Xiao et al. have
additionally revealed that the exchange coupling between L1o-Mn; sGa (15 nm) and Co (2—12
MLs) can change from FM to anti-FM coupling simply by a thermal annealing step at 600 K
[174]. By first-principles calculations, it is evidenced that such transition might involve a
thermodynamical process, in which a FM coupled Co/Mn-terminated MnGa bilayer
transforms into an anti-FM coupled Co/Ga-terminated structure, given the more stable Co-Ga

bond than the Co-Mn one.
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Figure 24 TMR and four low-resistance states of Mne2Gass/Co/Mg/MgO/CoFeB junctions at (a) 300 K
and (b) 5 K. Image adapted from Ref. [170].
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Substrate Thickness Mspin Miorb Temperature Growth rate Growth

System Ref.  Structure reconstruction (nm) (us/atom) (us/atom) (K) (A/min) technique
Fe/GaAs(001) [28] bce (4 x6) 1.1 2.03+0.14 0.26 +0.03 300 1.43 MBE
[28] bee (4 x6) 4.7 2.07+0.14 0.12+0.02 300 1.43 MBE
[50] bee (4 x6) 0.04 1.96 £ 0.5 1.23+0.1 300 1.43 MBE
[50] bee (4 x6) 0.07 1.84+0.21 0.25+0.05 300 1.43 MBE
[50] bee (4 x6) 0.14 1.84+0.11 0.23+0.04 300 1.43 MBE
[55] bee (2x4) c(4x4) MBE
Fe/InAs(001) [84] bee (4x2) 1.1 1.22+0.12 0.22 +0.03 448 1.43 MBE
[84] bee (4x2) 3.6 1.90£0.15 0.16 =0.01 448 1.43 MBE
[176] bee c(8 x2)/(4x2) 3.9 Ms: 1.2 x10° emu/cm’ 300 1.3-1.5 MBE
[177] bee 40 300/448 3 MBE
Fe/GaN(001) [178] bce (Ix1) 65 300 10 MBE
Fe/GaN(0001) [179] bce (Ix1) 5-50 300 11 MBE
[180] bce (Ix1) 5-70 300/523 0.17/0.26 MBE
[179] bce (7x7) 5 300 2 MBE
[181] bee 37.4 Ms: 1.48 x10* emu/cm? (as-grown) 300-950 <143 MBE
Co/GaAs(011) [63] bee 35.7 Mspintorb: 1.53 448-498 3.3 MBE
Co/GaAs(001) [66] bee (2x2) 20.2 Mspintorb: 1.3—1.4 448-498 3.3 MBE
[66] bce 2x2) 21.6 Mspintorb: 1.3-1.4 448-498 3.3 MBE
[68] bce (4x2) 0.8-2.0 423 2 MBE
[68] bee/hep (4 x2) 2.0-6.0 423 2 MBE
[64] bee (2 x4) 3.0/8.0 Mspintorb: 1.2/1.7 423 0.16 MBE
[69] bce 3.0-15 448-498 MBE
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[69] bec/hep 15-50 448-498 MBE

[182] bee o(4 x 4) 5.6 263-498 0.71 MBE

[65] bee (4 x 6) 5.0,15 413 1 MBE

[183] bee (4 x 6) 1.1 Ms: 0.71 x10° emu/cm? MBE

[183]  bee/hep (4 x 6) 1.6 Ms: 1.19 x10° emu/cm? MBE

[183]  bee/hep (4 x 6) 5.0 Ms: 1.31 x10° emu/cm’? MBE

[183]  bee/hep (4 x 6) 7.0 Ms: 1.37 x10° emu/cm’? MBE

[184]  bce/hep 50, 560 300 MBE

Co/InAs(111) [185] (111D)A-(2 x 2) 0.07-0.28 300 0.71 MBE

[185] (111D)B-(1 x 1) 0.07-0.28 300 0.71 MBE

Ni/GaAs(001) [80] bee 0.2-2.5 2.0 MBE

[80] bece/fec 2.5-6.0 2.0 MBE
[52] fcc 5.0 Ms: 387 emu/cm® 300 Electrodeposit
[52] fcc >10 Ms: 484 emu/cm® 300 Electrodeposit

[81] bee (4 x6) <3.5 Mspin+orb: 0.52 + 0.08 170 MBE
CosoFes0B20/GaAs(001)  [89] 3.5 Fe (Co) mo/mspin: 0.45 (0.38) 300 DC sputtering
Co4oFes0B20/AlGaAs(001) [89] 3.5 Fe (Co) mor/mspin: 0.34 (0.19) 300 DC sputtering
CoscFe24B20/GaAs(001)  [92] 3.5 Fe: 1.17£0.03 Fe: 0.03 £0.03 300 DC sputtering
[92] Co: 1.53+£0.03 Co: 0.56+0.03 300 DC sputtering

Mno.cGao4/GaAs(001)  [142] Llo 30 Ms: 460 emu/cm® at 35 K 475 11.5 MBE

MnisGa/GaAs(001)  [164] Llo 48 Ms: 27-%—220.5 e 400-600 MBE

. = = 3.
Mn.Ga/GaAs(001)  [152]  Llo Ms: 52 (xpo i’_iﬁ‘ﬁegat 2’5706%:“/“ : 550 MBE
Mno.sGao4/GaAs(001)  [143] Llo c(4x4) 10 M at remanence: 225 emu/cm® 450-500 8.3 MBE
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Ms: 300 (x = 0.6)-650 (x = 0.53) emu/cm?;

MnGa,/GaAs(111)B [186] L1o (Ix1) 5.0 post-annealed at 700 K 300-550 2.0 MBE

Mn.Ga;./GaN(0001)  [187] L1o (Ix1) 30-50 Ms: 100 (x = 0.5)-371 (x = 0.42) emu/cm’ 550 MBE

[160] Lo (Ix1) 150 Ms: 120 (x = 0.67)-400 (x = 0.49) emu/cm’ 550 MBE

FesSi/GaAs(001) [104] DO0s 0.56-60 Ms: 1000 emu/cm? at 10 K 550-800 3.0 MBE

[105] DO 2x1) 3040 Ms: 1050 emu/cm’® 450-550 0.4 MBE

[102] DO (4 x6) 21 Mspintorb: 1.107 £ 0.014 600 0.36 MBE

[110] DO (4 x6) 14 Ms: 600 emu/cm® 450-600 1.17 MBE

[111] DO0s (Ix1) 10-200 Ms: 700 emu/cm? 580-650 2.0 MBE

FesSi/GaAs(113)A [130] DO0s 35-50 Ms: 600 + 50 emu/cm® 550 0.13 MBE

FesSi/GaAs(111)A [126] DO (2x2) 7.5 Ms: 990 emu/cm® 550 0.45 MBE
FesSi/Si(111) [113] B2 110 Ms: 960 emu/cm?; grown at 300 K 300-800 1.1 Sputtering

[115] DO (7x7) Ms: ~1059 emu/cm? 450 MBE

. Ms: 400 (grown at 700 K)—

FesSi/Ge(111) [119] D0 25 970 (grown at 300 K) emu/cm’ 300-700 MBE

[116] DO0s 35 360-700 MBE

[118] DO0s 50 430 MBE

[117] D03 50 360 MBE

Table 1 A summary of the growth conditions and magnetic properties of the FM/SC hybrid structures that have been discussed in section 3.
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4 Spintronic hybrid structures with half-metallic materials

As originally envisaged, the Datta-Das spin-FET should involve Ohmic FM/SC interfaces [7],
so that the total device impedance could be kept as low as possible to avoid slow dynamical
response and large power dissipation at steady bias. As we shall further explain in section 6,
these transparent contacts generally suffer from the so-called conductivity mismatch problem,
originating from the fact that the conductivities of 3d FM metals are several orders of
magnitude larger than those in conventional SCs. This fundamental issue, which rendered
rather low spin injection efficiency in many previous attempts, has led to intensive efforts on
developing two categories of special magnetic materials as viable solutions—half-metallic

oxides and alloys with 100% spin polarization P as to be introduced in this section.

4.1 Half metallicity

Half-metals are ferro- or ferri-magnetic materials that act as conductors to electrons of one
spin orientation, but as insulators or SCs to those of the opposite orientation [188, 189].
Figure 26 presents a schematic diagram of the partial DOS near Er of paramagnetic,
ferromagnetic and half-metallic materials, respectively. DOS of spin-up and spin-down
electrons are identical in numbers in paramagnetic materials leading to P = 0, while these spin
sub-bands show an imbalance in FMs resulting in 0 < P < 1. Half-metals represent an extreme
case where either the spin-up or the spin-down states are empty at the Er, giving P = 1. The
discovery of half-metallicity originates from the early studies of Heusler alloys, some of
which yield the properties of metals as well as insulators simultaneously in the same material,
depending on the spin direction. By performing electronic structure calculations in the
Heusler alloy, NiMnSb, such property was identified as half-metallic magnetism by de Groot
et al. in 1983 and since then the exploration of half-metals has received a strong boost [188,

189].

Paramagnetic Ferromagnetic Half-metallic
P=0 P<1 P>1
E. - - - - - - - -
DOS

Figure 26 A schematic diagram of the partial DOS near Er of paramagnetic, ferromagnetic and half-
metal materials. DOS of spin-up and spin-down electrons are identical in numbers in paramagnetic
materials leading to P = 0, while these spin sub-bands show an imbalance in FMs resulting in 0 < P <
1. Half-metals represent an extreme case where either the spin-up or the spin-down states are empty at
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the Er, giving P = 1.

Half-metallic magnetism has been previously probed by spin-resolved positron
annihilation spectroscopy—a dedicated technique used in the study of polarized band
structures of FMs [190]. Due to the experimental complications, the number of
experimentally established half-metals remains a puzzle and electronic structure calculations
continue playing a leading role in the search for new half-metals. Formally the expected
100% spin polarization of charge carriers in a half- metallic FM is a hypothetical situation
that can be approached only in the limit of vanishing temperature and by neglecting spin-orbit
interactions. However, at low temperatures (as compared with the high 7., which exceeds
1000 K for typical half-metals and minor spin-orbit interactions), a half-metal deviates so
markedly from a normal material that the treatment as a special category of materials is

justified.
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Figure 27 Spin polarization and 7. of a list of selected magnetic materials found in the literature. The
triangles refer to the 7. of the materials and the bars indicate the spin polarization. Image adapted from
Ref. [191].

To date, a diverse collection of materials including Heusler alloys [23, 188, 189, 192-
202], chromium dioxides [101, 203-206], manganite [207-212], and magnetite (Fe3O4) [203,
213-219] have been found to carry half-metallicity. The overwhelming high spin
polarization makes half-metals ideal spin sources in the proposed hybrid spintronic devices.
Some of these materials offer a mixture of the desired properties for spintronics applications,

e.g. high T. that are well in excess of RT as well as half-metallicity. This promises their
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applications at finite temperature, since many of the depolarization mechanisms scale with the
reduced temperature 7/7.. Figure 27 presents a survey of the P and 7. of some of the
aforementioned materials which might be of potential use in spintronics applications, from
which the clear advantages of half-metals can be seen. The following sub-sections review the
research development of two selected high-7¢ half-metallic spintronic materials that are of

primary interest, i.e. magnetite and Heusler alloys.

4.2 Spintronic hybrid structures with half-metallic materials

4.2.1 Magnetite on GaAs, InAs, and GaN

Lattice structure

Fe;04 is one of the most widespread natural iron compounds and the most ancient magnetic
material being known to date (discovered more than 2,500 years ago!). The experimentally
true half-metallic state was first reported by Dedkov ef al. by means of spin- and angle-
resolved photoemission spectroscopy, from which P = —(80 £ 5)% was obtained near EF,
consistent with the spin-split band energies from DFT calculations [220]. Fascinating
properties of spin transport have also been presented in FesOs, i.e. spin-Seebeck effect [221],
spin-filter effect [222], gate voltage-induced phase transition [223], and spin-valve effect of
Fe;04/MgO/Fe;04 junctions [224]. Yet at the meantime, many fundamental properties of
magnetite such as the half-metallicity, spin and orbital ordering, Verwey transition

mechanism and the coupling mechanism between different sites have long been open issues.

The famous transition of magnetite was discovered by Verwey as early as 1939 that
at 7, ~120 K magnetite undergoes a first-order metal-insulator phase transition, called
Verwey transition [225, 226]. When the temperature is lowered through 7, the electrical
resistivity increases by two orders of magnitude. Typically, such an abrupt change of
crystallographic structure at 7, is accompanied by further anomalies in a series of related
parameters controlling the magnetic, thermodynamic, electric and mechanical interactions in
the solids. When integrating with SCs, beyond 7, magnetite has the advantage in having less
conductivity mismatch that exists in FM/SC heterostructures and hence can be used as
efficient spin injectors in the diffusive transport regime [227]. Even today the origin of this
abnormal transition and the low-temperature phase of magnetite are still the subject of
numerous investigations and the controversial reports furthermore question the fundamental

theories.

40



The rather complicated magnetic structure of magnetite was partly proposed by
Verwey and Haayman in 1941 [228] and the total structure was proposed by Néel in 1948
[229], and then confirmed three years later by neutron scattering [230]. Magnetite has a cubic
inverse spinel structure with fcc unit cells where oxygen ions are placed regularly in cubic
close packed positions along the [111] axis. Its unit cell is comprised of 56 atoms: 32 O*
anions, 16 Fe’" cations and 8 Fe*" cations. Three non-equivalent sites for the cations exist and
their arrangements are such that 8 Fe*" occupy the tetrahedral sites (A-sites) and 8 Fe** and
another 8 Fe®" cations occupy the octahedral site (B-sites). Two important types of super-
exchange interactions, namely super-exchange (SE) and double-exchange (DE), occur in
magnetite, whose strength and sign depend on the angle between the ions and on the filling of
the orbitals. The 90° indirect super-exchange interactions of the Fe ions in A- and B-sites as
mediated via the O anions lead to an anti-parallel alignment of spins on the A- and B sub-
lattices. Such coupling is substantially weaker than the 125° DE, in which electrons hop
between ferromagnetically coupled 28 B-site Fe** and Fe’' ions, resulting in an average
charge of Fe**. Because the spin of the extra electron of Fe*" is oppositely directed to the
electrons of Fe¥, electron transfer is only possible when both ions are aligned
ferromagnetically. The DE then increases the bandwidth or delocalization of the extra
electron, thereby decreasing its kinetic energy and favoring a ferromagnetic alignment.
Taking into account all these exchange mechanisms, the net magnetic moments of 4 up/f.u of

magnetite are imparted from the B-site Fe*" ions.

Complexities also exist in the theoretical model of magnetite due to the narrow 3d
band and thus strongly correlated effects in the oxide. To this day the debate continues
whether magnetite can be described by band theory or whether the size of the correlation
effects requires other methods, such as the LDA+U (the local density approximation
explicitly including the on-site Coulomb interactions) [231, 232] or even multiplet schemes.
LDA calculations have suggested high spin configuration, which yields an exchange splitting
of 3.5 eV that is larger than the e;—ty; splitting [233]. Band theory finds that magnetite is
metallic because the Er falls at the bottom of the minority spin band on the octahedral sites,
which is of ty; character. However, below the 7,, magnetite is known to be an insulator, not

the predicted metal.

Epitaxial growth and properties

There are two practical approaches to the preparation of Fe oxide samples starting with

metallic Fe. The first one is the growth of Fe in an oxygen environment, with suitable
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substrate temperature [215, 234-236]. In this case, the incident Fe atoms are oxidized before
they reach the surface and are deposited. This method generates a homogeneous chemical
composition throughout the film. However, there are some problems related to this method.
First the oxidation of the substrate surface, for example, the GaAs(001) surface, is a problem.
In the oxygen-rich environment, which should be constructed prior to the Fe oxide growth,
the GaAs(001) itself might be oxidized before the Fe oxide deposition. This incurs a
GaAs(001) oxide interface between the bulk GaAs and the Fe oxide. Secondly, possible
chemical stoichiometric variation occurs depending on the oxidizing agent and substrate
temperature, efc. Thirdly, the growth of Fe oxide on the Fe oxide is found to induce a high
density of anti-phase boundaries (APBs) in the film, which can be treated as defects and act as

scattering centres for spin-polarized electrons [215, 234, 235].

The second approach is post-growth oxidation, in which an Fe film is first deposited
on a given substrate, and then oxidized by some oxidizing agent to form Fe oxide. In our
present discussion on hybrid spintronic structures, the Fe has been epitaxially grown on
GaAs(001) and other SC substrates with or without a MgO interlayer, prior to oxidation [237-
244]. This approach leads to ultrathin Fe oxide films of high-quality owing to the oxidation
mechanism applied here. It is known that in the oxidation process of a thick Fe film, the
electrons migrate from the inner atomic Fe/oxide interface to the oxide/oxygen surface and
combine with oxygen, to form O* anions [245]. The Fe oxides, from the Fe side to the
oxygen side, range from FeO, Fe3O4 to Fe;Os. Due to the nature of oxide themselves, the
thickness ratio of each oxide relies on their so-called “potential energy” provided there is
plenty of Fe. If the Fe film is ultrathin, such as a few nanometres, then the composition
dependence on depth disappears and a uniform stoichiometry can be achieved. Apart from the
growth the Fe3Os films using the MBE systems as mentioned above, the pulsed laser
deposition (PLD) techniques have also been extensively used to synthesize Fe;O4 thin films,

whose magnetic properties can be tuned by the oxygen pressure [246].

Open issues still exist, regarding the fundamental magnetic properties of magnetite
thin films such as the half-metallicity, spin and orbital ordering, quantum confinement,
Verwey transition mechanism and the coupling mechanism between different ionic sites.
With the thickness going down to nanometer scale, these issues become even more
sophisticated. For instance, with ferromagnetic proximity polarization effect and MOKE, Yan
et al. [247] reported oscillations of the Faraday signals from both techniques as a function of
Fe;04 film thickness on GaAs(001) and attributed this behaviour to the formation of spin-
polarized quantum-well states in the £, band of the Fe;O4 films. Liu et al. [248, 249],

observed a significantly unquenched orbital magnetic moment in Fe;04/MgO/GaAs(001) and
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in Fe;04/MgO(100). The magnetic moment was estimated from the integrated XAS and
XMCD spectra as shown in Figure 28. The unquenched orbital moment universally presences
in Fe;O4 regardless the different film stoichiometry, oxygen-defects, APBs, and substrates
and could represent an intrinsic property of ferromagnetic metal-oxides. This has strong
implications for realizing spintronic operations as a high spin-orbit coupling is essential for
the ultrafast switching of spin polarization by electric field and circularly polarized light.
Moreover, unlike the reported reduced values of the magnetic moment of Fe;Os ultrathin
films [250, 251], these authors found that the Fe;04/MgO/GaAs(001) heterostructure retains a

large total moments of 83% of the bulk value down to nanometer scale.
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Figure 28. Typical XAS and XMCD spectra of a stoichiometric FesOs and their integrations for the
calculation of magnetic moment. Image adapted from ref. [248].

System Ref. Lattice mismatch UMA  Easy axis of Ky
Fe304/GaAs(001) [237] 4.8% Yes [0-11]
Au/Fe;04/GaAs(001)  [252] Au/Fe;04: 3.0% Yes [0-11]

Fe;04/MgO: —0.33%

Fe;04/MgO/GaAs(001) [241] MgO/GaAs: 25.5% Yes [011]
Fe304/InAs(001) [244] 1.9% Yes [011]
Fe304/GaN(0001) [239] —6.5% No
Fe;04/MgO/Si(001) [242] MgO/Si: —0.33% No
Fe/GaAs(001) [28] 1.3% Yes [011]
Fe/InAs(001) [54] 5.4% Yes [0-11]

Table 2 An overview of different FesOs-based hybrid structures being fabricated and characterized to
date. Note that the crystallographic directions of the UMA in this table have already taken into account
the differing notations being used in the cited works.
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The stoichiometry of the thin Fe;Os films is of paramount importance in controlling
the electric and magnetic properties for ferrite—based MR devices, as the coexistence of small
amounts of other phases of iron oxide, such as FeO and Fe;O; could result on a quenching of
the high spin polarization. Previous studies on bulk crystals have shown that small deviation
from the ideal stoichiometry strongly influences the Verwey transition temperature [253]. The
stoichiometry of magnetite has been efficiently obtained by various techniques, like
conversion electron Mossbauer spectroscopy and XMCD [254]. Furthermore, the physical
properties of magnetite films would be significantly influenced by strain. A comparable study
of the microstructure and magnetic properties of magnetite thin films deposited on (001)-
oriented MgO and SrTiO; (STO) substrates has recently revealed an obvious difference in
magnetic properties of the two films [255]. Compared to Fe;04/MgO, a larger domain
structure and significant out-of-plane magnetization components were observed in Fes04/STO
as a consequence of the in-plane compressive strain. It has also been shown that the change in
the lattice mismatch from —0.3% for Fe;04/MgO structure to 4% for the Fe;0s/MgAl,O4
structure has increased the fraction of the film that is relaxed to 40% and this consecutively
broadened out the Verwey transition [256]. Obtaining a magnetite thin film on semiconductor
substrates with properties suitable for the spintronic applications is thus a significant

challenge.

The metallicity of magnetite also suffers from various problems, such as the APB-
type of structural defects, deviation from the ideal stoichiometry, and strain arising from
epitaxial growth, that could quench the expected high spin polarization. APBs have been
observed in the epitaxial thin films regardless of the substrates or the growth techniques being
employed [215, 234, 235, 237, 257]. In the thin film regime, these APBs can cause
significant distortions in the film properties from that of the bulk single-crystal of Fe;O4. For
example, in contrast with the single-crystal, the magnetization of the thin films cannot be
saturated at strong magnetic fields [215, 234, 235], epitaxial ultrathin magnetite films of less
than 3.2 nm thick were found to show a superparamagnetic behavior [258], the modified
exchange interaction at the APB results in an exchange bias on the neighboring FM domains
[235], and the magneto-transport measurements show a large linear MR at high fields which

is not seen in the bulk [215, 234, 235].

Progress has been made on integrating half-metallic Fe;O4 with various mainstream
SCs including GaAs(001) [237, 258], InAs(001) [243, 244], GaN(0001) [239, 259, 260] and
MgO-buffered Si(001) [242], which are made possible by the post-annealing oxidation as
introduced in the preceding paragraphs. As developed by Lu et al. [237], the recipe involved

in those fabrications can be generalized as the following two steps: (i) Epitaxial growth of Fe
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ultrathin film on the SC substrate of interest, followed by (ii) exposure to molecular oxygen
with a partial pressure of 5 x 107 to 8 x 10™* mbar at a substrate temperature of 500 K. Figure
29 shows as an example the RHEED patterns for Fe3;04/GaAs(001). Similar to the discussion
of Fe on GaAs(001) substrate, the ferrite exhibits a fourfold symmetry in the film plane,
giving rise to the same RHEED patterns with the electron beams along the [011] and [0-11]
directions and an epitaxial relationship of Fe;04(001)<011>(|GaAs(001)<010> with the unit
cell of Fe;O4 rotated by 45° to match that of the GaAs.

Both XPS and XMCD were typically employed as the most direct characterization
tools to determine the chemical phase and stoichiometry of those Fe;Os-based hybrid
structures on different SCs. In particular, the latter technique is able to probe the magnetic
coupling in the ferrite by separating the magnetic signal from different Fe cations. Fe;Os
features an inverse spinel structure in which the tetrahedral sites are entirely occupied by
Fe®" cations but the octahedral sites are equally filled up by Feon’" and Feo’" cations.
Although the same amount of Fe’" cations in tetrahedral sites and octahedral sites are
ferrimagnetically coupled, they cannot cancel out each other in the dichroism due to their
different chemical environments [261]. The characteristic contributions from different ionic
sites of Few®’", Fesn’" and Feon’” in ultrathin Fe;O4 films on GaAs(100) are determined from
the XAS and XMCD spectra [237, 262]. The strong peak of Feo’" excludes the composition
of y-Fe>O3, which does not contain any Feon’". The macroscopic magnetization comes from
the octahedral Fe,n”" cations, which have different photon energy in the XMCD spectrum
relative to the octahedral Fen’" cations and tetrahedral Feq'' cations. To minimize the
possible interdiffusion between Fe and GaAs, Lee ef al. has grown the initial Fe film at the

low temperatures of 95 K, and then oxidized the film into Fe;O4 [263].
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Figure 29 (Left) RHEED patterns along three crystallographic directions of GaAs(001) substrate after
oxidation of 6.0 nm Fe. The directions along which the electron beam incident are noted in the right
column. The high voltage has been set to 10.0 kV. (Right) Schematic diagram of Fe;Oa4 unit cell and
GaAs(001) surface. The Fe3Os4 cell has been rotated by 45° to match that of the GaAs. Image adapted
from Ref. [237].
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Another striking property of the Fe;O4-based hybrid spintronic structures lies on the
presence of a substrate-dependent UMA, unexpected from the cubic symmetry of the ferrite,
as that found in Fe/GaAs. For instance, Lu et al. [237] and Zhang et al. [241] reported
thickness-dependent MOKE measurements of Fe;04/GaAs(001) along the major
crystallographic directions of the GaAs and observed a predominant UMA in the 2.0 nm thick

film (see

Figure 30). As the film thickness increases from 2.0 nm to 6.0 nm, the global easy
axis sequentially rotates from [0-11] to [001], as a consequence of the increase in the ratio of
K/K,., whose quantitative values have been independently extracted by ferromagnetic
resonance (FMR) [243, 264-266]. We summarized in Table 2 the lattice mismatch and the
existence and magnetic easy axis of the UMA observed in different Fe3;O4/SC hybrid systems.
Comparing these information, we can immediate conclude that the UMA is strongly
substrate-dependent and only appears on cubic surfaces. This is true considering the absence
of the UMA in Fe304/GaN(0001) hybrid system with a hexagonal symmetry [239]. An
exception does exist for Fe;04/MgO/Si(001) as reported in Ref. [242]. However, because the
UMA is strictly an interface effect, the 10 nm thick MgO interlayer used in that particular
study, with the original purposes as a diffusion barrier as well as a buffer layer for relieving
strain/stress, readily excludes, if any, the influence of the Si substrate. On the other hand, it is
impossible to establish a direct correlation between the lattice mismatch and the UMA. If one
nevertheless singles out Fe;04/GaAs(001) [237] and Fe;O4/InAs(001) [244], the magnetic
easy axes of the UMA in these cases have been observed to differ by 90°, exactly identical to
that for Fe/GaAs(001) [28] versus Fe/InAs(001) [54]. Such an observation is highly crucial
because it tentatively suggests that the UMA in these Fe3Os-based hybrid structures might be
directly stemmed from their parent Fe-based systems. This argument appears to be fairly
reasonable due to the post-annealing oxidation involved in those cases. For this reason, the
mechanisms of “unidirectional interfacial bonding” and “anisotropic lattice relaxation”, which
are generally accepted for explaining the UMA in the Fe/IlI-V SC(001) systems [28, 29],
might still be valid for the FesOs-based structures. Zhang et al. have indeed provided an
insight into this issue by studying the evolution of the UMA in Fe;04/GaAs(001) as a
function of an MgO interlayer thickness [240, 241, 267]. Interestingly, immediately after the
MgO insertion, the UMA changes sign, corresponding to a 90° rotation of its magnetic easy
axis. In addition, the strength of the UMA was observed to decrease as the interlayer
thickness increases. By separating the surface and volume contributions to the UMA, one can

conclude that the existence of the UMA in Fe;04/GaAs and Fe;0s/MgO/GaAs is
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fundamentally different. The unidirectional interface bonding has been ascribed as an origin
for the Fe;04/GaAs, whilst in the Fe;04/MgO/GaAs, the strain relaxation is believed to give
rise to the UMA. However, we would like to stress that the UMA in the Fe;O4-based hybrid
spintronic structures remains puzzling; a recent study has shown that the strength of the UMA
in an epitaxial Fe;O,4 ultrathin film on GaAs(001) can be modified by an overlayer of Au
[252], which is somewhat in contrast to the case of Fe [268], and by patterning [269]. Further
efforts are still required for addressing two particular issues: the role of possible intermixing
and diffusion of the oxygen atoms into magnetite-based hybrid interface, and engineering of
the properties by chemical doping, as already demonstrated for ferrite nanostructures [270-

272].
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Figure 30 MOKE loops of 2.0 nm (top row), 4.2 nm (middle row) and 6.0 nm (bottom row) samples
along the four major crystallographic orientations (as shown on top of the column) of GaAs(001). Note
the maximum magnetic field in (a)-(d) is 0.25 kOe, while 075 kOe for the rest. Image adapted from Ref.

[241].

Other candidate oxide materials for hybrid spintronic structures

Besides magnetite that has been discussed in much details above, one should also be
aware of the fact that Eu-based compounds, such as EuS and EuO in Figure 27, represent the
best candidate materials in terms of the level of spin polarization. Both EuS and EuO
crystallize as a fcc rock-salt structure, and are known to become a ferromagnetic insulator
below their respective Curie temperatures. Because EuO exhibits a higher value of such an
ordering temperature than EuS (~70 K [273] versus ~17 K [274]), which can be further
enhanced to 200 K by rare-earth doping [275-279], it has manifested as the most robust

material in the family of Eu-based magnetic compounds. With respect to spintronics, EuO can
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offer three fundamentally interesting aspects. The first aspect refers to its rather high
magnetic moment of 7 pg per Eu atom, originating from the half-filled 4f-states [280], and
large magneto-optic response [281]. The second aspect is the nearly perfect spin polarization
of EuO (and EuS) at cryogenic temperatures, as determined directly by superconducting
Meservey-Tedrow technique [273, 274, 282], point contact Andreev reflection [101, 279], or
indirectly by tunnelling magnetoresistance measurements [283-286]. The third and perhaps
the most unique aspect of EuO concerns its ability to serve as a ferromagnetic tunnel barrier
for spin-filter tunnelling, a phenomenon being extensively researched by Moodera ef al, and
relying on the exchange splitting of the conduction band of the ferromagnetic insulator (FMI),
which creates two different tunnel barrier heights for spin-up and spin-down electrons [15,
273, 274, 283-285, 287, 288]. As for hybrid spintronic devices, such a spin-selective
tunnelling mechanism is most relevant, providing an alternative to the conductivity-mismatch

problem [227], with an added merit of high efficient spin injection and detection.

Despite the tremendous potential of EuO for spintronics, the accessibility of high-
quality EuO films and its heteroepitaxy with conventional semiconductors have been largely
limited by the instability of the oxide. As reported previously, EuO is metastable actually, that
tends to convert to the more thermodynamically stable, non-magnetic Eu,O3 [289]. Oxygen-
deficiency in EuO, possibly originating from improper growth conditions, can otherwise lead
to conductive ferromagnetic phases [279], in turn destroying the intrinsic spin-filter tunnelling
functionality of EuO. To date, most of the experimental studies reported employ the so-called
adsorption-controlled or distillation growth mode by reactive MBE for the epitaxial growth of
EuO thin films [279, 290-300]. In this mode, an Eu-rich environment is maintained around a
heated substrate (usually above 720 K), so that any excess Eu atoms not being oxidized will
re-evaporate off the substrate surface, thus preventing over-oxidation of the EuO into Eu,Os3
and EuzOs. While quite efficient for growth on oxide surfaces, including YSZ [292, 293],
YAIO; [279, 301], and MgO [293, 298], this specific strategy by itself is insufficient for
semiconductor substrates, owing to interdiffusion issue. A physical diffusion barrier that
simultaneously allows for the heteroepitaxy has been demonstrated as a possible solution [279,
293, 298]. Yet, a major downside of this is the existence of an additional tunnel barrier to the
EuO/semiconductor contact, even though this added barrier is only several nanometers thick.
Only recently has seen the development of another solution specific to Si. This route involves
passivation or, equivalently, termination of Si surfaces by atomic species, such as H, Eu [297],
or Sr [296], prior to the EuO growth. The effectiveness and impacts of those various interface

treatments toward spin-based applications remain to be tested using practical devices.
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To end this sub-section, we would like to briefly highlight an emerging area
particularly focusing on 2D oxide interfaces. Example of which include LaAlOs/STO [302,
303], LaAlO3/EuO [304, 305], and others [306-309]. Due to their multitude of properties,
such as superconductivity, magnetism, high charge mobility, quantum confinement, efc.,
these interfaces are believed to be an interesting platform for gate-controlled spin transport in

a lateral geometry [310-312].

4.2.2 Heusler alloys on GaAs, InAs, and (GaMn)As

Lattice Structure

Heusler alloys are intermetallic compounds with particular composition and crystal structure
as included in Figure 31 [313]. They can be categorized into two distinct classes: the half
Heuslers with the form XYZ (referred as Cl, structure) and full Heuslers with the form X,YZ
(referred as L2, structure) where X and Y atoms are transition-metals, while Z atom is either a
SC or a non-magnetic metal. The unit cell of the .2, structure consists of four fcc sub-lattices,
while that of the C1, structure is formed by removing one of the X sites. Heusler alloys are
ferromagnetic as a result of the DE mechanism between neighboring magnetic ions. Both half
and full Heusler alloys show the Slater-Pauling behavior of the binary transition-metal alloys,
i.e. the total number of valence electrons per fu. determines the total magnetic moment per
fu., and this behavior enables one to tailor the magnetic properties of new compounds by

substituting the Y atoms with the different transition-metals.
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Figure 31 Major combinations of Heusler alloy formation.
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The term ‘Heusler phase’ was named after Friedrich Heusler, who discovered a
mysterious FM behavior in a ternary alloy formed from non-FM constituents as early as 1903
[188]. The Heusler alloys have been the subjects of a large number of studies over more than
a century and especially since 1983, when Heusler alloys were predicted to possess a half-
metallic character [188]. NiMnSb, as the first predicted half-metallic Heusler alloy, was hotly
investigated at the early stage. Although the bulk single-crystals have shown ~100% spin
polarization at the Er by means of spin-polarized positron annihilation [314], the thin films
NiMnSb has only shown 28% at 0.4 K by TMR [315] and ~58% with Andreev reflection
[101]. Later on, the focus of the research on Heusler alloys shifted toward the Co-based
Heusler alloys with the formula Co,YZ, which were found to have half-metallicity [316, 317]
and high 7. (for example in Co,FeSi, 7. =1120 K). Up to 317% TMR ratio has been obtained
at 4 K from Co,Cro¢Feo4Al [318]. This achievement was followed by even larger TMR ratios
from MTJs with different Co-based Heusler alloys electrodes such as Co.FeAl [319],
CoxMnSi [320], CoxCri—+Fe Al [321], and CoFeSi [316]. While Co,MnSi has shown a giant
low temperature TMR ratio of about 570% which corresponds to a spin polarization of 89%,

this ratio has tremendously reduced to 90% at RT.

Epitaxial growth and properties

A number of Heusler alloys have been grown epitaxially on SCs including NiMnSb [193],
NixMnGa[322], NioMnGe [195], NizMnAl [323], Co-MnSi [324], Co, (Cr, Fe)Al [325],
CoMnGe [198] on GaAs(001), Ni;Mnln [197] on InAs(001), and Cu,MnAl and Co.MnSi on
Si. Co-sputtering, PLD and MBE are the three main deposition methods that have been used
so far. The Ni-based half Heusler Alloy, namely epitaxial NiMnSb has been the grown both
by co-sputtering [326], and by MBE [315] techniques. Although the bulk single crystal
NiMnSb exhibited 100% spin polarization [314], these thin films showed much smaller
values of spin polarization, a maximum of ~60% [101]. Atomic disorders at the empty sites
are pointed out to be the reason for this large difference from the bulk value of polarization
[327]. Epitaxial NiMnSb(001) thin films are reported to be grown both on GaAs(001) [193],
and GaAs(111)B [328] substrates. The surface spin polarizations are predicted to depend
upon the terminated layers for such growth. For the NiMnSb(001) surface, the Ni-terminated
surface compresses the distance between the surface Ni and subsurface of MnSb layer by 10%
and corresponds to a surface polarization of 42%. On the other hand, the MnSb-terminated
surface reduces the distance between the surface Mn and subsurface of Ni layers by 3.5% and
expands that between the surface of Sb and sub-surface of Ni layers by 7.3% with a surface

polarisation of 84% [329]. Similar effect is predicted for NiMnSb(111) surfaces [330]. On the
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contrary, epitaxial NiMgSb(001) films grown on MgO(111) substrate with Mo(001)-buffer
layers exhibited 68%—100% spin polarization at the MnSb terminated surface [331]. The
effect of surface termination on the spin polarization has also been predicted for other half
Heusler alloys, such as PtMnSb [332], and CoMnSb [333]. Co-based full Heusler alloys are
also been investigated. Single-crystalline Co.MnSi Heusler alloy films have been grown on
GaAs(001) substrates by PLD. High quality Co.MnSi films on GaAs has been achieved after
deposition at 450 K [324] as indicated by the sparking RHEED pattern shown in Figure 32.
The L2, order polycrystalline Co.CrAl and epitaxial CorFeAl thin films were grown onto
GaAs(001) substrates at 673 K using MBE. The Co.FeAl films, exhibited almost single phase
with the crystalline relationship of Co,FeAl(001)<110>//GaAs(001)<110> [325].
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Figure 32 RHEED patterns of a clean GaAs(001), b 60-A-thick Co2MnSi film, left-hand side panels
along [110] GaAs and right panels along [1-10] GaAs, c line profiles of GaAs top and Co.MnSi bottom
RHEED patterns taken along [110] GaAs achieved at a substrate temperature of 450 K. Image adapted
from Ref. [324].

Heusler alloys exhibit structural similarity to the zinc-blende structure adopted by
binary SCs like GaAs, InAs and ZnS [322, 334], and large bandgap at Er in general, which
could facilitate their use in devices such as spin-FET and spin-LED (see section 6). However,
disadvantages exist in Heusler alloys because of their fragile half-metallicity against atomic

disorder. For the L2, structure, when X atoms remain ordered while full disorder occurs
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between Y and Z sites, the alloy transforms into the B, structure. And if disorder occurs
between one X site and either Y or Z sites, the atomic arrangement may lead eventually to the
A structure. Such disorders result in suppression of the inversion centers that is present in the
ordered Heusler alloys, which have important consequences for the half-metallic bandgaps. It
was reported that more than 7% of atomic disorder is enough to vanish the energy gap for the
minority spins at Er. The earlier mentioned discrepancy of spin polarization in NiMnSb thin

films, compared with that in bulk NiMnSb is a typical example [327].

The understanding of the interface and magnetic moments of ultrathin Heusler alloy
films on semiconductor surfaces are important for high efficient spin injection. Previously
Grabis et al. [335] found that the reduced magnetization of Co,MnGe thin films was due to a
reduction of the Mn moments. Claydon ef al. [336] carried out a detailed XMCD study of the
element specific magnetic properties of CooMnGa/GaAs(001) hybrid structure at RT, and
observed a considerable reduction in the magnetic moments by as large as 50% in the
ultrathin films, as summarized in Table 3. This observation was attributed to possible Mn
defects that reside on Co sites, causing an anti-ferromagnetic coupling. Later on, this
particular type of Heusler-based hybrid spintronic structure was incorporated into a spin-LED
with an aim to study electrical spin injection [337, 338]. With an off-stoichiometric
Co02.4Mn; ¢Ga, a rather low spin injection efficiency of 13% was observed and in addition the
polarization signal disappeared above 20 K. With Co,MnGea, this efficiency could be boosted
to 22% [338]. But even for stoichiometric Co,MnGe that is known to be almost half-metallic,
only an efficiency of 27% could be attained [339]. In general, these results point to possible
interfacial defects that on one hand can limit device performance and on the other hand urge
for utilization of advanced characterization techniques such as XMCD to probe specifically

the hybrid interface properties which are otherwise difficult to observe by bulk methods.

In addition to the local moments, the magnetic anisotropies of ultrathin Heusler alloy
films can also be affected by the semiconductor surfaces. As discussed in section 3, UMA has
been observed in several ferromagnetic metals and alloys such as Fe, Co, CoFeB on various
semiconductor substrates. A recent study of single-crystalline full-Heusler alloy films on
GaAs again observed UMA in its ultrathin region [340]. As shown in Figure 33, these authors
have prepared the CooMnAl films with the thickness varying from 3nm to 12 nm on GaAs
(100) using MBE, and obtained a significant K, of nearly 4 x 10° erg/cm® at 3 nm, which was
attributed to the interfacial stress. Such strong UMA can be utilised to design the

magnetization switching of the spin injectors and detectors in the spin-FET.
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Co/Mn=1.88 Co/Mn=1.99 Co/Mn=2.05

Thickness

(nm) Mn my, CO myy Mn my, Co myy, Mn my, Co myy
5.3 0.283 0.206 0.534 0.175 0.438 0.177
+0.026 +0.019 +0.050 +0.016 +0.043 +0.017
7.6 0.838 0.434 0.724 0.305 0.467 0.300
+0.076 +0.038 +0.065 +0.028 +0.049 +0.060
9.7 0.247 0.307 0.470 0.341 0.521 0.304
+0.025 +0.008 +0.051 +0.036 +0.065 +0.027

Bulk? 3.01 0.52

Table 3 The sum of orbital and spin moments with error bars in us/atom for the Co and Mn components
as obtained from XMCD measurements on three different film structures of CoxMn,Ga indicated by the
x/y ratio with three different thicknesses. Data obtained from Ref. [336]
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Figure 33 (a) The RHEED pattern of CMA film. (b) DCXRD pattern of 12-nm-thick CMA film. (c)
Normalized in-plane hysteresis loops of CMA films with varying thickness, and the field is applied
along [110] direction. (d) Normalized in-plane hysteresis loops of CMA films with the field applied
along [1-10] direction. Image adapted from Ref. [340].

More recent research is directed to exploring the magnetic proximity effect between
Heusler alloys and diluted magnetic semiconductors (DMSs) [341-343]. In such a magnetic
bilayer system, the exchange coupling from a Heusler alloy is utilized to enhance the 7. in a
DMS [344-347]. Nie et al. reported the magnetic proximity effect in Co.FeAl/(Ga,Mn)As
bilayers [348]. A significantly enhanced 7. (above RT) was demonstrated by XMCD in the
epitaxial Co,FeAl/(Ga,Mn)As bi-layer structure. As shown in Figure 34, the elemental
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specific hysteresis loops of Fe, Co and Mn, respectively, exhibit clear FM behaviors and
identical H., proving a robust magnetic Mn-Fe-Co coupling. Unlike the anti-parallel
alignment, which has been reported in the Fe/(Ga,Mn)As systems [349-351], their results
suggest a FM coupling between the Fe, Co and the Mn. This observation was also later on
confirmed by the ab initio density functional calculations on both the ordered L2; and

disordered B2 phases for the Co,FeAl.
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Figure 34 The elemental specific XMCD hysteresis loops of the Fe, Co, and Mn, respectively in
Coz2FeAl/(Ga,Mn)As bilayers probed with elemental specific XMCD. Image adapted from Ref. [348].

5 Hybrid spintronic structures with 2D materials

2D systems have become one of the most exciting new classes of materials due to the wealth
of exceptional physical properties that occur when charge, spin and heat transport are
confined to a plane. Their unique 2D electron gas (2DEG)-like behaviors not only enrich the
world of low-dimensional physics, but also provide a platform for transformative technical
innovations. Magnetism is not common for the elements consisting Van der Waals 2D
materials; however, spin polarization in these materials can still be induced by defects, edge
states, magnetic dopants and/or via the proximity to an adjunct magnetic source etc.
Compared to FM, they generally have less robust magnetism, but significantly longer spin
lifetime or spin coherence length, which are eagerly desired in spintronics. Furthermore, their
capacity of integration with FM offers a promising direction toward the development of
hybrid devices that can perform logic, communications, and storage within the same material

technology.
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5.1 Graphene-based spintronic structures

The revolutionary nature of graphene [352-354] makes it a prime candidate for the spintronics
applications, in which the generation and tuning of spin-polarized currents are prerequisites
[2]. In its pristine state, graphene exhibits no sign of conventional spin polarization, and so far
no experimental signature shows a FM phase of graphene. This gap is now filling up by
combined efforts in multi-disciplinary research. The FM metal/graphene heterojunction is one
of the most promising avenues to realize efficient spin injection into graphene [355] and other
carbon-based organic systems [356-360]. Perfect spin-filtering for lattice-matched interfaces
of graphite with Ni or Co has been predicted, which is insensitive to interface roughness due
to the intrinsically ordered nature of graphite [361]. Fascinating properties of spin transport
phenomena have presented in the Co/graphene system [362, 363], though theoretical
calculations show that the atomic magnetic moment of Co can be reduced by more than 50%
when absorbing on graphene surface [364]. As a non-magnetic interlayer, vertical spin-valve
devices have also been successfully demonstrated, featuring FM/graphene interfaces [365-
370], in which the signal could be enhanced by doubling the number of graphene layers in
some specific cases [365]. Being a tunnel barrier with a low out-of-plane conductivity,
graphene sheet has been shown to drastically improve the spin-injection efficiency for FM/Si

interfaces [371].

Despite the above positive findings, current understanding of magnetic properties in
the hybrid FM/graphene structures remains very limited, largely because of a number of non-
trivial interface problems. Those interface issues, which include but are not limited to
interface disorders, magnetic dead layer, and electronic orbital hybridizations, must be
understood before any functional graphene-based spintronic devices can be developed. This
section will be devoted to discussing these aspects by highlighting the main progress on the

growth, structures and interface magnetism of graphene-based hybrid structures with FMs.

5.1.1 Graphene in proximity to FMs

“Graphene on top”

As one can imagine, two types of basic hybrid structures between graphene and FMs are
technically possible, according to the conventional spin-valve architecture. One is with

graphene on top of a FM, and the other with graphene at the bottom. Due to both historical
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[372, 373] and technical reasons (see latter paragraphs), the “graphene on top” structure has
been most studied, and is relatively easier to achieve than the “graphene at the bottom”
structure. Previous fabrication of the former hybrid structure was overwhelmingly done by
thermal cracking of hydrogen gases, a self-limiting process, on lattice-matched crystalline
FMs [374-384]. Both Ni(111) and Co(0001) have been the primary FMs of interest,
considering a nearly perfect lattice-match characterized by only a marginal mismatch of ~1.3%
between graphene and Ni/Co. Graphene usually exhibits a hexagonal (1 x 1) structure on both
FM surfaces [374, 375, 377, 379], but exceptions do exist for growth under slightly non-
optimal conditions for which other differently oriented domains co-exist with the (1 x 1)
atomic structure, forming a moiré-derived pattern in graphene [381, 382]. A rather extreme
case has also been reported recently, involving graphene growth on Fe(110) surface [385].
Although the shortest Fe-Fe distance (2.48 A) is close to the lattice constant in graphene (2.46
A), the Fe(110) surface features a distorted hexagonal symmetry, which in turn induces a

short-ranged periodic wavy pattern in graphene.

Both the graphene/Ni(111) and graphene/Co(0001) hybrid interfaces are covalently
bonded systems, characterized by strong interfacial hybridization between the graphene m and
FM 3d wvalence-band states. Such substantial interface effects should provide new
opportunities for spintronic applications. On the one hand, a robust spin-filtering effect has
been predicted in those interfaces [361]. On the other hand, the orbital hybridization may
serve as a viable means to induce magnetism in graphene, which has proven to be non-trivial
in many earlier attempts [386-390]. For instance, a partial charge transfer of spin-polarized
electrons from the FMs to graphene was previously observed to occur, inducing an effective
magnetic moment and thus carbon K-edge XMCD [377, 378]. For the particular case of the
graphene/Ni(111) interface, the XMCD dichroic signal was reported to be as high as —12% at
RT and coupled antiparallel to the spin moments of the Ni 3d states at the Fermi level [374].
Further enhancement of the K-edge XMCD by a factor of ~2.7 was also demonstrated via
intercalation of a thin layer (1 ML) of Fe into the graphene/Ni interface [378]. For electrical
spin injection into graphene from FMs, the DOS in the vicinity of the Fermi level are most
relevant. Previous angle-resolved photoelectron spectroscopy (ARPES) measurements have
shown very interesting distortion of the valence band of graphene with the presence of Ni(111)
and Co(0001). For both hybrid interfaces, the z states of graphene are essentially shifted away
from the Fermi level due to orbital hybridization with the FM d bands [379-382, 384, 391],
but a new spin-polarized cone-like interface band has observed to set in near the Fermi level
[379, 381, 391] (see Figure 36). The existence of such spin-polarized interface band may be

employed as a spin source and/or as a spin-filter for spin injection.
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Figure 35 XMCD spectra of Fe-intercalated graphene/Ni(111) hybrid structures at the (a) Ni L23, (b) Fe
L3, and (c) C K-edges. Image adapted from Ref. [378].
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Figure 36 ARPES measurements of well-oriented graphene/Co interface at RT. Images adapted from
Ref. [379].

“Graphene at the bottom”

Due to their large difference in surface energy, 3d FMs usually form nanoscale clusters on

graphene/graphite [392-394]. This explains the technical challenge on why the “graphene at

the bottom” (FM/graphene) structure is more difficult to achieve. Experimental efforts are

nevertheless underway, trying to come up with novel solutions to overcome this challenge.
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From the fundamental science perspective, the FM/graphene hybrid interface presents a
promising platform for studying atomic-scale magnetism and magnetic anisotropy in low-
dimension. Liu et al. have recently carried out a systematic study on the interfacial magnetism
in Fe/graphene heterojunction using a combined method of XMCD and DFT calculations
[395]. The experiment has been performed using a specially designed FM;/FM,/graphene
structure that to a large extent restores the realistic case of the proposed graphene-based
transistors [83]. As shown in Figure 37, these authors have quantitatively observed a reduced
but still sizable magnetic moments of the epitaxial Fe ML on graphene, which is well
resembled by simulationsand can be attributed to the strong hybridization between the Fe 3d,»
and the C2p, orbitals and the sp-orbital-like behavior of the Fe 3d electrons due to the
presence of graphene. The calculated magnetic moments of Fe for the three different
configurations as well as those derived from the experimental measurements were gathered in
Table 4. Generically, an enhancement of mo, of Fe can be attributed to the symmetry
breaking of the ultrathin film, for which the electrons are more localized, leading to an orbital
degeneracy lifting as reported in Fe/GaAs [50] and Fe/InAs [84]. A further factor of influence
is the modified chemical environment due to the underneath graphene. Interfacial mgpin can be
induced in the m-conjugated states of several carbon-based systems by adjacent FM as
observed in Cgo/Fes04(001) [359, 360], Ceo/Fe(001) [356, 358], and graphene/Ni(111) [377,
378], due to the intensive spin and charge transfer between the FM and C atoms. The stacking
of the topmost FM with respect to graphene is another noteworthy question. Possibilities exist
that in such FM/graphene heterojunctions, FM atoms may be incorporated into the graphene
defects, or diffuse through the graphene to form metallic layers in-between the graphene and
the substrate. A very recent LEED analysis on FM intercalation underneath graphene sheets
shows that for 1-2 ML Fe deposited on graphene/Ni(111), the Fe atoms tends to intercalate
between the graphene and Ni surface, forming a favorable Ni/Fe/graphene stacking and that
Fe in between of graphene and Ni tends to follow the fcc stacking of the Ni(111) substrate
and the graphene has the same registry as for Ni(111) [375, 378, 396]. In terms of the
occupation sites, the best agreement between experiment and theory of the Fe/graphene
heterojunction points to a coexistence of two types of domains, namely top-fcc and bridge-top

domains [397].
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Figure 37 The theoretical model of Fe/grapheme bilayer. (a) Illustration of the three non-equivalent
allocations of Fe on graphene, namely top (blue), bridge (green) and hollow (red), and their calculated
equilibrium distance (do) and system free energy (E), referenced to Fe'?/graphene. The unit cell is
shown as the gold-colored parallelogram. (b) Spin-resolved band structures for a freestanding Fe ML
(left column) and the ML Fe'P/graphene (right column), respectively, together with their corresponding
partial DOS. Image adapted from Ref. [395].

System Ref. Method stacking mgpin (us/atom) mo (s/atom)
Fe/graphene [395] XMCD 1.06 £ 0.1 0.18 £0.02
Fe'°?/graphene [395] DFT fce 1.23
Fe™%/graphene  [395] DFT fec 0.67
Fe"™!*“/graphene  [395] DFT fec 2.57
freestanding ML Fe [395] DFT fce 2.76
Fe/InAs [84] XMCD bee 1.22+0.12 0.22 £0.03
Fe/GaAs [50] XMCD bee 1.84+£0.21 0.25+£0.05
bulk-like Fe [395] DFT bee 2.15
bulk-like Fe [398] XMCD bee 1.98 0.086

Table 4 The experimentally measured and calculated magnetic moments of Fe in various graphene-
based configurations in comparison with those on InAs and GaAs [395].
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The strong orbital hybridization in FM/graphene hybrid structures is known to be
capable of influencing the magnetic ground state of FM adatoms, which in turn can control
magnetic anisotropy. A relevant study has been reported for nanometer-thick Co films
intercalated between graphene and Ir(111) [399]. PMA originated from the hybridization
between the graphene and the Co electronic orbitals was observed in this intercalated system,
which could be manipulated further by adjusting the Co thickness [400]. For a Co thickness
of 13 ML or less, the magnetization of the intercalated structure is purely out-of-plane. Above
15 ML, in-plane anisotropy starts emerging and increases with the Co thickness (see Figure
38). By engineering a stacking structure with multiple Co/graphene interfaces, it has been
proposed that a giant PMA more than 20-times larger than conventional multilayers may be

possible [400].
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Figure 38 (a-b) Thickness dependent effective magnetic anisotropy for bare Co film, one surface of Co
film coated by graphene, both surfaces of Co film coated by graphene, respectively. (c) Out-of-plane
and in-plane contrast of SPLEEM images of Co/Ir(111) and graphene/Co/Ir(111) structures with
different Co thicknesses. Image adapted from Ref. [400].

The perfect spin-filtering effect due to k-vector conservation at lattice-matched
FM/graphene interfaces relies on the fact that the only states available at the Fermi energy of
graphene are located or close to the K-points, where there are only minority-spin states of the
said FMs [361]. However, a key question is how one can realize such an epitaxial FM
electrode on top of graphene. Here we highlight two notable approaches [376, 401] that may
shed light onto this challenging issue.
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The first approach concerns the growth of Fe;O4 ultrathin films on graphene/Ni(111)
[376]. The central idea behind this approach involves the use of half-metallic FesO4 as a top
FM contact on graphene, for which the fully spin-polarized bands of Fe;O4 at the Fermi level
may relieve the stringent requirement on a perfect crystallographic matching at the
FM/graphene interface. Being an oxide, Fe;O4 has an added advantage on limiting interfacial
electronic interaction with graphene, which should then preserve the intrinsic Dirac electronic
structure of the 2D material. To fabricate an abrupt interface, the authors adapted an
“oxidation and post-annealing” procedure, by which the dispersion of the graphene = states

can still be observed by ARPES [376].

A radically different approach has been demonstrated by Wong ef al., based on solid
phase epitaxy of amorphous CoFeB at elevated temperatures [401]. The atomic arrangement
of the practical heterostructure has been depicted in Figure 39 where the best registry is
obtained by fitting seven parts of the hexagonal carbon lattice to six parts of CoFe(110). This
configuration is clearly less ideal than the case of (111) Co or Ni on graphene, where a
hexagon-on-hexagon registry is possible, and may therefore induce a symmetry-lowering
factor, which is likely to deteriorate the robustness of the proposed spin-filtering effect. The
degree of such effect has also been considered in terms of the band matching. The spin-
resolved Fermi surfaces of bce-Co projected onto the (110) plane, where an imbalance of
minority- versus majority-spin states at the N-point in the reciprocal space of Co(110) can be
observed in Figure 39. Further taking into account the presence of Fe in the alloy, which
features a complicated structure of majority- and minority-spin states at the Fermi level, the
spin-filtering effect and thus the difference in conductance between the parallel and anti-
parallel cases in a sandwich structure involving the CoFe(110)/graphene interfaces is
estimated to be finite, albeit small. This approach nevertheless remains in the race of
achieving the predicted spin-filtering effect [361], as boron accumulation that would
otherwise break the favorable conditions for the spin-filtering effect was not observed at the
CoFe/graphene hybrid interface [401]. In addition, CoFeB with a higher Co/Fe compositional
ratio is expected to crystallize into an fcc phase, which therefore should lead to a better lattice

registry with graphene.
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Figure 39 (a) Atomic arrangement of CoFe(110) unit cell on graphene surface. (b) Projection of Fermi
surfaces of bee-Co minority- (left) and majority-spin (right) onto (110) plane in reciprocal space. The
color bar indicates the number of Fermi surface sheets. Image adapted from Ref. [401].

5.1.2 Graphene in proximity to FMIs

Proximity induced magnetism in graphene is an emerging field that has received much
theoretical attention [386-388, 402-404]. In particular, there have been exciting predictions
for induced magnetism through proximity to a FMI [402, 403] as well as through localized
dopants and defects [386]. Seemingly quite different though, induced magnetic phenomena in
both systems rely on the exchange interaction. In the case of FMIs in contact with graphene,
atomic orbital overlap at the interface is expected to induce a spin-splitting in the carbon layer
[402-404]. Alternatively, on a local scale, magnetism can be induced in graphene through
dopants and defects [386, 389, 390]. In this scenario, adsorbates or lattice vacancies
effectively remove a p,-orbital from the graphene band structure, thus creating a localized
defect state near the Fermi energy [405, 406]. Due to the Coulomb interaction, the defect state
is spin-split leading to a spin-1/2 populated quasi-localized defect state. One should however
anticipate scattering events caused by such defect impurities, which are detrimental to

graphene’s high carrier mobility.

The exchange proximity interaction, originating from an overlap of electronic wave
functions at the interface between a FMI and graphene [402, 403], can be instrumental to
induce magnetism while preserving the high carrier mobility in graphene. In fact, it has been
predicted that the FMI EuO can induce a spin-splitting in graphene on the order of 5 meV
[402]. It is also expected that such a proximity effect will find wide applications not only on

inducing magnetism in non-magnetic materials [402, 407-409], but also on achieving
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controllable MR [402, 410, 411], gate tunable manipulation of spin transport [403, 412] and
exchange bias [413], and STT [414], as well as the quantized AHE in graphene [415, 416].

The induced magnetism in graphene by the proximity coupling to a magnetic
substrate has been demonstrated experimentally for graphene on Au/Ni(111) substrates [417].
By spin-ARPES, it has been observed that electronic orbital hybridization of graphene p
states with Au 5d states could result in a giant Rashba-type spin splitting as large as ~100
meV in graphene p band [417]. But to probe the induced magnetism in graphene by transport
devices, magnetic insulators rather than metals are mandatory. Along this line, Swartz et al.
have explored the epitaxial growth of EuO on graphene, and discussed several possible
scenarios for realizing exchange splitting with this magnetic insulator. While their graphene
devices exhibit clearly the integer quantum Hall effect, no signature of magnetism in the form
of AHE due to the proximity interaction with EuO could be observed [294, 418]. On the other
hand, these authors have also investigated the properties of the magnetic moments in
graphene originating from localized p,-orbital defects created by adsorbed hydrogen atoms.
The behavior of these moments has been studied using non-local spin transport to directly
probe the spin-degree of freedom of the defect-induced states. More recently, Hallal et a/
[419] calculated the proximity induced magnetism in graphene on four different magnetic
insulators, namely EuO, EuS, yttrium iron garnet (YIG) and cobalt ferrite (CFO). As shown
in, the results indicate that induced exchange-splitting in graphene can vary from tens to

hundreds of meV by selecting different FMIs.
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Figure 40 Band structures of graphene on (a) EuO, (b) CoFe20s, (c¢) EuS and (d) Y3FesO12. Blue
(green) and red (black) represent spin up and spin down bands of graphene (magnetic insulators),
respectively. Image adapted from Ref [419].
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A convincing evidence of proximity-induced magnetism in graphene was reported by
Wang et al [420], using an atomically flat YIG thin film. Their results indicated not only a
large exchange interaction and ferromagnetism in graphene/YIG, but also an enhanced spin-
orbit coupling which inherently weak in pristine graphene. In their devices, a large AHE
resistivity could only be observed far away from the Dirac point as included in Figure 41.
However, when using magnetic and insulating LaMnOs, Cheng et al [421] acquired a

considerable AHE signal nearby or at the Dirac point.
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Figure 41 The gate voltage dependence of the device conductivity, quantum Hall effect, and non-linear
AHE resistivity of transferred graphene/YIG device. Image adapted from Ref. [420].

5.2 TMD-based spintronic structures

TMDs, whose structures are arranged in a layered fashion like graphene, have recently
attracted widespread interest [422-428]. In the atomically thin regime, TMDs possess three
unique fundamental properties that are believed to be superior to those of graphene. Firstly,
there are almost 40 different types of TMDs being known to date. Depending on different
combinations of chalcogen and transition-metal elements, TMDs can exhibit metallic, half-
metallic, semiconducting, superconducting, and magnetic properties [424, 429-432]. This
diversity makes the TMD family more sought-after in many applications than graphene.
Secondly, inversion symmetry is broken in group-VI semiconducting TMD MLs, such as

MoS,, WSe,, which in turn activates the valley degree of freedom for charge carriers [426,
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428, 433]. This is distinct from the indiscriminative K-valleys of graphene, and provides a
fascinating playground for valleytronics. With the strong spin-orbit coupling originated from
the heavy transition-metal atoms, the spin degree of freedom in ML TMDs can be further
coupled with the valley degree of freedom, leading to the dual use of both spin and valley in
spin-valleytronics for information processing [427]. Thirdly, while strong spin-orbit coupling
usually results in short spin lifetimes, the case of the group-VI semiconducting ML TMDs is
expected to be very different because of the giant spin-orbit spitting in its valence band edge,
that can suppress spin relaxation to produce longer spin lifetimes [427]. This unusual
behavior has indeed been observed in polarization-resolved photoluminescence measurements,
reporting a lower bound on the spin lifetime of 1 ns [433]. Optical Kerr spectroscopy has
further revealed that electron spins in n-type MoS; and WS, MLs are long-lived, with spin
lifetimes exceeding 3 ns at 5 K. This value is two to three orders of magnitude longer than
typical exciton recombination times [434]. These two particular works based on optical
characterizations strongly suggest that semiconducting ML TMDs could outpace graphene in

terms of spin lifetimes.

While we are aware of an increasing amount of theoretical and experimental studies
on 2D DMSs, a recent topic where researchers attempt to create magnetism in non-magnetic
TMD MLs by transition-metal dopants (mainly group-VI semiconducting TMDs) [435-440],
we will rather restrict our discussion on the hybrid systems involving FMs and TMDs, which
are the main scopes of this review article. On the other hand, the general background and
(spin-unrelated) properties of low-dimensional TMDs have already been reviewed in much

detail in Ref, [423, 424, 429].

5.2.1 Theoretical FM/TMD interfaces

Currently available studies on FM/ML TMD hybrid interfaces remain scarce to date [441-
446], but yet are already sufficiently convincing to show its exciting prospect for spintronics.
Down to the fundamentals, its uniqueness as a 2D material comes with the fact that higher
binding energies generally exist between 3d FMs and ML TMDs (from Fe to Ni on MoS:
2.5-3.4 eV [441-443]) than with graphene (Co on graphene: 1.6 eV [447]), despite the
structural similarity of TMDs and graphene [441-443]. On the one hand and in the case of ML
MoS;, such disparity in the surface binding energies can be explained by the coexistence of
Mo 4d and S 3p orbitals at the band edges, in contrast to the relatively “flat” electron cloud
due to the sp* network of graphene. On the other hand, this difference suggests better wetting
of 3d FMs on ML TMDs and thus higher chances of achieving epitaxy [393, 394]. In fact,
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Chen et al. have predicted such feasibility for the particular case of Co/ML MoS, hybrid
interface [443]. Their calculations have indicated stable adsorption and high diffusion barrier
for Co atoms on ML MoS, for establishing a long-ranged structural order, and also heavy
overlapping among the Co 3d, Mo 4d and S p electronic orbitals, as a consequence of
interface hybridization. This latter electronic effect is particularly promising because a large
spin-splitting near the Fermi level is expected, simultaneously leading to a net local moment
as high as 0.93 pg in the Co atom and half-metallicity at the Co/ML MoS, interface, which
could play an important role in defining the spin injection mechanism via such novel interface

[443] (see Figure 42).

By means of first-principles calculations, Dolui ef al. have also predicted a giant MR
effect in vertical Fe/MoS,/Fe junctions with a maximum MR of ~300% [444]. Such a vertical
spin-valve device is highly interesting because of its structural similarity to conventional
MTIs, but yet with a low-resistance non-magnetic TMD layer. The working principle of the
Fe/MoS,/Fe junctions is actually comparable with the proposal for FM/graphene-based spin
filters by Karpan et a/ [361]. A main criterion on obtaining a large MR is on band symmetry.
For instance, when MoS; is employed as a spacer material, the FM should possess electronic
states of one spin at the Fermi level at the center of the TMD Brillouin zone, while the other
spin states should preferentially reside away from the /™ point. Provided such symmetry,
conducting channels exist only for one spin type, while the opposite spin electrons will be
selectively scattered, thus not contributing to a device current. As we shall see in section 6, a
finite MR value has indeed been observed in relevant vertical structures based on
NiFe/MoS,/NiFe [448]. That particular experimental work has not only verified the main
findings of this theoretical study, but also substantiated the robustness of FM/ML TMD

hybrid interfaces for spintronic devices.
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Figure 42 (a-b) DFT simulated atomic structure of ML Co atoms on ML MoSz. (c-d) Charge and spin
density difference profiles, respectively. () Spin-resolved partial-DOS of the hybrid interface. Image
adapted from Ref. [443].

5.2.2 Experimental FM/TMD interfaces

The coupled spin- and valley degrees of freedom in low-dimensional group-VI
semiconducting TMDs (such as MoS,; and WSe;) has enabled the recent experimental
observations of coexistence of spin-Hall and valley-Hall effects [427], long-lived electron
spin in the nanosecond range due to strong spin-valley locking [434], and optical and
electrical controls of valley polarization [428, 433, 449]. A possible route to better utilize and
even expand these novel physical phenomena is to integrate the ML TMDs with spin devices.
A spin-FET with a ML TMD transport channel is one potential example. However, exploring
this as well as those previously proposed by theories [443, 444] will have to build on the
ability to fabricate well-defined FM/ML TMD hybrid interfaces, which by far has proven to
be very challenging [445, 446, 450].

Because of its semiconducting character, group-VI ML TMDs tend to form Schottky
barriers with metal contacts. Such interfacial barriers in most cases dominate any measured
transport properties of a given device [451]. In the context of spintronics, understanding the

role of the contacts is key for realizing efficient spin injection from FM electrodes into the
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ML TMD materials. Chen et al. were the first to look into the Schottky barrier formation at
Co/ML MoS; interface, and observed a barrier height of ~60 meV [445]. This value could be
improved by as much as 84% with an inserted MgO thin barrier. Further control over the
barrier height was also demonstrated by a back electrostatic gate, which is effective due to the
2D nature of ML MoS,. A large Schottky barrier resistance was also observed by Dankert et
al. for Co/few-layer MoS; interface, which could be reduced similarly by introducing a thin
TiO; tunnel barrier [446] as shown in Figure 43. This approach not only results in an
enhancement of the transistor on-state current by two orders of magnitude and the field-effect
mobility by a factor of 6, but also enables the contact resistance of the Co/few-layer MoS;
interface to lie within the optimum range for realistic observation of a large two-terminal MR
[452]. A further insight into the Schottky barrier formation at the 3d FM/TMD hybrid
interfaces can be obtained by comparing these two studies with another work reported by
Wang et al. for NiFe/MoS; interfaces [450]. A particularly interesting observation in the latter
was an Ohmic behavior between multilayer MoS; and NiFe, but a Schottky character for NiFe
and ML MoS,. At this point, one can conclude that the Schottky barriers formed at 3d
FM/TMD interfaces are very sensitive to both the FM of interest and the TMD thickness. We
speculate that the relative energetics between the materials are governing the barrier
formation, and can only be characterized in an unambiguous manner by (i) state-of-the-art
surface science approaches, such as in-situ XPS and ultraviolet photoelectron spectroscopy,
and (ii) contamination-free hybrid interfaces. In this regard, the recent major advancements
on MBE growth of several epitaxial ML TMDs will largely facilitate such potential studies
[431, 432].
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Figure 43 Contact resistance for observation of MR. Calculated two-terminal MR as a function of (a)
the contact resistance-area product in a MoSz-based spin-valve structure, and (b) gate voltage and
contact resistance. Image adapted from Ref. [446].
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5.3 Topological insulator (TI)-based structures

As a newly discovered class of matters with eccentric electronic phase, the spin-orbit induced
TIs have a very short history but large attractions to the community of condensed matter
physicists. Since they were first theorized in 2005 [453] and later experimentally produced in
2007 [454], TIs, with their ability to insulate on the inside and conduct on the outside, have

presented new possibilities for the future spintronics applications.

The past ten-years has been a rapid developing time for TIs, during which both 2D
and 3D versions of these materials have been theoretically predicted and subsequently
produced in laboratories. The first experimental signature of Tls was the observation of the
2D quantum spin Hall effect sandwiched by layers of Hg,Cd,;Te, reported by Konig et al. in
2007 [454]. They performed transport measurement of this trilayer device and observed the
predicted 2e*/h conductance, which is independent of the width of the sample as expected for
a conductance resulting only from edge states. The 3D TI was demonstrated in 2008, by
Hsieh et al., who mapped out the surface states of bismuth antimonite (Bi.Sb;—) [455].
However, those surface states observed were more complicated than one initially thought,
which eventually prompted the community to search for other classes of materials that might
exhibit a simpler electronic structure. This search indeed led to the discovery of binary Bi,Se;
and Bi,Te; alloys, which are the prototype 3D TIs nowadays. 3D TIs feature novel phases of
quantum matter characterized by sharp changes in electronic structure at their very surfaces,
i.e. with insulating bulk band gap and gapless Dirac-like band dispersion surface state (SS).
While such a phase offers unique opportunities for fundamental research, it is equally
important to break the time-reversal symmetry of TIs to realize novel physical phenomena
and quantum-computing applications. The newly demonstrated QAH effect [456-458],
abnormal proximity effect [459, 460], giant MOKE [461], magnetic monopole [462], and

chiral conduction channels [463, 464] are some of the fascinating examples.

5.3.1 Magnetically doped TIs

Amongst the rich physical phenomena that can possibly be found in TIs, the effect of
magnetic perturbation is particularly crucial, due to its potential utilization in spintronics
applications. Efforts to dope tetradymite family materials with magnetic impurities were
made before the discovery of their topological characteristics. The discussions of such
magnetic doped materials at that time had been limited to the scope of conventional DMSs,

despite that the doping concentration did go far beyond the “dilute” regime [465]. In
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magnetically doped TI systems, FM moments can be developed through two major
mechanisms: the van Vleck mechanism from the large spin susceptibility of the valence
electrons in TI materials [458], and the RKKY interaction between neighboring magnetic
ions, which are mediated by either the bulk itinerant carriers or the TI surface Dirac-
fermions. These two magnetic mechanisms have been independently observed in Mn-doped

Bi>Te;Se; and Cr-doped (BiSb),Te; systems, respectively [466, 467].
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Figure 44 The ARPES map of Fe-doped Bi2Se; with various concentrations: (c) 0%; (d) 10%, (g) 12%;
(h) 16%. (a)-(b) Non-magnetically doped TI with a Dirac point connecting the upper and lower Dirac
cones as in the undoped case. Image adapted from Ref. [468].

Within the growing family of TIs, ferromagnetism has been reported in V-, Cr-, and
Mn-doped single crystals of Sb,Tes [469, 470], Fe- and Mn-doped single crystals of Bi;Te;
[471, 472], and Fe-doped single crystals of Bi»Ses; [468]. Both ferro- [473] and antiferro-
magnetism [474] have been reported in Cr-doped Bi»Se;, and for Fe-doped BisSes
observations are rather controversial. Zhang et al. studied the effect of magnetic doping of a
series of 3d transition metals in Bi,Ses using first-principles calculations and found that Cr
and Fe doping preserves the insulating nature of the host TI in the bulk and Cr-doped Bi>Se;
is likely to be ferromagnetic [475]. Apart from transition metals, rare-earth metals such as Gd
[476], Dy [477], and Sm [478] have also been explored as an effective dopant to induce long-

range magnetic ordering in Bi>Ses; or Bi;Tes.

For the electronic and magnetic ground state of the magnetically doped TIs, evidence
from the experimental observations including magneto-transport measurements, global

magnetometry [468, 473], and core-level spectroscopies [479-481] are so far inconclusive.
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Magnetic studies on epitaxial, Cr-doped Bi,Ses using superconducting quantum interference
device [473] and PNR [482] universally reported a magnetic moment of no more than ~2
up/atom, remarkably lower than the Hund’s rule of 3 up/atom of substitutional Cr’* on Bi
sites. Significant mismatch also exists in Mn- and Fe-doped Bi,Ses;, who typically show
global magnetic moments of ~1.5 up/atom and ~3up/atom [468], while their Hund’s rule is 5
us/atom. It has been proposed that in magnetic Tls, ferromagnetic moments can be developed
not only through the s-d exchange interaction such as in DMSs [344, 483-486], but also
through the van Vleck mechanism, by which magnetic ions are directly coupled through the
local valance elecrons [458]. Both types of mechanism have been observed independently in
Mn-doped Biy(TeSe); [467] and Cr-doped (BiSb).Tes; [466] thin films. According to the
pioneering work by Haazen et al. the magnetic moment of Bi,Cr.Se; decreases with
increasing doping concentration and sharply drops beyond ~10% [473]. This is well
resembled by Liu ef al. [465] using a combined approach of XMCD and DFT calculation, as
summarized in Figure 45 and the reduced moment was found to be contributed by the AFM

dimmers.
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Figure 45 A summary of the experimentally measured and the DFT-calculated dependence of (a)
magnetic moment and (b) the fraction of the three predominant defects Cr**, Crg, and (Crgi-Cr1)*", as
a function of the chemical potential of Cr (ucr) in Bi2«CrxSes. Image adapted from Ref. [465].
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5.3.2 TI in proximity to FMs and FMIs

Similar to that of DMS, the low T, is also a major obstacle towards the RT applications of
magnetically doped TIs. Pioneering theoretical work suggests that suitable FMIs have the
potential to achieve a strong and uniform exchange coupling in contact with TIs without
significant spin-dependent random scattering of helical carriers on magnetic atoms. Lou et al.
identified several FMIs with compatible magnetic structure and relatively good lattice
matching with TIs, including Bi>Ses, Bi,Tes, and Sb,Tes, and found that MnSe can be a good
candidate to open a sizable bandgap at the surface of the TI [487]. Eremeev et al. studied the
magnetic proximity effect at the interface of the Bi,Ses/MnSe(111) system using DFT
calculations and demonstrated gapped states in both the immediate region of the interface and
the deeper atomic layers of the TI [488]. Men’shov ef al. employed a continual approach
based on the k+p Hamiltonian and estimated the possibility to manage the Dirac helical state
in TIs [489]. Semenov et al. proposed electrostatic control of the magnetic anisotropy in
FMUI/TI hybrid architectures and illustrated that surface electrons can induce out-of-plane
magnetic anisotropy of the system [490]. Recently, theoretical calculations on the MR effect
in TI/FMI heterostructures found that the induced exchange splitting in the TI will generate
an electric conductivity, depending on the magnetization orientation, but in different forms
from the anisotropic MR and the spin Hall MR [491]. Progress has also been made
experimentally in various FMI/TI heterostructures. Kandala et al. performed electrical
transport measurement of GAN/Bi,Ses, finding that a GAN overlayer results in suppression of
weak anti-localization at the top surface of Bi,Se; [492]. Similar observation of the
suppressed weak antilocalization in Bi»Ses proximity coupled to antiferromagnetic NiO was
reported by Bhowmick et al. [493]. By demonstrating the MR effect, Yang et al. [494] and
Wei et al. [492] observed proximity-induced ferromagnetism at the interface of EuS/BirSe;
prepared via both PLD and MBE deposition techniques respectively, although the effect
observed is limited to low temperature (< 22 K) due to the low 7. of EuS. Nevertheless,
theoretical and experimental reports so far all point to a promising performance of FMI/TI

heterostructures.

The interface magnetism of (anti-)FM/TI heterostructures, such as Fe/Bi,Se; [495-
497], Co/BixSes [53, 489], and Cr/Bi,Se; [498] has also been investigated. Remarkably,
Vobornik et al. demonstrated that long-range FM at ambient temperature can be induced in
Bi>..Mn,Tes by an Fe overlayer [499], as shown in Figure 46. This result has enlightened the
RT use of TlIs with the assistance of the magnetic proximity effect as a pathway. However, in
the presence of a metallic layer, the non-trivial surface states of the TI can be significantly

altered due to their hybridization with the bulk states of the (anti-)FM in contact. Besides, the
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metallic layer naturally short circuits the TI layer and therefore fundamentally restrict the
device design. In view of this shortcoming, Liu et al. instead performed a study of enhancing
the magnetic ordering in a model magnetically doped TI, Bi,..Cr.Ses, via the proximity effect
using a high-7. FMI, which provides the TI with a source of exchange interaction yet without
breaking its non-trivial surface state [460]. By performing the magneto-transport and
elemental specific XMCD measurements, these authors have unequivocally observed an
enhanced 7 of 50 K in this magnetically doped TI/FMI heterostructure, as shown in Figure
47. They have also found a large and fast decreasing penetration depth compared to that of
DMS, which could indicate a novel mechanism for the interaction between FMIs and the non-

trivial TIs surface.
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Figure 46 Mn- and Fe XMCD hysteresis loops versus temperature in Fe/Bi>.<Mn,Te; bilayer. Image
adapted from Ref. [499].
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Figure 47 Magneto-transport measurement of the Bi»..Cr:Se3/Y1G bilayer. (A) Typical hall bar device
used in the experiment. (B) AHE of the Bii.s9Cro.11Se3/YIG thin film versus magnetic field at 20—90 K.
(C) Comparison of the AHE versus temperature of the Bii.s9Cro.11Ses thin films grown on YIG (111)
and Si (111), respectively. (D) The H. of Bi1s9Cro.11Se3/YIG versus temperature. Image adapted from
Ref. [460].

6 Spin injection/detection in hybrid spintronic devices

6.1 Spin-field-effect transistor (spin-FET) and conductivity mismatch

The transport and the manipulation of carrier spins represent two key elements of SC
spintronics. The electron spin relaxation time in SCs is found to be several orders of
magnitude longer than the electron momentum and energy relaxation times [17]. Further
experimental signatures indicate that, in the case of GaAs, electrons can be dragged over a
distance of 100 pm without losing their spin coherence using an electric field [18]. These
observations suggest that spin information could be transported efficiently in certain SC
channels. Another benefit exists in the feasibility of varying carrier doping profiles in the
SCs, which not only allows the tailoring of specific purposes in the spintronic devices design,

but also opens up opportunities for realizing novel physical phenomena.
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Figure 48 Illustration of spin-FET in operation. The spin orientations of electrons at different regions of
the channel are shown with arrows when the transistor is switched “on” (upper raw) and “off” (lower
raw), respectively, by the gate voltage. Precession of electron spin about this Rashba magnetic field
generates current modulation and transistor action.

A typical spin-FET device has two magnetic contacts as source and drain for
electrical spin injection and detection, respectively. Its transport channel can in principle
involve a wide variety of spin hosting materials, and those to be discussed in latter sub-
sections include conventional SCs and derived nanowires, and 2D materials. To elucidate its
working principle, Figure 48 shows a schematic spin-FET in operation. In this geometry, two
FM contacts are magnetized in a mutually parallel manner along the channel. Assuming the
transistor is biased in the common source configuration, when biased by a source-drain
voltage, the source contact, formed by one of those FM contacts, will inject electron spins
into the channel along the direction of the magnetization of the source and travel to the drain
contact constituted by the other FM. The spin-FET operation lies in the gate control of such
spin-polarized current. When an electrostatic potential is applied between the “gate” terminal
and ground, an electric field transverse to the channel along the vertical direction and starts to
set in. The electrostatic field induces an effective magnetic field for spin manipulation via the
Rashba spin-orbit interaction. The orientation of such magnetic field is mutually

perpendicular to the current flow and the electrostatic field from the gate.

The realization of the spin-FET is limited by the fact that a FM metal has a
conductivity typically several orders of magnitude larger than that of a SC. Schmidt et al.

were the first to arouse broad attention to this fundamental “conductivity mismatch problem”
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[227]. This issue can be clarified with a simplified model based on spin-dependent

electrochemical potential ¢ described by Ohm’s law and the diffusion equation [227, 500],

Iy _ e
ox o1y
Equation 1

=gy, _ DO (ur—py)
Ty ox?

Equation 2

Here j is the particle current, e is the electron charge, o is the conductivity, D is the
diffusion coefficient and zr is the spin-flip time. The arrows indicate the spin direction based
on the two current model [14]. Using the boundary condition of continuous electrochemical
potential across the interface, the potential in different regions of the device can be calculated.
The simplified model for spin injection into a SC and its corresponding electrochemical
potential are shown in Figure 49. There, when the magnetizations in the injector and detector
are parallel to each other, the slope of the electrochemical potential for different spin channels
in the SC is different. Since the conductivity of the non-magnetic SC for both spin channels is
equal, this allows different currents flow, leading to spin polarization. When the
magnetizations of the two contacts are anti-parallel to each other, the slope is the same for
different spin channels, which indicates an unpolarized current due to the same conductivity.
However, the total resistance of the device at these two different configurations is only
slightly different due to the dominant spin independent SC resistance in comparison to the
metal resistance. Instead of a complicated mathematical calculation, a simplified equivalent

circuit is also shown for clarity.
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Figure 49 Simplified circuit and electrochemical potential across a FM/SC/FM junction. Image adapted
from Ref. [227].

Since the resistance of the SC is much larger than that in the FM, the total resistance
of the junction is mainly determined by the SC, thus leading to negligible MR effect. This
situation can be quantitatively described by the following expression for a single FM/SC

interface [501],

*
P = rby+rFﬁ ~ rFﬁ
* r;+rsc+rF rsc+rF

Equation 3

Where ¥, Ps. and f are the interface conductivity polarization, injected polarization in SC and
spin polarization of FM. ', 7 and 7 are respectively resistance of the interface contact, SC
and FM. For a perfect Ohmic contact, i.e. ', — 0, and a typical value in practice for orm/osc

= 10°, one can immediately realize that Py is substantially attenuated and merely nil.

In order to deal with such a disparity between the DOS in FM and in SC, two
different types of solutions have been developed accordingly. The first type still concerns a
direct intimate FM/SC contact, but now with a FM of similar electron density to that of SC.

DMS is one such candidate as we have briefly mentioned in section 4. However, it remains a
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great challenge to improve the quality and in particular to enhance their magnetic ordering
and Curie temperatures of DMSs [344-347]. In fact, a resistive half-metallic material such as
Fe;04 with 100% spin polarization as also discussed in section 4 can serve as an alternative,
which, according to Equation 3, shall lead to 50% injected polarization. On the other hand,
the second type of solutions is to engineer a resistive barrier that takes over the total
resistance of the FM/SC interface [452, 502]. In practice, this strategy has been implemented
using two approaches. The first approach is tunneling through a native Schottky barrier,
which can be achieved by inserting a heavily doped thin SC layer at the vicinity of the
interface. By such approach, Hanbicki et al. have reported 30% electrical spin injection
efficiency up to 200 K [45]. The second approach is the use of an insulator tunnel barrier such
as AlLOs; and MgO inserted between FM and SC [503-506]. For instance, with a MgO
barrier, Jiang et al. have demonstrated up to 30% spin injection efficiency at RT [506].
Nevertheless, be it of the Schottky- or insulator-type, an optimal barrier profile for efficient
spin injection has to be sufficiently narrow, so as to satisfy the Rowell criteria for single-step
tunneling [503]. It is also noteworthy that, well before those spin injection studies, the basic
concept of a FM/insulator/SC structure for injection of spin-polarized electrons was readily
demonstrated by Alvarado and Renaud using scanning tunneling microscope (STM) with a

FM tip [507].

Below we highlight the major progress and representative results on hybrid spintronic
devices. This section has been grouped according to the types of non-magnetic spin hosting

materials within which spin accumulation is to be created.

6.2 Spintronic devices with semiconducting materials

6.2.1 With GaAs

Early studies on creation of non-equilibrium spin by optical means [508-510] have uniquely
promoted the use of direct bandgap SCs such as GaAs, as prototype materials for explicit
demonstrations of electrical spin injection from magnetic contacts. From a purely
fundamental science perspective, two device geometries have been established, that
correspond to either an optical or an electrical scheme for detecting spin accumulation. The
development of both schemes has been regarded as a major step toward the realization of

spintronic devices.
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Vertical devices

Spin-LEDs, which adopt a vertical geometry as illustrated in Figure 50, are arguably the
earliest SC-based proof-of-concept devices developed in the context of second generation
spintronics. A typical spin-LED operates based on a competition between the electrical
creation of non-equilibrium spin by a magnetic contact and carrier recombination and spin
relaxation in the device. The recombination in this case occurs between the photoexcited spin-
polarized electrons and the unpolarized holes and is accompanied by a partially circularly
polarized luminescence [511]. Because the inter-band transition probabilities for the polarized
electrons follow the optical selection rule, quantities such as spin relaxation time,
recombination time and spin orientation can be obtained by analyzing such
electroluminescence. With the spin-LED structure, Zhu ef al. demonstrated for the first time
in 2001 with the use of a FM Schottky tunnel junction to inject spin-polarized electrons from
Fe into a GaAs/(In,Ga)As quantum well (QW) structure [44]. Over the years, this optical
scheme has been routinely used as a detection methodology for measuring spin injection
efficiency, as it is less ambiguous than those based on (two-terminal, local) resistance
measurements and allows angle resolved studies [46, 47, 512]. One of the most striking
results at that time was reported by Jonker ef al.,, who demonstrated a spin injection efficiency
of 30%, corresponding to an injected spin polarization from the Fe electrode of approximately
13%, using a reverse-biased Fe/AlGaAs Schottky diode [513]. Since then, various
combinations of spin injector contacts and QW structures have been studied [45, 505, 506,
514-522], resulting in three further topics that are currently being explored. The first concerns
the use of half-metallic materials as highly spin-polarized contacts for improving the spin
injection efficiency in spin-LEDs. While current progress has been hampered by the presence
of interface disorders with the Heusler alloys [339, 523] and magnetite [524], which in turn
limits the device performance at low temperature, recent demonstrations involving interface
engineering have shed some light onto such issue [525, 526]. The second topic relates to the
development of new spin-LED architectures, well demonstrated by a recent work that shows
spin injection into Si-based QWs up to 500 K using Al>O; and SiO; tunnel contacts with Fe
[527, 528]. The third topic involves the utilization of spin injectors with PMA for zero field
operation of spin-LEDs [529, 530]. It is noteworthy that the particular topic is largely
motivated by (i) the measurement constraint imposed by the Faraday geometry requiring an
alignment between the spin momentum axis and the light emitted direction, which is
commonly achieved using strong external magnetic fields; (ii) the possibility to realize

electrical switching of the injector magnetization via the STT effect [88, 531, 532].
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Figure 50 Schematics diagram of a reverse-biased spin-LED using a magnetic material as a spin
injector and an AlGaAs/GaAs QW as a detector. Image adapted from Ref. [511].

Another type of vertical devices has been demonstrated by Wong ef al., consisting of
two in-situ grown Fe magnetic contacts sandwiching a thin GaAs membrane down to a
thickness of 50 nm [533]. These devices, which are structurally similar to traditional spin-
valves [9, 10, 12] but with non-magnetic SC interlayers, have a number of major merits such
as strong compatibility with modern electronic applications relative to multi-terminal (lateral)
devices (see next sub-section), and capability of high-density 3D integration with SC
technology. Such two-terminal spin device displayed non-linear and asymmetric current-
voltage characteristics due to electron tunneling via the two Fe/n-GaAs Schottky contacts
with different barrier heights (0.77 and 0.80 eV). At low temperature down to 5 K, the device
exhibited a small but clear MR signal of 0.46% corresponding to the relative magnetization
alignment of the Fe contacts rather than possible spurious effects [534-536]. It was suggested
that the subtle balance between the energetics of the back-to-back Fe/GaAs Schottky barriers
involved in the spin-valve plays an important role in determining the strong bias dependence
of the observed MR [533] (Figure 51). There exists an experimental work reporting a highly
relevant and comparable device structure to that in Ref. [533], but the device response therein

is entirely different [537].
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Figure 51 Bias dependence of MR signal and band diagrams of vertical Fe/GaAs/Fe device. Image
adapted from Ref. [533].

Lateral devices

Spin-FET represents an all-electrical design compared with the optical pumping or detecting
of spin in spin-LED. A notable advancement has been the electrical detection of spin
accumulation and diffusion in the non-local device geometry achieved by Lou et al. [42, 43].
As schematically depicted in Figure 52, electron spins are injected into the n-GaAs channel
with a Fe/AlGaAs Schottky tunnel barrier (contact 3). Due to spin accumulation under the
injector contact, a fraction of the spins will diffuse in the opposite direction from the charge
current. The voltage measured at the second Fe contact (contact 4) corresponds to the local
electrochemical potential relative to that under a remote contact (contact 1) far away from the
injector, and depends on the relative magnetization orientation of the two Fe contacts (contact
3 and 4), thus leading to the electrical spin detection. Using the Hanle effect [538-542], which
induces the precession and dephasing of the spin accumulation under an external magnetic
field perpendicular or oblique to the lateral device, one can quantitatively determine the spin
lifetime and spin diffusion constant. In reality, the FM/SC interface mixing, magnetic dead
layer, and conductivity mismatch are however the major obstacles for the electrical spin
injection, which limit the efficiency generally below ~10% at RT (ambiguity may exist here
due to the different definitions) [38, 39, 43, 543, 544]. This situation was later partly relieved
by efforts of either inserting spin-dependent tunneling barriers [545, 546] or including mild
post-growth thermal treatments [35, 36, 39]. On the other hand, advanced microscopy
techniques have been developed and revealed some interesting phenomena unique to the non-
local devices [547, 548]. By optical Kerr microscopy, Crooker ef al. [547] have for instance

directly mapped out a polarization mechanism of accumulated spins by reflection from a FM
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drain contact, which verified the earlier theoretical work by Ciuti ef al. [549]. Via a spatially
resolved magneto-optic Kerr microscope, Kotissek et al. have reported for the first time the
ability to measure the 2D spin density distributions, arising from either lateral or vertical
charge transport in a cross-section of a FM/SC contact [548]. Such a mapping tool enabled
these authors to separate the contributions from spin diffusion and electron drift in their

devices, which is technically challenging for other techniques.
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Figure 52 Schematic diagram of the nonlocal experiment. Electron spins are injected into the GaAs
with a Fe/AlGaAs Schottky tunnel barrier (contact 3). The voltage measured at the second Fe contact
(contact 4) is dependent on the relative magnetization orientation of the two Fe contacts (contact 3 and
4), leading to the electrical spin detection. Image adapted from Ref. [43].

Following these pilot demonstrations that are static in nature, tremendous efforts have
been made to establish dynamical approaches for spin injection and detection, aiming at
overcoming some technical limitations imposed by the original method. One such limitation
is that spin detection based on the Hanle effect strictly relies on the dephasing of spin
accumulation by an applied magnetic field, which can render ineffective when the spin
lifetimes of a given SC-based system becomes shortened at high temperatures. With respect
to this, a dynamical detection based on ferromagnetic resonance (FMR) has been introduced
very recently [550]. This technique has been proven very robust, utilizing the precession of
the magnetization under FMR conditions to detect spin accumulation, rather than monitoring
only the Larmor precession in conventional Hanle measurements. A schematic diagram of
such FMR measurement geometry has been shown in Figure 53, by which the authors in Ref.
[550] have been able to push the detection limit in the case of n-GaAs up to RT, which in the
past was inaccessible by the Hanle and derived techniques [38, 39, 42, 43, 543, 551].
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Figure 53 The schematic FMR-based setup for detecting spin relaxation in #-GaAs at RT. Any spin
signal measured by such technique will lead to a decrease in device voltage. Image adapted from Ref.
[550].

Another major dynamical approach concerns the so-called spin-pumping technique
that makes it possible to inject electron spin via a low-resistivity FM/SC contact [552], in
contrast to the fundamental issue on “conductivity mismatch” between FMs and SCs [227].
As shown in Figure 54, Ando et al. have developed this spin-pumping approach, allowing for
spin injection in GaAs via an Ohmic interface with NiFe [552]. This technique is in many
ways similar to the FMR-based dynamic spin detection [550]. It involves forcing the
magnetization of a FM injector to precess in a radio-frequency field provided by a microwave
source, but the detection mechanism here relies on the inverse spin-Hall effect that translates
the microwave-generated spin current into an electrical voltage. The impact of this approach
is rapidly wide-spreading. Besides GaAs, spin injection into many other SCs and non-
magnetic materials have been accomplished by this powerful dynamical approach [364, 553-

557].
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Figure 54 The schematic setup for dynamic spin injection and inverse spin-Hall effect in NiFe/GaAs
hybrid structure that features a low-resistive Ohmic contact. Image adapted from Ref. [552].

In terms of the recent advances on spin injector materials, major progress has been
reported for integrating highly spin-polarized materials, including half-metallic Heusler alloys
and magnetic transition-metal oxides, with GaAs and related lateral devices [525, 526, 558-
560]. As discussed in section 4, half-metallic materials are highly promising for electrical spin
injection due to their large spin polarization at the Fermi level, but many device studies have
mostly resulted in pessimistic performances attributed to interface mixing and/or conductivity
mismatch. Only recently with proper interface engineering, evidence of appreciable spin
injection efficiency has been practically demonstrated up to RT for some specific systems
[525, 558, 560]. It can be summarized from those successful studies that a diffusion barrier
which can be a tunnel barrier oxide or even an ultrathin FM might be required to avoid
elemental migration from the Heusler alloys into GaAs [525]; while for magnetite (and as
well for Fe [546]), a high-quality MgO barrier which can be epitaxially grown between Fe;O4
and GaAs is mandatory for preserving the high spin polarization of the magnetic oxide and

simultaneously for achieving abrupt interfaces for efficient spin injection at RT [560].

The lateral device geometry being investigated for the context of spintronics
resembles the original Datta-Das spin-FET structure [7]. However, there is a major difference

between the two in the injected spin orientation in the device channel for electric and/or
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magnetic field modulation. So far, most of the electrical spin injection experiments have been
performed with an in-plane magnetized spin injector/detector, whereas, in the Datta-Das spin-
FET, an out-off-plane effective magnetic field either applied externally or created by a gate
voltage via the Rashba effect is preferred for efficient spin manipulation [7]. In practice, the
latter can be realized by using a perpendicularly magnetized spin injector that offers two
additional advantages. Firstly, it allows for a reduced contact size than an in-plane one for
three-terminal Hanle measurements [311, 545, 561-567], owing to a strong uniaxial magnetic
anisotropy. Secondly, zero-magnetic-field operation is possible for optical detection scheme,
as well as for current-induced magnetization manipulation of FM injector and detection
contacts by STT [88, 531, 532, 568, 569]. The former possibility is built on the Faraday
optical selection rule in which only the perpendicular component of the electron spin angular
momentum can contribute to circular polarization. In this regard, Ohsugi et al. utilized an
ordered L1o-FePt/MgO/n-GaAs hybrid structure [570, 571] as one such perpendicular spin
injector contact for quantitative and direct comparisons of the spin lifetimes in the same
device obtained independently by optical and electrical means [571] as shown in Figure 55.
This particular work has crucially revealed an underestimation of such spin quantity by the
three-terminal Hanle measurements. In most cases, the spin accumulation under an injector

contact has been probed instead [566, 572-575].
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Figure 55 Lateral device and measurement configurations of L1o-FePt/MgO/GaAs hybrid structure.
Image adapted from Ref. [571].
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6.2.2 With InAs

Due to its intrinsically strong spin-orbit interaction along with the ability of possessing high
electron mobility in 2DEG structure, narrow bandgap InAs has been regarded as an appealing
channel material for the Datta-Das spin-FET [7]. However, previous observations on
electrical spin injection and detection in InAs have been controversial [534-536], mainly
related to the use of electrically transparent ohmic FM/InAs contacts that fail the interface
conditions necessary for achieving efficient spin injection [227, 452, 502]. Among all the
experimental results reported to date for the FM/InAs system, only those obtained by either a
spin-LED structure [177, 576-578] or non-local/Hanle geometry [21, 579, 580] can serve as
an explicit proof of the presence of any injection and detection phenomena. In some specific
structures involving doped-InAs, it is practically feasible to obtain a Schottky barrier with a
3d FM metal, as demonstrated recently in CoFe/Ino75Gao2sAs [581] and
NiFe/Ino.s3Gag.47As/InAs [579] QWs. But this type of Schottky interfaces fall short as the spin
injection efficiency obtained remains relatively low, which can be a consequence of non-ideal
interface resistance originating from the low Schottky barrier height at these injector contacts.
This appears plausible particularly because a better efficiency can be obtained in other

experiments where a tunnel barrier has been employed [582, 583].

Electric-field manipulation of spin orientation via the Rashba effect constitutes one of
the most unique functionalities in the Datta-Das spin-FET [7]. While progress on spin
injection and detection has been relatively successful for GaAs, it remains a challenging task
to establish concrete knowledge of field-induced operation. Instead, taking advantage of the
stronger intrinsic spin-orbit interaction in InAs, Koo ef al. provided evidence of gate voltage
modulation of spin precession in high-mobility InAs heterostructure, first with in-plane NiFe
electrodes [21] and later with perpendicularly magnetized TbFeCo/CoFeB contacts [580]. In
those studies, an intrinsic electric field stemmed from the structural asymmetry in the InAs
channel leads to a transverse Rashba field to the directions of the traveling carriers. Such
Rashba field was shown to depend on a gate voltage, so that the spin precession rate can be
electrically modulated (see Figure 56). The authors in Ref. [580] have also provided evidence
of three-terminal Hanle signals in their lateral InAs device without a resistive barrier. It is
from the authors’ view that the interface properties of the FM/InAs should be revisited, as it
remains not known whether any spin-polarized interface states actually exist, that may serve
as a source of spin polarization for spin injection even in the absence of a Schottky or tunnel

barrier. So far, this situation has not been considered by the presently available theoretical
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frameworks [227, 452, 502]. In fact, it has been suggested that a very robust spin polarization
should be expected for an Ohmic FM/InAs interface [584].

a b

c

Ny

0

40 30 20 40 0 10 20
E (uVim)
600 : S d —

i 70K
2 400t —_
= G ~
S 300+ e ;1 20K
@ 200+ v
o
9 -
& 100} - | 1ok

030 20 0 0 10 20 30
E (uV/m) E (uV/m)

Figure 56 Gate voltage modulation of spin precession in high-mobility InAs heterostructure with
perpendicularly magnetized TbFeCo/CoFeB electrodes at 1.4 K. Image adapted from Ref. [580].

6.2.3 With GaN

Previous time-resolved Kerr rotation and time-resolved Faraday rotation measurements on
bulk n-doped GaN [585, 586] and multi-terminal Hanle measurements of low-defect GaN
nanowires [587] have generally suggested a spin lifetime of 35—100 ps and a spin diffusion
length of ~260 nm at RT. Bulk GaN grown by metal-organic chemical vapor deposition
(MOCVD), which is most common for industrial applications, has also shown comparable
values of 37-44 ps and 175 nm at RT, as extracted from relevant devices with Hanle
geometry and ferromagnetic MnAs/AlAs or CoFe/MgO tunnel contacts [587, 588] as
included in Figure 57. These literature values are expected to be the lower bound for defect-
free GaN; currently available synthetic GaN epilayers possess rather high densities of
dislocations caused by strain relaxation during epitaxial growth on lattice-mismatched
substrates. Accordingly, whether GaN will become a prime candidate in the race of practical
spintronic applications seems to rely strongly on the future advances of III-V nitride SC

growth technologies [589, 590].
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Figure 57 Schematic bulk GaN-based heterostructure with MnAs/AlAs tunnel contact and three-
terminal Hanle measurement scheme. Image adapted from Ref. [587].

6.2.4 With Si

Si spintronics by itself constitutes an intensive topic of research, and by no means this review
article aimed to cover all aspects of this topic. Rather we would refer interested readers to the
in-depth review articles in the literature [591-593]. The main drive behind using Si for
spintronics is its small intrinsic spin-orbit interaction compared with those in III-V SCs.
Indeed, a large spin lifetime was measured for electrons in undoped Si, amounting to 500—
1000 ns at 60 K and reducing to ~70 ns at 150 K [594, 595]. With carrier doping, this quantity

was found to reduce to a few ns at RT, due to impurity scattering [596-599].

The contact resistances of FM/Si heterostructures were previously found to be
dictated by Schottky barrier formation, but not by any oxide tunnel barriers being inserted at
their interfaces [600]. Such Schottky-type interfaces not only result in contact resistances way
higher than the narrow resistance window needed for efficient spin injection [452], but also
introduce three complications that are fundamentally different from the conductivity
mismatch issue [227]. Firstly, according to the Fert and Jaffrés model for two-terminal
FM/SC/FM sandwich structures [452], a large contact resistance will cause an exceedingly

long electron dwell time in the SC channel relative to the spin relaxation time, under which
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condition any spin accumulation that builds up in the channel will vanish. Secondly, from an
application point of view, a large contact resistance prevents any high-frequency operation.
Thirdly, charge transport across a wide Schottky barrier would probably occur by thermionic
emission, instead of by tunneling, thus rendering inefficient spin injection [601]. For these
reasons, developing viable methods for suppressing carrier depletion due to the Schottky
barrier formations at FM/Si interfaces has been regarded as a non-trivial step in the general Si
spintronics research over the last decade. As such, the first major breakthrough came from
Min et al. who demonstrated spin-tunnel contacts on Si free from carrier depletion [600] as
included in Figure 58. By using low work function FMs such as Gd, these authors were able
to reduce and even tune the contact resistance of FM/Al,O3/Si heterostructure over eight
orders of magnitude and achieve the conditions required for observing two-terminal MR
effect [452]. Years after, the same group further demonstrated another breakthrough, using a
three-terminal Hanle geometry for electrically injecting, manipulating and detecting spin
polarization in Si up to RT [561] as in Figure 59. There, the authors specifically adopted
NigoFe20/AlL O3 tunnel contacts with highly #- and p-doped Si so as to prevent carrier depletion

at the contact interfaces.
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Figure 58 Tunable resistances of FM/I/Si spin-tunnel contacts, using low work-function rare-earth
material, Gd. Image adapted from Ref. [600].
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Figure 59 Electrical injection and detection of a large spin accumulation in n-type Si at RT, measured
by Hanle effect. Image adapted from Ref. [561].

Despite those advances, the very first injection of spin-polarized electrons into Si was
actually realized by a Fe/Al,Os injector in the spin-LED geometry [527]. An injected electron
spin polarization of ~30% at 5 K was estimated in the Si layer, which could persist up to at
least 125 K. The spin accumulation created by this particular injector contact was further
verified by Hanle measurements [602]. In addition to the popular dielectrics (AlO, and MgO),
ultrathin SiO; as a spin-dependent tunnel barrier has been found to be very robust, boosting
the electrical signals to temperatures as high as 500 K [528]. Highly significant though, nearly
all these tunnel contacts suffers from being too resistive than the optimal range necessary for
efficient spin injection [452]. As shown in Figure 60, a single-layer graphene serves as a

viable solution to this problem, providing a contact resistance close to such optimum [371].
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Figure 60 The normalized zero bias resistance, and current-voltage curves and corresponding
resistance-area products for NiFe contacts on Si with and without graphene. Image adapted from Ref.
[371].

A radically different approach to inject spin into Si, i.e. by heat transport, has been
established quite recently [603]. A temperature gradient across a MTJ on a SC has been
shown to produce a spin flow from the FM into the SC. Such a thermal spin current depends
sensitively on the Seebeck coefficient of the junction, and can be switched off or even
inverted in sign by using a bias voltage [604]. Since it is not accompanied by a charge current,
this new strategy could pave the way towards a new class of energy-efficient spintronic

devices operating with a pure spin current.

6.2.5 With Ge

Compared to Si, the higher spin-orbit coupling in Ge potentially provides a better prospect for
realizing gate voltage control of spin precession in the Datta-Das spin-FET [7]. Progress on
electrical spin injection in Ge has been promising. Experimental demonstrations, using
Fe/MgO- and NiFe/Al,Os-based tunnel contacts, have generally achieved clear spin signals
due to spin accumulation in bulk #-Ge up to ~220 K [563, 605], and in one specific case, at
RT [606]. The spin relaxation in Ge is governed by the Elliot-Yafet mechanism. Comparing
those studies and relative to those with MgO [605, 606], the Al,Os-based contacts [563]
feature higher interface roughness with Ge, but fall short in two non-negligible aspects. First,
strongly inverted Hanle effect due to random stray magnetic fields arising from the interface
roughness [567]. Second, sequential tunneling via interface states within the Al,O3/Ge
interface region, which could severely depolarize spins. In view of these issues, two types of

magnetic materials have been explored, aiming at improving spin injection and interface
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abruptness. The first type is binary Heusler alloy FesSi, the crystal structure and general
magnetic properties of which have been discussed in section 3. Due to its nearly perfect
lattice match with Ge(111), high-quality Fe;Si with structurally and chemically abrupt
interfaces can be epitaxially grown on the SC by MBE [116-119]. In combination with highly
doped n-Ge surface layer fabricated by Sb delta-doping, Fes;Si was found to form a Schottky
tunnel contact, enabling electrical spin accumulation signals up to ~200 K [607] as shown in
Figure 61. However, this particular work has suffered from the interface resistance being too
sensitive to temperature due to non-uniformity of carrier density over the highly doped Ge
layer. MnsGes is another magnetic material that can be grown epitaxially on Ge(111) by
solid-phase epitaxy of an ultrathin Mn overlayer [608]. Both Hanle and inverted Hanle signals
were observed up to 200 K, and more strikingly, the spin voltage in this case was several
orders of magnitude larger than theoretical predictions [452]. Remaining to be understood
still, the latter observation has been speculated as a possible consequence of individual Mn
atoms present at the MnsGes/Ge interface, that in turn may act as deep energy trapping centers

in the bandgap of the Ge [608].

(2)

(®)

Figure 61 Three-terminal and non-local device geometries with Fe3Si/n*-Ge contacts for electrical spin
injection and detection in Ge. Image adapted from Ref. [607].
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6.2.6 Reliability and complications of the three-terminal Hanle geometry

As reviewed above, a vast majority of studies are in place, demonstrating the three-terminal
geometry for detecting spin accumulation [311, 545, 560-567, 571, 573, 575, 587, 606-611].
This geometry, first reported in Ref. [545], uses a single FM contact as both spin injector and
detector. While offering the apparent advantage of simplified device fabrication, this
geometry comes with a number of consequences evidenced to complicate the interpretation of
the measured Hanle or spin voltage signals [566, 572, 574, 575, 612-614]. First, because the
FM contact itself is biased, the three-terminal geometry is more prone to spurious effects,
such as Hall, anisotropic MR, or anisotropic TMR effects [615-617]. Second, the spin
voltages detected by the three-terminal geometry are orders of magnitude (i.e. mV versus pV)
larger than expected from calculations [452] and observed by the non-local technique [311,
545, 560-567, 571, 573, 575, 587, 606-610]. This unphysical voltage signal cannot be
explained by an imbalance in the chemical potential caused by injected spin polarization, but
rather has now been considered as the contributions from inelastic tunneling via localized
states in the tunnel contact [545, 566, 572, 574, 575, 610, 618]. Spin accumulation in
localized states was first proposed and modeled by Tran ef al. who explained the enhanced
spin voltages in Co/Al,O3/GaAs devices [545]. Later on, Song and Dery [572] and Yue et al.
[614] put forth two independent but complementary models, relating the Hanle-like signals to
modulation of the tunneling current via localized states. Due to Pauli-blockade and/or
coupling of the Zeeman levels in the FM contact, such modulation shows a small magnetic
field dependence, as also observed in previous experiments. It is also worth mentioning that
this proposed modulation can further be generalized to systems even without a FM contact
[575]. The magnetoresistance effect is then entirely driven by multistep tunneling via a higher
density of localized states in the tunnel barrier, which indeed has been observed in some
specific studies [310, 312, 575]. Overall, even with those models, the interpretation of the
data obtained by the three-terminal Hanle geometry remains non-trivial at this stage. For
future work, proper control experiments and special measure (see, for example, Ref. [573])

appear mandatory.

6.3 Spintronic devices with nanowires

Low-dimensional SC nanostructures have been attracting considerable interest because of

their unique physical properties for carrier and spin transport, relative to their bulk
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counterparts. Interested readers are referred to a recent review by Tang ef al., who
summarized in great detail the latest progress and challenges in SC nanowire spintronics

[619].

Enhanced spin lifetimes have been generally observed in various SC nanowires, made
possible by strong suppression of phonon scattering due to reduced DOS in the nanostructures
[609, 620-623]. The realization of electrical spin injection and detection in SC nanowires can
be achieved similarly as in the bulks, i.e. using either Schottky or tunnel contacts, but
additional challenges are expected, considering the cylindrical shape and small diameter of
the nanowires. Here, we categorize these challenges based on two main aspects. The first
concerns the detection scheme specific to nanowire devices. Unlike bulk devices, contact
areas in nanowire devices are typically much smaller, rendering the three-terminal Hanle
signal far too small for detection in practice. Also, the spin precession in an ideally 1D
channel should be confined to the nanowire axis, which could make the non-local Hanle
signal difficult to observe. While these are generally true for several SC nanowires, including
Ge [620], Si [622], and InN [623], where non-local spin-valve signals have been observed, an
exception does exist for GaN nanowires with FeCo/MgO tunnel contacts, in which Hanle
signals could be acquired in the same geometry [609]. Another challenging aspect is the
fabrication of high-quality FM contacts on nanowire devices. Due to the cylindrical shape of
nanowires, the epitaxial growth of direct FM contacts on the 1D structure is technically non-
trivial. Alternatively, a more convenient contact fabrication method has been established for
Si and Ge nanowires, based on silicide/germanide Schottky contact formations with FM
metals. These approaches offers several unique merits: (i) the formed silicide/germanide
contacts are typically single-crystalline [621, 624, 625], and exhibit atomically clean
interfaces with the nanowires, even in the presence of a large interfacial lattice mismatch. (ii)
The atomically clean interfaces so produced partly alleviate Fermi level pinning typically
observed in conventional metal/SC contacts, and should facilitate device transport properties.
(iii) The channel lengths of the nanowire devices, which can be controlled by annealing

temperature and time, are scalable down to the sub-tens nanometer regime [621, 625].

With the abovementioned approach, Lin et al. reported the formation of single-
crystalline MnSi/Si/MnSi nanowire heterostructures, and negative MR signals up to 1.8% at
low temperature [621]. A similar heterostructure based on Ge nanowire, with MnsGes
electrodes that exhibit a 7. (300 K) higher than that of FM silicides, has been demonstrated by
Tang et al. [625]. Such MnsGes/p-type Ge-based nanowire devices possessed a spin diffusion
length of 480 nm and a spin lifetime exceeding 244 ps at 10 K. Both of these values appear

significantly larger than those in bulk Ge [620]. Meanwhile, tunneling spin injection into Si
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and Ge nanowires has also been demonstrated [622, 626, 627]. For instance, Zhang et al.
reported all-electrical spin injection, transport, and detection in heavily n-doped Si nanowires,
using Co/ALOs injector contacts. Spin injection efficiencies as high as ~30% and long spin
diffusion lengths up to ~6 um have been achieved [622]. In 2010 and 2014, respectively, two
research groups have consistently accomplished lateral spin injection and detection in Ge
nanowires with MgO tunnel barriers [626, 627] as shown in Figure 62. A record long spin
diffusion length observed in those works was >100 um at 4.2 K, which is much larger than

those in bulk Ge with a similar doping concentration.
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Figure 62 Non-local spin-valve measurements and cross-section TEM image of Ge nanowire with
Fe/MgO spin injector contacts. Image adapted from Ref. [627].

6.4 Spintronic devices with 2D materials
6.4.1 With Graphene

Since its successful synthesis by mechanical exfoliation from graphite in 2004 [628],
graphene has attracted enormous attention. As a prototypical 2D quantum system, graphene
displays a combination of exceptional properties including large charge carrier mobility
(200,000 cm® V''s!) due to its peculiar Dirac band structure [629, 630], high thermal
conductivity (5300 W/mK) [631], strong mechanical strength [632], as well as excellent
optical characteristics [633]. In particular, the low spin-orbit interaction in graphene is very
attractive for spin-based applications, because it potentially offers long spin lifetimes [352-

354, 634-636]. The spin transport in single- or a few-layer graphene has become the subject
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of intense interest accordingly. Figure 63 presents an example of experimental measurements
of non-local spin transport in graphene, first reported by Tombros ef al. back in 2007 [354].
This prototype graphene lateral device forms a back-gated structure on highly doped Si
substrate, such that the graphene channel conductance can be modulated either by a gate
voltage or by gas exposure [628]. The latter is possible due to the extreme surface sensitivity
of graphene to foreign molecular species [637]. Since then, many other fascinating spin
transport phenomena have been revealed in the Co/graphene system [361-363], even though
previous theoretical calculations have indicated that the atomic magnetic moment of Co can
be reduced by more than 50% when absorbing on graphene [364]. Besides this popular lateral
geometry, spin-valve effects in graphene-based vertical structures have also been gaining
rapidly increasing attentions [365-367]. In these cases, increasing the number of graphene
layers has observed to enhance the spin signals dramatically [365]. On the other hand, using
graphene as an interlayer can make a considerable improvement on the spin injection
efficiency of the FM/Si interface as well [371]. These results as a whole highlight the
importance of interfacial interactions in dictating the robustness and even potential

functionality of graphene-based hybrid structures with FMs.
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Figure 63 The first demonstration of electrical spin transport in graphene in the nonlocal geometry.
Image adapted from Ref. [354].

This sub-section is positioned to cover the main progress and advances in graphene-
based spintronic devices, with an emphasis on the fabrication and interface engineering of
spin injector contacts specific to graphene. As such, the corresponding content has been
structured according to injector/graphene heteostructures. A more general review of graphene

spintronics can be found in Ref. [638].

96



Oxide dielectrics as tunnel barriers for spin injection

Because of the chemical inertness of graphene, most oxide dielectrics do not wet the carbon
surface enough to form atomically flat layers. This issue severely hampered the development
of high-quality spin tunnel injectors on graphene at the beginning phase of graphene
spintronics. In fact, in their pioneering work, Tombros ef al. already notified the presence of
pinholes and leaky character of their Al,O3 tunnel barriers due to such wetting problem [354].
Similarly, Wang et al. attempted to directly evaporate ultrathin MgO barriers on graphene,
but mostly resulted in discontinuous films [639]. Later it turned out that a Ti seed layer could
nicely wet the surface of graphene, providing an abrupt template for high-quality growth of
ultrathin MgO tunnel barriers. As shown in Figure 64, this seeding approach have enabled (i)
the first experimental observation of electrical spin accumulation and transport in graphene at
RT [640], and later, (ii) current-based detection of spin transport phenomena in graphene
using a modified non-local geometry [641]. An alternative yet fundamentally comparable
Co/TiO; injector contact was also proven effective in creating electrical spin accumulation in
few-layer graphene flakes [562]. By comparing results obtained independently by non-local
and three-terminal Hanle measurements, the authors in Ref. [562] were able to extract similar
spin lifetimes in graphene over a wide temperature range, which was found to decrease from

~180 to 80 ps, following a power-law dependence for temperatures above 150 K.
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Figure 64 Non-local measurement geometry of lateral graphene device with Co/MgO/TiOz spin tunnel
contacts fabricated by angle evaporation. Image adapted from Ref. [640].
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Figure 65 Electrical characterizations of graphene-coated Ni/ALD Al2Os/ Co tunnel junction at 1.4 K.
Image adapted from Ref. [369].

Being one of the most popular deposition tools for industrial applications in magnetic
hard-disk drives and sensors, magnetron sputtering has demonstrated its uniqueness in
fabricating homogeneous and pinhole-free Al,O; and MgO tunnel barriers as thin as a
nanometer on graphene [642, 643]. The barriers in this case can be grown first by sputter-
deposition of a metallic (Al or Mg) sub-monolayer on graphene, followed by oxidization in an
oxygen-rich atmosphere. The resulting resistance-area products generally fall within the
mega-ohm micrometer-square range, which can be tailored further by thickness control for
spin injection into graphene [642, 643]. Soft process, such as self-limiting atomic layer
deposition (ALD), constitutes another alternative technique for delivering high-quality
dielectric films. In the context of spintronics, ALD is rather new but has already shown to
produce conformal Al,Os layer as thin as 0.6 nm for MTJ applications [368, 369]. Using a
low-vacuum, ozone-based process, Martin et al. have successfully demonstrated an inversed
spin polarization of ~42% for the Ni electrode in a Ni/graphene/Al,03/Co MTJ [369], as
shown in Figure 65, in agreement with the theoretically predicted spin-filtering behavior at

the Ni/graphene interface [361].

As pointed out in several sections of this article, a resistive interface between a FM
electrode and a non-magnetic spin hosting material is necessary for overcoming the
conductivity mismatch problem [227, 452, 502]. Yet, in reality, an actual spin contact
architecture should also accommodate the specific device functionalities that are aimed for.
One particular example in this regard concerns a recent work by Lin et al., where an

asymmetric graphene lateral device with a tunnel barrier only at the injector contact has been
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proposed for demonstration of the STT effect [644] as included in Figure 66. This spin-torque
phenomenon can enable magnetization switching in a FM electrode by simply using an
electric current [88, 531, 532]. In comparison to devices with dual barriers [645], the
asymmetric ones have shown a comparable spin-valve signal but lower electrical noise.
Further, the critical spin-torque current density as assisted by an external magnetic field has
been reduced considerably, due to an improvement of spin absorption at the detector contact

[644].
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Figure 66 Graphene-based non-local device with asymmetric contacts for demonstration of STT. Image
adapted from Ref. [644].

2D layered materials as tunnel barriers for spin injection

A huge amount of studies has taken advantage of the excellent lateral charge transport
properties of graphene [352, 629, 630], whilst its low out-of-plane conductivity has only
started gaining momentum. It is evidenced that, in a vertical heterostructure, its out-of-plane
transport behavior could lead to many novel device concepts, such as a field-effect tunneling
transistor [646-648], as well as various graphene-based vertical spin-valve devices [365-370,
649-652]. While single-layer graphene generally and consistently behaves as an insulating
barrier in charge-only devices [646-648], what have been observed so far for graphene-based
spin-valve devices are far more complicated [365-370, 649-652]. One of such complications
is believed to stem from an extreme dependence of the device MR on the surface conditions
of the bottom FM contacts. Due to the necessity of involving ex-situ processes in the device
fabrication, possible oxidation and/or environmental contamination of the bottom FM
electrodes are unavoidable [365-367, 651]. These adverse effects could negatively impact the
surface spin polarization of the bottom FMs, and in turn lead to strongly scattered MR signals
among different devices and studies [365-370, 649, 651, 652]. In addition, it has become
increasingly apparent that the electronic orbital hybridization between 3d FMs and graphene
are non-negligible and, in some cases, can even metallize the graphene [374, 379, 391]. The

seemingly contradicting observations of metallic and insulating characters in graphene spin-
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valves therefore seem to suggest the varying hybridization strength at those interfaces [365,
366, 650]. Two different device fabrication approaches, namely, “flip-transfer” method [650]
and direct CVD growth of graphene/Ni heterostructures [368-370], have been proposed to
better define the bottom FM/graphene interfaces. The latter approach might have a better
prospect for spintronics, since it allows for direct growth of graphene on Ni thin film, which
naturally forms a lattice-matched graphene/Ni spin-filtering interface as predicted by Karpan
et al. [361]. Vertical spin-valve devices with such CVD-grown graphene/Ni interfaces have
resulted in large negative MR [368-370], in tentative agreement with a dominant transport of
minority spin electrons through the graphene layer [361]. However, it should be noted that the
origin of such negative MR remains an open question and can only be properly addressed by
employing devices with both top and bottom epitaxial FM/graphene interfaces. Potential
fabrication methods for the top FM/graphene contacts have been discussed in section 5 [376,

401].

Hexagonal boron nitride (h-BN), an insulating isomorph of graphene with a large
bandgap of ~6 eV, has manifested itself as a promising candidate for being a high-resistance,
pinhole-free tunnel barrier with well-defined layer thickness for spin injection into other 2D
materials [653-659]. It has been suggested that a large MR can be achieved by incorporating
h-BN as the tunnel barrier in MTJs due to interfacial spin filtering [660-662]. On the
experimental side, lateral graphene spin transport devices with h-BN tunnel barriers have
been reported [655-658]. In the first attempt, Yamaguchi et al. used exfoliated single-layer h-
BN for electrical spin injection into bilayer graphene from NiFe contacts, acquiring a spin
signal of a few milliohms (spin polarization of less than 2%) and spin lifetime of ~50 ps
[658]. These parameters were however quite similar to that observed for transparent contacts,
thereby indicating no improvement by inserting the h-BN. By contrast, when utilizing large-
area h-BN grown by CVD, Kamalakar ef al. achieved reliable and reproducible tunneling
behavior in their lateral devices. Significant spin transport over micrometer-scale distances
and spin signal of 0.46 ns at 100 K have also been observed [655, 656]. The same group
further revealed an inversion of spin signal in devices with asymmetric contact resistances by
using different h-BN thicknesses [657] as shown in Figure 67. The presence of large and
negative spin polarization in high resistance Co/few-layer h-BN contacts provides
experimental evidence of existence of the spin filtering effect predicted by previous
theoretical calculations [661]. However, it is reasonable to expect that the spin-filtering effect
(if any) in these earlier studies should not be robust, because the FMs/h-BN contacts would
naturally suffer from a similar wetting problem as previously seen for FMs on graphene [393,
394]. Accordingly, before one can harness the true potential of h-BN, a primary task is to

come up with viable means to accomplish structurally and electronically well-defined FM/h-
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BN interfaces. Along this direction, Piquemal-Banci ef al. have developed a low pressure
CVD technique to grow h-BN directly on Fe [654] as shown in Figure 68. It has been shown
that a clear tunneling MR response up to 6%, corresponding to a spin polarization of 17%,
could be attained in a full MTJ structure. These values are considered much larger than the
best-obtained value from MTJs with exfoliated h-BN [653], highlighting the immense

importance of interface ordering.
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Figure 67 Comparison of inverted and normal spin valve signals on graphene-based devices with
different combinations of Co/h-BN spin injector and detector contacts. Image adapted from Ref. [657].
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Figure 68 Direct growth of h-BN on Fe by low pressure CVD, and resistance mapping by conductive
tip AFM with different thicknesses of the grown h-BN. Image adapted from Ref. [654].
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Since 2014, Friedman et al. at the Naval Research Laboratory have been developing
homoepitaxial tunnel barriers for spin injection in graphene. Their works underlines the use of
graphene as both a tunnel barrier as well as a high-mobility transport channel [663, 664]. In
practice, this has been done by chemical functionalization of the top layer of a graphene
bilayer, so that it decouples from and serves as a monolayer tunnel barrier for charge and spin
injection into the lower graphene channel. For fluorinated barriers fabricated by exposing
graphene to XeF, gas, a tunneling spin polarization as high as ~63% has been achieved at low
bias. This is much larger than the highest values reported to date (26-30%) for devices with
ALO3; or MgO tunnel barriers [354, 634, 640]. Hydrogenated graphene tunnel barriers have
also been fabricated successfully [663]. While acting as effective barriers up to RT, the
overall spin lifetime values in this case have been found significantly less than those devices
with fluorinated barriers, possibly due to the presence of magnetic scatters in the

hydrogenated graphene [665].

Besides the above notable progress on implementing novel tunnel barriers for
electrical spin injection into graphene, a distinct route is currently being explored, involving
the potential use of TIs [666, 667] as an electrically controlled spin source [668-670]. For 3D
TIs, such as Bi-based chalcogenides, the ability to generate spin-polarized currents arises
from the strong spin-orbit coupling and the spin-momentum locked topological surface states
of the materials. According to relevant theoretical studies, combining a 3D TI with an
appropriate 2D material, such as graphene, could enable the transfer of topological insulator
properties across the interface [670]. Experimentally, Zhang et al. [671] and Vaklinova et al.
[668] have independently realized such 3D TI/graphene heterostructure. The former group of
authors have observed exotic gate-tunable tunneling resistance and quantum oscillations due
to quantized Landau levels in both graphene and the surface states of Bi»Ses under strong
external magnetic fields in vertical Bi»Se; nanoplate/graphene heterojunctions [671], while
the latter group of researchers have demonstrated injection of spin-polarized current in CVD-
grown Bi>Te;Se/graphene heterostructure [668]. The device operation of the latter experiment
can be better illustrated with the aid of Figure 69. With the multi-terminal non-local
geometry, the net spin-polarized current generated in BiTe,Se is injected into the graphene
channel in a direction that depends on the polarity of the applied bias. The Co magnetic
contact on the graphene serves as a spin detector, measuring the non-local spin-valve signal
due to the incoming spin current from the TI. An important finding from the hybrid device
has been the sign reversal of the non-local signal according to the direction of the applied
current. While this sign change has been commonly regarded as a signature of current-

induced helical spin polarization in the TI- and derived heterostructures [668, 669, 672-678],
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recent concern arises questioning the validity of such an observation and even the electrical
measurement geometry involved [612, 679]. In fact, it has been shown that spurious effects,
such as magnetic stray fields from the FM contacts on a TI could mimic both the sign change

as well as its dependence on the driving current direction [679].
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Figure 69 Electrical detection of spin-polarized current in graphene injected from Bi2Te2Se. Image
adapted from Ref. [668].

6.4.2 With TMDs

Vertical spin-valves employing semiconducting TMD MLs (such as MoS; and WS;) as non-
magnetic spacers have generally shown MR signals in the order of 0.1% close to RT [448,
680]. Yet the metallic transport in those devices is radically different from the Schottky-type
behavior in the lateral geometry [445, 446, 450]. Fundamentally, this disparity is related to
the strong orbital hybridization between TMDs and 3d FMs, as suggested by first-principle
calculations [444]. In fact, that theoretical framework has predicted an even larger MR effect
than the experimental values which are likely limited by factors such as the crystallinity of
FM electrodes, interface disorders, etc. It is apparent that most of the FM/TMD interfaces and
devices being characterized so far have been fabricated from exfoliated TMDs. While
exfoliated TMDs can provide a significant degree of flexibility on achieving a wide range of
hybrid structures, large-scale fabrication and lattice-matched interfaces are very unlikely. Wu
et al. have recently attempted to fabricate well-defined MoS,/Fe;O4 interface by direct
sulfurization of pre-deposited Mo film on Fe3;O4 at elevated temperatures [681], and observed
a clear MR signal up to 200 K. A corresponding theoretical modeling of this interface, as

included in Figure 70, has surprisingly indicated a nearly fully spin-polarized electron band at
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the Fermi level, i.e. an almost undistorted half-metallic character of Fe;O4 in the presence of
an electronically hybridized MoS; layer [681]. However, a recent study of spin injection into
a graphene-WS; heterostructure indicated that the WS, actually induces additional dephasing
of the spin into the graphene [682]. All these studies should encourage further theoretical and

experimental investigations into such TMD-based spintronic interfaces.
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Figure 70 Calculated electronic structure of Fe3Os/MoS2/Fe;Os junctions. Image adapted from Ref.
[681].

6.4.3 With TIs

The conservation of time-reversal symmetry in the surface states of TIs gives rise to the
iconic property of spin-momentum locking [666, 667, 683]. Depending on charge carrier
density, spin and momemtum of the surface states are directly coupled in a perpendicularly
right-handed or left-handed orientation. Such helical spin texture should conceptually enable
an unpolarized charge current to create a net spin polarization without the use of a FM
material [666, 667, 683]. Direct electrical detection and manipulation in this regard will
provide valuable insight into both fundamental and applied aspects of the spin-momentum

physics in TIs. So far, salient features of the existence of spin-momentum locking in 3D TIs
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have been investigated electrically by measurements of three main kinds: (i) spin-pumping
[555, 684, 685], (ii) spin-orbit torque [686, 687], and (iii) potentiometric method [672-678].
We will introduce the working principles of these approaches and review recent results as

below.

Spin-pumping, a versatile technique previously employed for various materials in the
context of spin injection, has been utilized by Shiomi et al. for the first demonstration of spin-
charge conversion effect in the surface states of bulk-insulating TIs, Bi;sSbosTe;7Seis and
Sn-doped Bi,Te,Se [684] as shown in Figure 71. This technique relies on the magnetization
precession in a FM excited by FMR, such that non-equilibrium spins can be generated and
pumped into a non-magnetic material of interest. Following the experimental geometry in
Ref. [684] and in other related works [555, 685], the spin accumulation produced induces a
charge current along a direction parallel to (z x 0), where o is the spin polarization axis and z
is the unit vector perpendicular to the plane. Due to the 2D nature of the surfaces states, the
induced charge current also possesses a 2D character, which is fundamentally different from
the current governed by the inverse spin Hall effect in 3D systems [364, 552]. However, in
reality, imperfect insulation of bulk states due to, for instance, small bulk bandgaps as of 0.35
eV for the prototypical Bi,Se;, and unintentional doping from crystalline defects can
unfavorably impact the electrical characterization of spin-momentum locking in two major
ways, namely, mixing of the respective contributions from spin-charge conversion and
inverse spin Hall effect [555], and quenching of the spin-charge conversion efficiency. For
the latter, the authors in Ref. [684] estimated an efficiency of merely 10* for bulk insulating
TIs, corresponding to 15% of injected spins that contribute to the spin-charge conversion. On
the other hand, Jamali et al. proposed the dynamical spin-pumping mechanism in
CoFeB/Bi;Se; bilayer [555]. By combining theoretical modeling and experimental
measurements of angle-dependent spin-charge conversion, it is speculated that the pumped
spin current should first be enhanced by the spin-orbit coupling of the surface states and then
converted into a voltage signal by the inverse spin Hall effect due to the bulk component of

3D BizSC}.

More advanced dynamical measurements have been demonstrated further by Baker et
al. combining FMR and time-resolved XMCD for studying the spin-pumping dynamics in
CoFe/Bi,Ses/NiFe heterostructures [685]. Remarkably different from a conventional pumping
experiment, time-resolved XMCD allows for element-specific detection of magnetization
precession within each FM layer through polarization dependence of X-ray absorption at the
FM L,3 edges. Technically, in Ref. [685], those authors were able to achieve a resolution of

several ps through synchronization of X-ray bunch arrival with the RF driving precession.
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Their experimental work has pointed out a strong tendency of a TI interlayer to act as a spin
sink during FMR excitation, in turn dramatically increasing the Gilbert damping of
magnetodynamics in the FM layers. However, there is no convincing evidence of spin
transport through the TI to a second FM. This observation may be related to either dynamic
exchange or a short-range coupling between the surface states [685].
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Figure 71 Spin-charge conversion of surfaces states in a 3D TI characterized by spin pumping in a
NiFe/TI bilayer structure. Image adapted from Ref. [684].

Recent experiments on TI-based magnetic heterostructures have intriguingly revealed
a spin-orbit torque [686-688] much higher than for any source of spin-torque measured to
date [689-692]. The physical mechanism underlining such a phenomenon in TIs remains to be
understood, but is believed to stem from the spin-momentum locking of the topological
surface states. Fischer et al. for instance explored this issue by modeling TI-based bilayers
involving FM metal (TI/FM) and magnetically doped TIs (TI/magnetic TI), respectively
[693]. It is suggested that the exchange interaction couples the spins of the two layers, thereby
enabling the transfer to occur. On the experimental side, Mellnik ef al. [686] and Fan ef al.
[687] have both reported giant spin-orbit torques in TI-based bilayer structures by
measurements of spin-torque-FMR and the AHE, respectively. Essentially, from these
pioneering studies, FMs with a low Gilbert damping will facilitate the spin torque
phenomena, since a smaller torque from a TI is required to generate an appreciable
magnetization precession in the FM layer. As such, an even more exciting result on electric-

field control of the spin-orbit torque in semiconducting Cr-doped TI has been demonstrated
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very recently. Such an electrical means will pave the way towards an ultimate control of

current-induced magnetization switching in magnetic TIs by electrostatic gating [694].

As elucidated elsewhere in this article, FM materials can function as a sensing probe
for spin-dependent electrochemical potentials due to spin accumulation in non-magnetic
materials [42, 43, 310-312, 354, 362, 371, 561-566, 575, 606, 626, 634, 636, 640, 641, 655-
658, 663, 664, 668, 695-698]. This notion has been employed by Li et al. [673], and
subsequently by others [672, 674-678] to investigate the charge-current-induced spin
polarization arising from spin-momentum locking in 3D TIs. While differing in
configurations of the FM probes, the device concepts involved in those works are essentially
comparable. Following the scheme in Ref. [673] as shown in Figure 72, the magnetization
direction of a FM contact provides an initially defined spin axis for the detection, and this
contact measures the electrical voltage that is proportional to the projection of the TI spin
polarization onto the detection axis. When a pure charge current established between two
non-magnetic remote electrodes is at 90° with the magnetization of the FM detector contact,
the TI spin is parallel to the magnetization, and a spin-related voltage is detected at the FM
contact proportional to the magnitude of the charge current. Such measured voltage will
change sign, when the charge current polarity is reversed. Similarly, as the contact
magnetization is switched to an opposite direction by an in-plane field, the measured spin
voltage will follow the hysteresis loop of the contact. However, no spin voltage is expected
when the in-plane contact magnetization is in 90° orientation, relative to the TI spin

polarization.

Figure 72 Device configuration for probing the current-induced spin polarization in Bi2Ses using FM
contacts. Image adapted from Ref. [673].
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With the above strategy and using both Fe/Al,O3;- and Co/MgO/graphene tunnel
contacts, Li et al. have first observed a net spin polarization via the spin-momentum locking
in MBE-grown Bi,Se; films [673], and then the helical spin texture in p-type TI SboTes [672].
Besides electrical voltage, Tian et al. have further demonstrated probing of the current-
induced spin polarization in TIs as MR signals in a spin-valve geometry [674]. An asymmetry
in the device MR with its polarity following the applied current has been observed, providing
experimental evidence for the spin helical current of the surface states in the BixSes [674].
Subsequent studies, which also rely on the above single- and two-terminal FM configurations,
have focused on more bulk-insulated TIs, including (Bio.s3Sbo47).Tes [676], BiisSbosTei7Seis
[677] and Bi;Te,Se [675].

A record high spin resistance of 70 mQ at RT has been reported by Dankert et al. for
exfoliated Bi»Ses [678]. Being the largest reported thus far, this value has been ascribed to the
use of a TiO; tunnel barrier that is known to grow more uniformly on layered materials than
other oxide-based dielectrics [446]. However, recent concerns arose questioning the
interpretation of the quantities extracted from the abovementioned electrical measurements
[612, 679]. In particular, different from the claim on current-induced spin polarization of the
surface states charge carriers, de Vries et al. have indicated the possibility of fringe-field-
induced Hall effect in causing the observed electrical voltage [679]. It is also shown in
another control study that topologically trivial metallic Au thin film devices could reproduce
nominally identical voltage hysteresis seen with the Tis [612], thus calling for alternative
transport methods for identifying, if any, the true signature of helical current-induced spin

polarization in TI surface states.

7 Summary and Outlook

The miniaturization of charge-based electronic devices together with the huge demands for
higher processing speed, lower energy dissipation and denser storage medium in digital
devices have completely changed our scientific and engineering mindsets — if is not just
about putting more electronic components onto a chip; rather it is about how wisely those
components can be used and developed. This notion has ever since nourished and reinforced
the rapid growth of spintronics, a new technology that can integrate, improve, or even replace

the charge-based electronics.

The strategic combinations of magnetic materials with non-magnetic spin hosting

materials as hybrid spintronic structures play a pivotal role in both defining spin
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injection/detection efficiency and creating unprecedented spin-based phenomena. Among the
hybrid structures reviewed in this article, those forming 3d FM/SC interfaces have been the
prime candidates for many studies due to their long history and well-known electronic and
magnetic properties and high Curie temperatures in excess of RT. In terms of the epitaxy, it is
generally accepted that a low temperature growth is mostly preferred, so that interface
imperfections due to intermixing, magnetic dead layers, efc. can be largely eliminated. Also
highlighted in this article is an alternative route on searching for FM alloys with a higher
thermal stability on SCs. Existing studies have readily identified quite a number of such
alloys which are highly interesting for being a spin source for spintronic devices as well as for
providing unique properties such as PMA for zero-field and STT applications. It has long
been a challenging issue to boost spin injection efficiency in FM/SC-based devices. While the
fundamental concepts and theoretical models on the conductivity mismatch have enhanced
our understanding of the physics of spin transport across the FM/SC interfaces, the
performances of existing devices with either a Schottky or a tunnel barrier remain undesirable
for actual applications at RT. As pointed out in this article, creating a resistive interface that
takes over the overall resistance of a FM/SC junction is simply not sufficient; instead, the
interface resistance should lie within a narrow window defined by a number of important
parameters as considered by the Fert and Jaffrés model. And this is exactly one of the most
elusive tasks to be tackled in the field. Using a single-layer graphene as a tunneling barrier
constitutes a milestone achievement in this regard, but the impact of this finding on future
spin injection devices would certainly depend on the advent of new fabrication technique that
can allow for direct growth of large-scale graphene on SC and oxide dielectrics, which is
currently not so well-established. Setting aside the technical difficulties of interface
engineering, adapting either a highly spin-polarized materials or a magnetic semiconductor is
in principle a possible way out of the conductivity mismatch problem. Both of these exotic
materials have been hotly investigated over the last decades, and have contributed a wealth of
exciting knowledge and phenomena in materials science and condensed matter physics. As
elaborated in this article, magnetite and Heusler alloys are theoretical half-metallic materials
with fully spin-polarized bands at the Fermi level. These materials, even with the mismatch
problem settling in, are expected to create an injected spin polarization of 50% in a SC.
However, in the literature, the experimentally measured results are in most cases way lower
than this expectation. And these results are possibly related to the complex details involved in
the epitaxial growth including substrate termination, oxidation mechanism, intermixing, and
off-stoichiometry, efc. As far as these issues are concerned, we have not recognized any
collective research efforts that take all these into account in a systematic manner, and
accordingly this may form an exciting opportunity to overcome such a bottleneck in the half-

metallic materials. By contrast, magnetic semiconductors such as DMSs, which are not
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covered in this article but have been intensively studied in the past, naturally avoid the
difficulties of integration without conventional SCs; however great challenges remain to
improve their crystallinity and in particular their Curie temperatures. Magnetic proximity
effect is a promising pathway not only for DMSs but also for graphene and the newly
discovered magnetic TIs. We expect that this technique based on interface orbital
hybridization will continue to be playing a fascinating role in uncovering the magnetism in

low-dimensional systems, especially those based on the emerging 2D materials.

2D materials, in particular, graphene and TMDs, are gaining strong momentum in
spintronics research. Their outstanding mechanical, electronic and optical properties as well
as the highly desired long spin lifetimes in low-dimension make them a competitive group of
emerging materials for the construction of the Datta-Das spin-FET. However, the most unique
features really setting them apart from other non-magnetic spin hosting materials such as
conventional SCs and organic molecular materials are the unprecedented spin-based
phenomena that can exist in their interfaces with 3d FMs. In some specific cases, these hybrid
interfaces have been predicted to act as tunneling barriers, spin-filters and even half-metallic
spin sources for highly efficient spin injection. While intriguing, many of these exceptional
effects so far exist only in theory and proof-of-concept studies will necessitate practical
means to fabricate epitaxial interfaces between 3d FMs and 2D materials. Admittedly, the
latter aspect challenges the existing technologies in both spintronics and 2D materials,
because radically new approaches for epitaxial growth have to be developed for the weakly
interacting van der Waal surfaces of the layered materials. A very limited number of attempts
does exist in this regard and we anticipate such challenging tasks to become an intensive topic

that will unify research efforts from both spintronics and 2D materials.

In the original Datta-Das spin-FET proposal, the gate-modulated spin transport in a
channel relies on the spin-orbit interaction and thus the Rashba effect of that channel material.
When choosing an appropriate channel material, there is always a tradeoff between spin
lifetime and modulation efficiency. On the other hand, for materials being made of light
elements, especially graphene, Si, and their derived nanostructures, that exhibit weak spin-
orbit interaction, the Rashba-type modulation is mostly ineffective and other viable concepts

have to be established accordingly.

The significance of hybrid spintronic materials is undisputed. The exciting progress
and milestone achievements reviewed by this article demonstrate many challenges as well as
opportunities in the design and fabrication of spin-based electronic materials and devices.

Given the strongly multi-disciplinary nature of this field, the family of hybrid spintronic
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materials will certainly keep expanding, which in tum will lead to more impact to material

science and electronics technology.
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