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TOPIC REVIEW — Spin manipulation in solids

Electrical spin polarization through spin-momentum locking in
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Recently, spin-momentum-locked topological surface states (SSs) have attracted significant attention in spintronics.
Owing to spin—-momentum locking, the direction of the spin is locked at right angles with respect to the carrier momentum.
In this paper, we briefly review the exotic transport properties induced by topological SSs in topological-insulator (TI)
nanostructures, which have larger surface-to-volume ratios than those of bulk TI materials. We discuss the electrical spin
generation in TIs and its effect on the transport properties. A current flow can generate a pure in-plane spin polarization on
the surface, leading to a current-direction-dependent magnetoresistance in spin valve devices based on TI nanostructures.
A relative momentum shift of two coupled topological SSs also generates net spin polarization and induces an in-plane
anisotropic negative magnetoresistance. Therefore, the spin—-momentum locking can enable the broad tuning of the spin
transport properties of topological devices for spintronic applications.

Keywords: spin-momentum locking, electrical spin generation, topological insulators, topological devices,

spintronics
PACS: 73.50.Jt, 05.30.Rt

1. Introduction

Similar to ordinary insulators, intrinsic three-dimensional
(3D) topological insulators (TIs) have insulating bulk states.
As the bulk TI and vacuum belong to different topology
classes, metallic states exist on the interface between the
bulk and the vacuum, referred to as topological surface states
(SSs). Each topological SS consists of an odd number of
massless Dirac cones, which is ensured by the Z;, topologi-
cal invariant.'=* One of the most fascinating properties of the
SSs is spin—-momentum helical locking. A current flow on the
surface of a TI generates an in-plane spin polarization, which
makes the TIs a new class of spintronics materials.>8!

The first reported 3D TI is the alloy Bi;_,Sb, (x = 0.1),
experimentally identified by Hsieh et al. using angle-resolved
photoemission spectroscopy (ARPES).[’! Approximately lin-
ear SSs are observed at the Fermi level, spanning the bulk gap
for an odd (five) number of times (Fig. 1(a)). Therefore, the
SSs of Bij_,Sb, (x = 0.1) are topologically protected. How-
ever, the band structure is complex with many impurity bands
within the bulk gap (Fig. 1(a)), which poses challenges in sur-
face transport studies. This has motivated the search for TIs
with simpler band structures. The bulk band inversion has

been used in the search to evaluate whether a material is TL 0]

DOI: 10.1088/1674-1056/27/9/097307

For example, Bizse3,[“’12] BizTe3,[12’13] and Sb,Tes belong
to a new class of 3D TIs with a single Dirac cone, which is
not the case for the isostructural material Sb,Ses;. BirSes has
a large bulk gap of ~ 0.3 eV (Fig. 1(b)), significantly larger
than the energy scale of room temperature (26 meV). In ad-
dition, the Dirac point (DP) of the topological SS is in the
bulk gap with no other impurity bands. These properties make
it a preferable platform to study the topological SSs. Fig-
ure 1(c) shows the rhombohedral crystal structure of BiySes.
Five atom layers are indicated in the crystal structure of BirSes
(Fig. 1(c)), referred to as quintuple layers (QLs). These QLs
are bonded together predominantly by van der Waals interac-
tions. Therefore, we can easily obtain TI nanostructures by
mechanical exfoliation along the z-direction using scotch tape.

However, the Fermi level of BiySes is positioned deep
in the bulk conduction band, as shown in Fig. 1(b). The DP is
located at —0.3 eV, significantly below the Fermi level. There-
fore, naturally grown BiySes samples exhibit an n-type behav-
ior and are highly metallic, owing to a large amount of Se

'L121 For a dominant surface transport, the Fermi

vacancies.!
level of a TI should be in the bulk gap with a very small bulk
carrier density. Significant efforts have been invested to sup-

press the bulk carrier density in TIs. By appropriate chemi-
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cal modifications, the Fermi level could be tuned close to the
DP.I>=11 For example, the TI Bi_,Sb,Te;_,Se, (BSTS) is
preferable to utilize the novel properties of SSs. A series of
special combinations of x and y have been reported to yield
a higher resistivity than that of Bi,Ses.['®'”) The maximum
bulk resistivity of BiSbTeSe, in our study was larger than
10 Q-cm.[1]

In the past few years, we made important progress in the
area of spin-polarized transport in the TIs, which we believe
represents one of the most promising directions in the field of

TIs. In this brief review, we select two representative spin-
polarized transport phenomena based on the spin—-momentum
locking of SSs. In Section 2, we review the surface charge
transport behavior in TT nanostructures. In Section 3, we dis-
cuss novel spin-valve signals based on the spin-polarized cur-
rent in SSs. In Section 4, we discuss spin-scattering-induced
anisotropic magnetoresistance (AMR) focusing on its relation
with topological phase transition (TPT). In Section 5, we pro-
vide an outlook of the prospects for spin and charge transport
in TIs for spintronic applications.
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Fig. 1. (color online) (a) Complex band structure of Big 9Sbg | along the F'-M direction.®! (b) Single Dirac cone of Bi;Se; along the '—M and
'K directions.!'!] (¢c) Crystal structure of BiySes. A QL is outlined by the red square.!9) This figure is reproduced from Refs. [9]{11].

2. Surface charge transport behavior in TI
nanostructures

In order to study the surface transport behavior of TIs,
a low bulk carrier density is not the only requirement. We
also need to fabricate TI nanostructures with a higher surface-
area-to-volume ratio. The synthesis methods of TI nanostruc-
tures include mechanical exfoliation, chemical vapor deposi-
tion (CVD), and solvothermal method. Owing to the higher
surface-area-to-volume ratios of TI nanowires and nanosheets,
the contribution of the SSs to the total magnetoconductance in-
creases. Exotic surface transport behaviors have been demon-
strated in nanostructures, such as quantum Hall effect (QHE),
quantum oscillations, and weak anti-localization (WAL) ef-
fect, which can hardly be observed in bulk samples.

2.1. QHE in TI nanostructures synthesized by mechanical
exfoliation

The QHE usually occurs in two-dimensional (2D) sys-
tems with low carrier densities at a low temperature and high

magnetic field. The bulk part of the sample is insulating, with
one-dimensional conducting channels at the edges in the quan-
tum Hall state. QHE originating from SSs has been reported in
TI nanostructures '8! obtained by mechanical exfoliation from
the corresponding crystals. High-quality TI crystals can be
prepared by melting!!®->%! or chemical vapor transport!?324]
with a low bulk carrier density and high surface mobility. As
the QLs of the TIs are bonded together predominantly by weak
van der Waals interactions, the TI nanostructures can be ob-
tained by mechanical exfoliation using scotch tape.

Clear quantization Hall plateaus and vanishing longitudi-
nal conductivity are observed in TI nanostructures. The quan-
tization Hall plateaus are well defined in the units of &2 /h,
where e is the electron charge and 4 is the Planck constant,
as the top and bottom SSs always appear as a pair and quan-
tize synchronously.!'325-26] Each surface Hall conductivity is
expected to quantize in units of (1/2) x e?/h. Therefore,
integer quantized Hall plateaus emerge. We also observed
integer quantized Hall plateaus (zero and —e”/h) originat-
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ing from the SSs at 1.8 K in a high magnetic field of 12 T
(Fig. 2(a)).l" In addition, asynchronous quantization in the
conductivity was observed at 1.8 K in a high magnetic field
of —7.2 T (Fig. 2(b)). Through the deposition of Co clusters
on the top surface of BSTS, we observed a half-integer plateau
(— %ez /h) (Fig. 2(b)), which demonstrates the quantization tra-
jectory of a single surface. This phenomenon is related to the
delayed Landau level. Co clusters on the top surface induce a
sizeable Zeeman gap (> 4.8 meV) through antiferromagnetic
exchange coupling. Therefore, the Hall quantization of the top
surface is delayed, yielding a half-integer plateau (— %ez /h) in
our bulk-insulating BSTS nanodevices.
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Fig. 2. (color online) QHE of SSs at 1.8 K in a high magnetic field of
(a) —12 T and (b) —7.2 T. A half-integer plateau (— %ez/h) is observed.
This figure is reproduced from Ref. [19].

2.2. Aharonov—-Bohm oscillations in TI nanowires fabri-
cated by CVD

High-quality TI nanostructures can be easily grown by the
CVD technique. The CVD technique requires a tube furnace
equipped with gas flow. One or more precursors are evapo-
rated in a high-temperature region and transported to the sub-
strate for reaction. The growth of TI nanowires is often per-
formed through a vapor-liquid—solid mechanism, which re-
quires catalysts during the crystal growth. The catalysts are
often a metal (Au) film or nanoparticles covered on a silicon
substrate, helping achieve nucleation of the nanowires. ?’-3?]

Owing to the 7 Berry-phase protection, Aharonov—Bohm
(AB) oscillations are observed when a magnetic field is
applied along the current direction of the TI nanowires.
The frequency of the AB oscillations is associated with

the cross-section area of the TI nanowires.’>3! We have
grown various types of high-quality topological nanostructures
by the CVD technique, including nanoparticles, nanowires,
and nanoflowers.>32 The good crystallinity of the Bi,Se3
nanowires obtained by CVD was verified by high-resolution
transmission electron microscopy images. We observed clear
AB oscillations in the TI nanowires below 15 K.[*’! Fig-
ure 3(a) shows the periodic oscillations in a parallel magnetic
field at different temperatures below 13 K. We obtained the
period of oscillations of AB ~ 3.01 T (Fig. 3(b)). Based on the
cross-section area of S ~ 1.56 x 10~1% m? of the nanowire, we
estimate the flux quantum, @y = AB- S ~ h/e, which is con-
sistent with the AB oscillations. We also observed a peak of
h/2e in the inset of Fig. 3(b), attributed to Altshuler—Aronov—
Spivak oscillations. The AB oscillations confirm the existence
of the topological SSs and coherent surface transport in the T1

nanowires.
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Fig. 3. (color online) (a) AB oscillations at different temperatures. (b)
Magnetic-field—oscillation-index plot at 2 K. The inset shows a clear
h/e oscillation peak, obtained by fast Fourier transform at 2 K. This
figure is reproduced from Ref. [29].

2.3. Well-maintained topological transport of a TT lateral
heterojunction obtained by the solvothermal method

TI nanostructures can be grown by the solvothermal
method in a solution under high-temperature and high-

[33.35] This also requires a catalyst for nu-

pressure conditions.
cleation and crystallization. TI nanostructures obtained by the
solvothermal method exhibit good qualities, revealed through
transport studies. Xiu et al. observed clear AB oscillations in
Bi, Tes nanoribbons obtained by the solvothermal method. 33!

The AB oscillations are regarded as one of the unambiguous
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transport evidences of topological SSs. Except TI nanostruc-
tures, a lateral TI heterojunction can also be grown by the
solvothermal method. We fabricated lateral heterojunctions
of Sb,Tes/BirTes using a two-step solvothermal method. 30!
A sharp boundary was observed in TEM images (inset of
Fig. 4(a)), indicating that Sb,Tes and Bi;Te; are well sepa-
rated. Figure 4(a) shows the magnetoresistance (MR) curve of
the heterojunction. A linear MR is clearly observed at high
magnetic fields, owing to the linear energy dispersion of the
SSs. Atlow magnetic fields, the MR is parabolic, which can be
fitted using Kohler’s rule. The fitting results reveal normal val-
ues of the carrier mobility and concentration, similar to those
of other reported TI nanodevices (Fig. 4(b)). Another signa-
ture of topological SSs is the WAL effect in a low magnetic
field. A sharp increase in magnetoconductance is observed
near zero field in the inset of Fig. 4(a), referred to as the WAL
effect. Using the Hikami-Larkin—Nagaoka formula, the fit-
ting for WAL reveals the dephasing length of the SSs, close to
those of TI nanostructures without a junction. Therefore, the
topological SS is well maintained in our lateral heterojunction
obtained by the solvothermal method.

2.4. Transport signature of gapped SSs in TI nanostruc-
tures obtained by magnetic doping

Doping in TIs can decrease the number of defects and
provide a high resistivity, leading to improved performances of
the TTs. We revealed that nonmagnetic Cu doping can enhance

(211 Tn addition, mag-

the transport contribution of SSs in TIs.
netic doping breaks the time-reversal symmetry and induces a
gap of SSs. We have grown high-mobility Sm-doped Bi;Se;
ferromagnetic TIs, promising for quantum Hall studies.?%! In

addition, we have synthesized Fe-doped Bi,Se3; nanowires by
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CVD with a doping concentration of ~ 1 at%.
magnetization is induced by Fe doping in Bi;Ses nanowires
with a Curie temperature of ~ 40 K. The behavior of the resis-
tance after doping at a low temperature is quite different from

that of a pristine sample (Fig. 5(a)). The abnormal behavior
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Fig. 4. (color online) (a) MR of the lateral heterojunction device. The
left inset shows a TEM image of the lateral heterojunction. The right
inset shows the results with the WAL phenomenon and its fitting. (b)
Mobility and dephasing length of the lateral heterojunction device. This
figure is reproduced from Ref. [36].

oH (T)

Fig. 5. (color online) (a) Temperature-dependent resistance curves of a pristine and Fe-doped Bi,Ses nanodevices. The insets show scanning-
electron-microscopy images of the nanodevices. The scale bars correspond to 1 um. (b) MRs of the pristine and Fe-doped Bi;Se; nanodevices.
A quantum transition from WAL to WL is clearly observed. This figure is reproduced from Ref. [32].
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can be attributed to random spin scattering or magnetic impu-
rity scattering upon the Fe doping. The behavior of the MR at a
low magnetic field after the doping is also quite different from
that of the pristine sample. A quantum transition is observed in
Fe-doped TI nanowires, from the WAL to a weak-localization
(WL) behavior (Fig. 5(b)).3?) The WL effect was observed in
Fe-doped TI nanowires, regarded as a transport signature of
the gapped SS. The relationship of the Berry phase () and
gap (A) can be described as ¥ = w(1 — A/2ER), where Ef is
the Fermi level. If there is a gap induced by magnetic scatter-
ing, the  Berry phase decreases. Therefore, the WL effect is
observed in Fe-doped Bi;Ses.

3. Electrical generation of surface spin polariza-
tion in TI nanostructures

A spin-based field-effect transistor (SFET) has been pro-
posed in the continuous downscaling of silicon technology.
It utilizes the electron spin instead of the charge for a lower
power consumption. The discovery of the giant magnetoresis-
tance (GMR) by Albert Fert!3”! and Peter Griinberg*®! in 1988
is considered the beginning of the field of spintronics. GMR
is observed in films composed of ferromagnetic and nonmag-
netic layers. [37-401 Since then, various metals and semiconduc-
tors, including Cu, 411 A1 1421 gj [4344] Ge [4546] GgA, [4748]

9-311 have been studied for the spin transport

and graphene,

channel.
Similar to the conventional charge-based transistors, the

SFET consists of a source, drain, channel, and gate for the con-

[52-54] The channel is expected to be

trol of the spin transport.
based on materials with weak spin—orbit couplings, enabling
them to transmit spin information with a long spin lifetime
and large spin diffusion length. Graphene and Si are of partic-
ular interest owing to their unique advantages. Their observed
spin lifetimes tend to be approximately several nanoseconds,
while the spin diffusion lengths are typically several microm-
eters at room temperature.[51’55] As important components of
the SFET, both source and drain are almost ferromagnets, act-
ing as the injector and detector of an electron spin, respec-
tively. The relative magnetization orientation between them
modulates the drivability of the SFET.

However, owing to stray-field effects upon down scaling
and integration with the advanced complementary metal-oxide
semiconductor technology in the future, all-electric spintron-
ics without ferromagnetic components have attracted increas-
ing attention. Owing to the spin—-momentum locking in the
TIs, a current flow should induce a spin current on the sur-
face. The direction of the spin polarization is locked at right
angles with respect to the current direction. The TIs can real-
ize the all-electrical generation of spin polarization, promising
for potential applications in spintronics.

3.1. Detection of spin polarization by spin-resolved
ARPES

The spin—-momentum-locking property of SSs has been
confirmed by optical experiments, including those using
spin-resolved ARPES!!'>% and detection of spin-polarized

(57581 Hsieh et al. measured the spin polarization

photocurrent.
of SSs using spin-resolved ARPES.[!?] Spin polarization is ob-
served only in the y direction when the momentum is along
the x direction. It changes the sign at the opposite momentum,
implying that the spin and momentum directions are in-plane
locked (Fig. 6(a)). In the x and z directions, no spin polar-
ization can be observed (Fig. 6(b)). Xu et al. showed oppo-
site signs of the spin polarizations from electrons and holes
(Fig. 6(c)).[®! When the Fermi level is above the DP, the spin
vortex is oriented clockwise, whereas the spin vortex of the
surface valence band is oriented anticlockwise. Therefore, we
can modulate the direction of spin polarization by gating to
change the position of the Fermi level through the DP.

3.2. All-electrical generation of spin polarization in TI
nanostructures

The electronic spin polarization in the TIs is directly de-
tected using spin-sensitive transport measurements. The spin
signal in BipSes has been electrically detected using ferromag-

[59-611j et al. directly measured a novel voltage

netic contacts.
signal demonstrating the generation of spin polarization in the
TIs.[>! The magnitude of the voltage signal is linearly propor-
tional to the magnitude of the charge current. In addition, an
opposite voltage signal is observed when the current changes
its direction. However, the high bulk conduction in Bi;Ses
may be a significant challenge in the detection of the spin po-
larization. Following this study, several groups used highly in-
sulating bulk TIs or tuned the chemical potential by electrical
gating to disentangle the bulk and surface conductions.[6>-66]
We fabricated spin-valve transistors based on BSTS with an
enhanced surface conductance ratio of ~ 80% (Fig. 7(a)).!%¢]
We observed a dominant step-like spin-valve signal, depen-
dent on the direction of the current (Figs. 7(b) and 7(c)).100
The conventional spin-valve effect originates from the relative
direction of magnetic moments in the ferromagnetic layers and
does not depend on the direction of the current. Dankert et al.
reported generation of spin polarization at room temperature
in TIs.[°!] The spin polarization can be generated and modu-
lated by charge current, enabling the application of the TIs in
spintronics.

Although spin-channel materials with high performances
are available, such as graphene and silicon, the use of non-
ferromagnetic materials as spin injectors is still a major chal-
lenge. By utilizing the pure spin-polarized currents generated
by a charge current, recently, a TI has been successfully ex-
perimentally used to inject spins into a spin-channel material.
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Vaklinova et al. fabricated a heterostructure device consisting (Figs. 8(c) and 8(d)), which exhibits an opposite sign at the
of a TI and graphene (Figs. 8(a) and 8(b)).[°”l The TIis used  opposite current direction. This makes TIs promising spin
to generate and inject spin into the graphene. They observed  sources, wherein spin generation is achieved by all-electrical
a voltage signal originating from the injected spin in graphene  means.
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Fig. 6. (color online) Measured (a) y, and (b) x and z components of the spin polarization along the '—M direction.!'?! (c) Spin vortex at the
conduction and valence bands.5®! This fi gure is reproduced from Refs. [12] and [56].
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Fig. 7. (color online) (a) Schematic of the spin valve transistors for detection of spin polarization in SSs. (b) and (c) Spin signals under currents
of Ipc = +5 pA and Ipc = —5 pA, respectively. The inset shows an atomic force microscopy (AFM) image of a spin valve device. The scale

bar corresponds to 2.5 um. This figure is reproduced from Ref. [66].
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Fig. 8. (color online) (a) Schematic of the heterostructure device. (b) AFM image of a graphene—Bi, Te,Se nanoplate heterostructure. (c) and
(d) Spin signals in graphene recorded at currents of Iy. = +5 pA and —5 pA, respectively. This figure is reproduced from Ref. [67].

4. AMR in TI nanostructures
4.1. In-plane AMR in TI nanostructures

The AMR is dependent on the angle between the mag-
netic field and current in some materials, such as ferromag-
netic metals (FMs).[%391 AMR in FMs is induced by spin-
dependent scattering anisotropy, which depends on the relative
direction between the current and magnetic moments. In addi-
tion, AMR is observed in nonmagnetic materials with strong
anisotropies of the mobility and effective mass at the Fermi
surface. TIs are a special class of nonmagnetic materials that
can generate net spin polarization by current flow. On the other
hand, spin polarization emerges in the TI nanostructures when
the two SSs couple together in an in-plane magnetic field. The
in-plane magnetic field induces a relative momentum shift be-
tween the top and bottom SSs. Such net spin polarization in-
duced by an opposite momentum shift is similar to the Rashba
splitting in 2D electronic systems.[”?! The direction of the spin
polarization is along the magnetic field. Moreover, the value of
the net spin polarization is proportional to the magnetic field.
Therefore, there is a strong anisotropic spin scattering proba-
bility dependent on the relative direction between the current
and in-plane spin polarization.

Sulaev et al. observed an in-plane AMR with a period of
180° in BSTS nanodevices when the two SSs couple together
(Fig. 9(a)). The amplitude of the AMR (9 T) reaches 9% at 2 K
at a positive gate voltage, comparable with those of some FM
metals.[%8] They observed an opposite behavior of the AMR at
a negative gate voltage (Fig. 9(b)).l”!! This AMR is attributed
to the high anisotropic spin scattering probability dependent

on the relative direction between the current and in-plane spin
polarization. The direction of the spin polarization is depen-
dent on the position of the Fermi level.[’®! Under a gate volt-
age of —50V, the Fermi level is located at the valence band,
whereas under a voltage of 450 V, the Fermi level is located
at the conduction band. The direction of the net spin polariza-
tion at the conduction band (Fig. 9(c)) is opposite to that at the
valence band at the same magnetic field (Fig. 9(d)), leading to
an opposite AMR.

4.2. Enhanced intersurface coupling through TPT and tri-
axial vector MR devices

It is worth noting that the coupling of the two SSs is the
key factor for the in-plane AMR. The top and bottom surfaces
can directly couple when the sample is thinner than the crit-
ical thickness of ~ 6 nm, which is associated with the bulk
gap (0.3 eV). The coupling can also occur in thicker samples
through side surfaces or the bulk state in the WAL effect.[7>-84]
We studied the thickness dependence of bulk-surface coupling
in Biy Te,Se nanoribbons.* We fitted the number of coherent
channels (&) in the nanoribbons from the MR at low magnetic
fields. It changes abruptly when the thickness of the nanorib-
bon exceeds the bulk phase relaxation length of ~ 60 nm
(Fig. 10). The bulk carriers are unable to coherently couple
the two surfaces when the thickness exceeds the phase re-
laxation length. The thickness-dependent coherent channels
demonstrate bulk-mediated coupling between the top and bot-
tom surfaces. The coupling will not occur when the thickness
is significantly larger than the phase relaxation length.
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Fig. 9. (color online) (a) and (b) In-plane AMRs under gate voltages of +10 V and —50 V, respectively. (c) and (d) Schematics of the opposite
spin polarizations in an in-plane magnetic field under the voltages of +50 V and —50 V, respectively. This figure is reproduced from Ref. [71].
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Fig. 10. (color online) Coherent channels (@) as a function of the thick-
ness (H) of different samples. The horizontal dashed line corresponds to
one channel. The vertical dashed line corresponds to a phase relaxation
length of 62 nm. This figure is reproduced from Ref. [84].

The critical thickness for direct coupling is small
(~ 6 nm) owing to the large bulk gap. The penetration depth of
the SS wave function is proportional to Avg/A; therefore, it is
small for a large bulk gap, where £ is the reduced Planck con-
stant, Vg is the Fermi velocity, and A is the bulk gap.!3-%7] For
a close A, the threshold for the overlap of the wave functions

becomes lower. Therefore, the intersurface coupling could be
enhanced by closing the bulk gap A near the topological crit-
ical point. The TPT in a TI could be employed for artificial
engineering of the topological band structure. The TPT of a
TI can modulate the band structure of the bulk and surface
states and decrease the bulk gap near the topological critical
point, [56:88-92]

We studied the TPT by both ARPES and transport
1931 (Big.92Ing.08)2Se3 ap-
proaches the topological critical point with the smallest bulk

measurements in (Bij_,In,);Ses.

gap (~ 0.1 eV) among the three series (Fig. 11(a)). Owing
to the considerable shrinkage of the bulk gap, the intersurface
coupling could be enhanced compared with that of BiSe;. We
measured the angle-dependent MR of (Big g2Ing.03)2Se3 nan-
odevices in 3D space (Fig. 11(b)). A negative MR is clearly
observed with a high angular sensitivity in the out-of-plane
magnetotransport measurements (Fig. 11(c)). A suppressed
MR signal is observed with a slight rotation of the magnetic
field. Upon further rotation of the magnetic field at the sample
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surface, the negative MR is enhanced from ¢ = 90° to ¢ = 0°.
The negative MR exhibits a period of 180° with an intrigu-
ing dumbbell-shaped pattern in its polar diagram (Fig. 11(d)).
This novel triaxial MR is observed only in samples with thick-
nesses in the range of ~ 40-90 nm. The wave functions of the
surfaces are strongly coupled in (Big 92Ing 03)2Ses (Fig. 11(e)),

x=0.08
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x=0.16

which will induce spin polarization in the in-plane magnetic
field. Owing to the aligned spins along the in-plane magnetic
field, the electron scattering is expected to be suppressed, thus
driving the negative MR. The in-plane AMR could be inter-
preted by the angle-dependent scattering probability and still

observed at room temperature.

Top I
SS SS
0 Bulk Bulk
——
Bottom Bottom
SS x=0 x=0.08 SS

Fig. 11. (color online) (color(a) TPT in the (Bi;_,In,)2Ses series. (b) Schematic of MR measurements of a nanodevice. (c) Triaxial MR curve
at 2 K. (d) Polar plot of the AMR. (e) Penetration depth of SS wave functions at x = 0 and 0.08. This figure is reproduced from Ref. [93].

5. Conclusion and perspectives

In the period of almost ten years after a 3D TI was
successfully observed in 2009, significant progress in spin-
polarized transport in TI nanostructures was made. In the pre-
ceding sections, we discussed the effects of the net spin polar-
ization on the transport properties, including current-direction-
dependent MR and triaxial AMR signals. This suggests the
potential for applications in electrical-controlled nonvolatile
spintronics and logic devices with significantly enhanced en-
ergy efficiencies.

Progress has been made utilizing homoepitaxial tunnel-
barrier contacts to achieve an efficient spin injection. Yang et
al. revealed that the tunneling conductance exhibits the barrier-
dependent conductive switching effect with the increase of the
barrier strength.[*¥ Significant achievements have been also
made in other areas such as spin transfer torque®—?% and
spin pumping[®*-1%%] in the TIs. Despite these achievements,
there are various challenges to overcome in order to realize
the SFET based on the TIs. The TI nanostructures are prefer-
able to decrease the bulk state contribution owing to the larger
surface-to-volume ratios. This provides an ideal platform to
investigate the exotic properties induced by the topological
SSs. We expect that optimization of the material growth tech-
niques as well as utilization of the gate tunability and band en-
gineering can enable these properties of TIs (such as AMR and

electrical spin generation) to be utilized for future spintronic
applications. The continuous development of TIs for spin in-
jection paves the way for novel spintronic device designs for
energy-efficient SFET applications.
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