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ABSTRACT:

We review novel spin — related phenomena originating from the
topological surface states in BiSb topological insulator/ferromagnet
heterostructures, and discuss their applications to various spintronic
devices, such as spin-orbit torque magnetoresistive random-access
memory, racetrack memory, and skyrmion memory.
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1. From spintronics to spin-orbitronics

Just two decades ago, “desktops” or “personal computers” were
very luxury terms. Todays, they have become very popular and an
irrevocable part of our lives, but partly replaced by mobile devices
such as smartphone or notebook. From the introduction of
transistor, which was invented in 1947 by J. Barden, W. Shockley
and W. Brattain [1], the early progress of computing technology
coincides with the development of integrated circuits based on
CMOS technology that leads to the Digital Revolution. The number
of transistors that can be integrated is double every 18 months, as
predicted by G. Moore, and known as the Moore’s law [2]. The
continuous device engineering has reduced the size of transistors
down to few nanometers, getting closer to the end of the Moore’s
law. As the consequence, the concept of electron’s transportation
has begun to pose problems, and simply packing more transistors
into the same area to improve performance has become very
challenging and expensive. In addition, leakage current drastically
increases at nano-scale, resulting in large idling power
consumption. To continuously improve performance of electronic
devices without further miniaturization, spintronics comes into

play.

Spintronics or spin electronics is a new technology that utilizes the
electrons’ intrinsic angular momentum, spin. Its concept is
described in Fig. 1(a) as the overlap between electronic engineering
(electric charge) and magnetic engineering (spin). Indeed, mass data
storage technology, such as hard disk drives (HDDs), has used
advanced spintronic magnetic sensors for read out from the 1990s.
The capability of spintronic is being expanded to new generation of
devices, such as magnetoresistive random access memory (MRAM)
that exhibits unique advantages of low power consumption, non-
volatility and high speed [4-5]. In MRAM, instead of using the
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Figure 1. Concept of spintronics

“existence” or “absence” of electric charge, “0” and “1”
binary data can be expressed by up-spin (T) or down-
spin (¥). Figure 2 illustrates an important concept in
spintronics, the spin current. The flow of electrons will
be merely a charge current, if their spins are mixed up
and cannot be distinguished (Fig. 2(a)). However,
there are situations where one spin population is larger
than the other. Figure 2(b) illustrates this kind of
circumstance where the density of spin-up electrons is
higher than that of spin-down electrons. In this case,
the charge current is accompanied by a spin current,
thus called “spin-polarized current”. The net spin
current is given by the spin-up current minus the spin-
down current. Figure 2(c) shows a special case of spin
current where the spin-up current and the spin-down
current flows to opposite direction. Interestingly, in
this situation, the charge current, which is the total of
spin-up current and spin-down current, is zero. In
contrast, there is a net spin current called “pure spin
current”, which poses new ideas about generating a
spin current without a charge current [6].

Once of the most important technology development
in spintronics is MRAM. This type of memory is very
promising for memory applications in general. Unlike
dynamic random-access memory (DRAM) or static
random-access memory (SRAM) whose data will be
lost without power supply (volatile memories),
MRAM stores data in magnetic materials and does not
need power to maintain data. The first generation of
MRAM is toggle MRAM, and its mechanism is
visualized in Fig. 3(a). The storage elements of
MRAM are magnetic tunnel junctions (MTJs), which
are formed by two magnetic layers (a free layer and a
fixed layer) separated by a thin insulating layer. Each
data bit is recorded in the magnetic states of the MTJs,
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depending on the relative direction between
magnetization of the free and fixed layer (parallel or
anti-parallel). The writing process is based on Oersted
magnetic fields generated by nearby writing currents,
while the reading process is performed by measuring
the tunneling resistance between the two magnetic
layers, which is high in anti-parallel and low in parallel
magnetic configuration, a phenomenon called
“tunneling magnetoresistance effect”.

The next generation of MRAM utilizes a new writing
technique that does not require a magnetic field,
proposed by Slonczewski and Berger [7-9]. They
predicted that a spin polarized current can be
generated by passing a charge current through the
magnetic fixed layer. When this spin polarized current
is injected to the magnetic free layer, it can generate a
spin torque on the free layer for magnetization
switching. This phenomenon is named as the spin-
transfer torque (STT) with very promising
implications, and experimentally demonstrated [10-
12]. As illustrated in Fig. 3(b), when a charge current
is passed through the MTJ, the spin polarized current
from the fixed layer can switch the magnetization of
the free layer.

STT-MRAM shows higher bit density which can
reach Gbits storage capacity with lower operation
power than that of toggle MRAM (only 4 Mbit chip
for commercial product). As shown in Fig. 4(a), STT-
MRAM has better scalability, and can possibility fill
the memory gap between SRAM, DRAM, and NAND.
However, the writing current and writing energy of
MRAM are still too high and worse than SRAM or
DRAM by one order of magnitude. Furthermore, the
large writing current can lead to breakdown of the
oxide tunneling barrier layer. The read disturbance or
accident switching of the magnetic states can also
happen. In addition, high writing current requires large
driving transistors, which makes it difficult to further
increase the bit density of MRAM to 10 Gbits [16].

Therefore, shorter write latency, lower power
consumption, and higher density are required for the
next generation of MRAM. As the results, spintronics

(a) Charge current (b) Spin-polarized current (c) Pure spin current
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Figure 2. Schematic illustrations of (a) charge current, (b) spin-polarized current and (c) pure spin
current.
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Figure 3. (a) Schematic illustration of the writing process in toggle MRAM. (b) Schematic illustration of the
writing process in spin-transfer-torque (STT) MRAM. STT mechanism is shown in the right-hand side figure,
for magnetization switching. where a spin-polarized current I, generated by passing a charge current I.
through the fixed layer, is injected to the free layer and generates a spin torque on the free layer

research has been gradually shifted toward the spin
Hall effect originated from spin-orbit interaction (SOI)
or spin-orbit coupling, which can generate a pure spin
current more efficiently and reduce the writing current
in MRAM.

2. SOT-MRAM - The next generation of MRAM
So far, spin-polarized current has been generated by

passing a charge current through a ferromagnetic layer.

However, the charge-to-spin conversion efficiency is
limited by the maximum spin polarization P =1 of the
ferromagnetic layer. Recently, the spin Hall effect has
emerged as a new way to generate pure spin currents
with improved charge-to-spin conversion efficiency
[13-15]. The pure spin current can be injected to the
magnetic free layer for switching. This type of MRAM
is called spin-orbit torque (SOT)-MRAM, and has
emerged as a promising candidate that can overcome
the disadvantages of STT-MRAM. In SOT-MRAM, a
non-magnetic layer with strong spin Hall effect is in
contact with the free magnetic layer. As illustrated in
Fig. 5(b), a charge current flowing in the spin Hall
layer can generate a pure spin current perpendicular to
the interface by the spin Hall effect. This pure spin
current can exert a spin torque (so called spin-orbit
torque) on the free layer and switch its magnetization.
The pure spin current density generated by a charge

current density Jc in the spin Hall layer is given by Js
= (h/2e)0sy Jc, where Ogy is the charge-to-spin
conversion efficiency or spin Hall angle [16-18].

Moreover, because the spin polarization direction of
the pure spin current in SOT-MRAM is perpendicular
to the magnetization, the spin-torque is maximized and
the writing speed of SOT-RAM can be as fast as 300
ps, compared with about 10 ns in STT-MRAM [8].
Thus, by reducing both the writing current and the
writing time, SOT-MRAM can significantly lower the
writing energy. Moreover, the writing current does not
flow through the MTJ in the writing process, thereby
MTJ’s reliability can be drastically improved. Finally,
if we can reduce the charge current in the writing
process by using high performance spin Hall material,
the size of driving transistors can be minimized and
the bit density can be increased. With these advantages,
SOT-MRAM has become very attractive as a
promising candidate for the third generation MRAM
with fast writing, low writing energy and high bit
density. Since the spin Hall angle fsy can be tailored
by implementing suitable materials, there are huge
efforts in exploring a large spectrum of materials and
their spin-related transport properties in order to
maximum the performance of SOT-MRAM.

3. Topological insulator — the key material

(a) Small MTJ
Q?b Speed __(S0 n)
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Figure 4. (a) The memory gaps in conventional memories. The gaps between SRAM, DRAM, and NAND
show the positions that STT-MRAM can fill. (b) TEM image of a STT-MRAM device. High writing current is
the most disadvantage feature of STT-MRAM. This requires large driving transistors and make it difficult to

increase the bit density of MRAM. Courtesy by L Thomas et al., MSST 2017.
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Figure 5. Difference in writing mechanism of (a) STT-MRAM and (b) SOT-MRAM. The pure spin current in
SOT-MRAM is generated by the spin Hall effect from an in-plane charge current (blue arrow). This spin
current flows upward into the free layer and flips its magnetization. © (2018) reprinted with permission from
the American Institute of Physics.

Recently, both theories and experiments have found
out there are some exotic materials with insulating
bulk but topologically protected conducting surface /
edge states, as shown in Fig. 6(a). These materials are
called topological insulators (TIs) [19]. These surface
states have a unique property, called spin-momentum
locking, as shown in Fig. 6(b). Therefore, back-
scattering is prohibited if spin is conserved, resulting
in high surface electron mobility. Furthermore, these
surface states have Dirac-like dispersion, which can
result in a large spin Hall angle from the Berry phase
effect. There characteristics make TIs a very hot topic
in spintronics, which may become a key material for
future spintronic devices.

In 2007, M. Koénig et al. experimentally observed the
spin polarized edge states in a HgTe quantum well,
which is a 2D TI, 20 years after the conceptual
proposal of topology in condensed matter physics
independently by D. J. Thouless, F. D. M. Haldane and
J. M. Kosterlitz, who were honored with the Physics
Nobel Prizes in 2016 [20]. Then, 3D TIs were soon
discovered in several Bi-based V-VI compounds, such
as BixSe; and (BigsSbos).Tes, followed by the
discovery of their giant spin Hall angle [21-22]. Their
spin Hall angles are at least one order of magnitude
larger than those of heavy metals, anti-ferromagnets or
oxide materials. That means TIs can provide much
higher charge-to-spin conversion efficiency than other

Energy

Figure 6. (a) Energy dispersion of the spin non-
degenerate edge states in a 2D TI, which resembles an
1D Dirac cone. (b) Schematic real-space image of 2D
helical surface states of 3D TI. © (2013) reprinted

with permission from the Physical Society of Japan.
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spin source materials. Figure 7(a) compares the power
consumption of SOT switching by using TIs and
heavy metals as the spin source. TIs can reduce the
power consumption down to less than 25% of heavy
metals [23]. These results make TIs a very hot topic in
spintronics.

However, TIs have a fundamental problem due to their
insulating nature. In Bi-based V-VI compound TIs,
due to their large band-gap and low carrier mobility,
the conductivity ¢ of those Tls is limited to ~ 10* Q-
'm!, which is much lower than that of typical metallic
ferromagnets (~ 6x105 Q'm™') used in MRAM. This
causes a serious problem for TIs as spin Hall materials.
As illustrated in Fig. 7(b), when attached to a metallic
ferromagnet, most of the charge current is shunted
through the magnetic recording layer and does not
contribute to generation of pure spin current in the spin
Hall layer. Exploring new TI materials with both high
conductivity and strong spin Hall effect is essential to
realize realistic applications of TIs to SOT-MRAM.

4. BISB — a conductive TI and its application to
SOT-MRAM

Among various TI materials, Bi;..Sb, emerges as a
unique TI with a narrow band gap (bulk band gap <20
meV), which is much smaller the band gap of other Tls
such as Bi;Ses (~300 meV) or BixTes (~130 meV) [24].
More importantly, Bii..Sbr. shows higher carrier
mobility (~10* cmV-!s*), and its bulk conductivity is
as high as 4x10°~6.4x10° Q'm-!, compatible to other
metallic materials used in realistic MRAM. Recently,
we have developed epitaxial growth technique for
high quality BiSb thin films using molecular beam
epitaxy (MBE) and obtained o= 4x10°~6x10° Q'm-
Ifor BiSb thin films thicker than 80 nm, and o
=1x10°~4x10° Q'm’! (average o ~ 2.5x10° Q'm™")
for BiSb thin films thinner than 25 nm as show in Fig.
8(a) [25]. Meanwhile, the topologically protected
surface states of BiiSby (0.07 < x < 0.22) were
confirmed by  angle-resolved photoemission
spectroscopy (ARPES) measurements, as shown in
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Figure 7. Normalized power consumption (with Ta set to be unity) for SOT switching using (BiSb)Tes,
Bi>Ses, Pt and Ta © (2017) reprinted with permission from the American Physical Society. (b) Current
shunting effect due to the low electrical conductivity of Tls.

Fig. 8(b) [26-28]. writing current requires smaller driving transistors,
which helps increase the bit density of SOT-MRAM
[32-33]. These demonstrated that BiSb-based
SOT-MRAM outperforms STT-MRAM and can
replace conventional volatile memory technologies,
such as DRAM and SRAM.

Furthermore, we observed a giant spin Hall angle of
Osy ~ 52 even at the room temperature in BiSb/MnGa
bilayers, and make BiSb the best candidate for the spin
current source in ultra-low power SOT-MRAM. Table
1 compares the electrical conductivity o, spin Hall
angle Ogy, and spin Hall conductivity oy = (h/
2e)0gy X 0. As shown in Table 1, BiSb achieves the
largest Ogy , and outperforms other spin source
materials by at least an order of magnitude in term of

Table 1. Room-temperature spin Hall angle Gsy,
conductivity o, and spin Hall conductivity osg of
several heavy metals and TIs.

Osy-

Osa 7 asa_rl -
Figure 9(a) shows room-temperature spin-orbit torque (Z'm)  (#/2e Q" m")
(SOT) switching in BiSb/MnGa bilayer at a low
critical current density Jsw of 1.5x10° A/cm?, even p-Ta 015 5.3x10° 0.8:10°
though the MnGa ferromagnet show very large
anisotropy field. Note that other spin source materials p-W 0.4 4.7x10° 1.9x10°
require much higher switching current density in . 5
junctions with MnGa, such as Ta (Jsw ~ 110x10° Pt 0.08  4.2x<10 3.4x10
Al/em?), Pt (Jow ~ 50x10° A/cm?) or antiferromagnet .
like ItMn (Jsw ~ 150x10° A/em?) [31]. Figure 9(b) BizSes 235 57A0%  1.1-20:40°
projects the performance of BiSb-based SOT-MRAM .
with STT-MRAM at the same size of 37 nm. The BixSet-x 188 7.8x10° 1.4710°
writing current can be reduced by at least an order of
magnitude, while the writing speed is 20~50 times Bio.sSho.1 52 2.5x105 1.3x107
faster. Thus, the writing energy can be reduced by at (this work)

least two orders of magnitude. Moreover, the low
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Figure 8. (a) Electrical conductivity at 270 K of various Bi;Sbx samples with different Sb concentration
and thickness (c) (2017) reprinted with permission from the American Institute of Physics. (b) ARPES
intensity map of surface states in Big.91Sbo.os. Arrows indicate spin direction. © (2009) reprinted with

permission from American Association for the Advancement of Science.
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Figure 9. (a) Room-temperature current induced magnetization switching in the Big oSbo.1 (5 nm) /
Mno.45Gap.ss (3 nm) bilayer under 100 ms pulse currents and an in-plane magnetic field Hex of +3.5 kOe
© (2018) reprinted with permission from Springer Nature. (b) Benchmarking of SOT-MRAM with BiSb
as a spin source, compared with STT-MRAM with the same size of 37 nm.

Note that these samples are was grown on GaAs
substrates by the ultra-precise MBE method to achieve
excellent crystal quality. However, the MBE
technique is incompatible with mass production.
Meanwhile, physical vapor deposition (PVD)
techniques such as magnetron sputtering are
commonly used in industrial memory and logic
fabrication process. Therefore, it is essential to
evaluate the performance of BiSb deposited by PVD
for realistic BiSb-based spintronic applications,
especially for ultralow-power SOT-MRAM.

Very recently, we have used magnetron sputtering to
deposit BiSb, and confirm that the spin Hall angle of
BiSb is still large enough for practical applications
[34]. Figure 10(a-b) show the SOT induced
magnetization switching by DC current and pulse
current in CoTb (2.7 nm)/Pt (1 nm)/BiSb (10 nm)
stack structure fabricated by magnetron sputtering on
silicon substrates. Once can see that the critical
switching current can be as low as 4 X 105 A/cm? at H,
= 500 Oe for DC current and 6 X 10° A/cm? at pulse
width of 50 ns. These values are at least an order
smaller than those in heavy metals (~107 A/cm? for DC
current and ~108 A/cm? for pulse current) [35-37].
Indeed, the effective spin Hall angle in these samples
is estimated around 1.2 which is still much larger than
other spin sources as we know so far. Considering the
low spin transmittance of the CoTb interface and spin
loss in the Pt (1 nm) interlayer, the intrinsic spin Hall
angle of BiSb in these samples is 8. As shown in Fig.
10 (c), in term of power consumption, the performance
of BiSb fabricated by sputtering technique (green
column) is still at least an order smaller that in heavy
metals and other TIs. These results reconfirmed the
advantage of BiSb as the spin source for SOT —
MRAM. As over ten years have passed since the
proposals and experimental realization of TIs, BiSb
emerges as the most promising candidate for the first
industrial applications of TIs.

5
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5. Other novel spin-dependent transport
phenomena in BiSb-ferromagnet bilayers

Exotic spin-dependent phenomena of TIs, BiSb in
particular, are not limited to the spin Hall effect and
applications to SOT-MRAM. We observed many
other novel effects which can be applied to various
spintronic device applications. For example, we
observed a giant unidirectional spin Hall
magnetoresistance (USMR) in GaMnAs / poly
crystalline BiSb heterostructures, where the USMR
ratio can reach 1.1% which is larger than those in
metallic bilayers and other TI / metallic ferromagnet

H, =44 Oe T
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Figure 10. (a) SOT magnetization switching in
CoTb (2.7 nm)/Pt (1 nm)/BiSb (10 nm) stack
measured by DC current at different Hx. (b) Pulse-
current induced SOT magnetization switching in
CoTb (2.7 nm)/Pt (1 nm)/BiSb (10 nm) stack at
various pulse widths T down to 50 ns and H, = 44
Oe. (c¢) Normalized power consumption (with Ta
set to be unity) for SOT switching using BiSbh,
(BiSb):Tes, BixSes, Pt and Ta.
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Figure 11. (a) USMR ratio in GaMnAs (10 nm)/BiSb (10 nm) measured at different temperature. (b) Two-
terminal planar MRAM device with an extremely simple stacking structure, consisting of only a ferromagnetic
layer and a spin Hall layer. SOT and USMR are utilized for data writing and reading, respectively. (c) Evidence
of Néel-type skyrmions detected at room temperature by the topological Hall effect (THE) (green lines), extracted
from the total Hall effect (blue lines) and the anomalous Hall effect (AHE) (red lines) in MnGa(5 nm)/BiSb(10
nm) bilayers. (d) Application of skyrmions to racetrack memory in an array of U-shaped magnetic nanowires ©
(2008) reprinted with permission from American Association for the Advancement of Science.

systems by several orders of magnitude, as shown in
Fig. 11(a) [38]. We found that the main mechanism of
this giant USMR effect in this heterostructure is
magnon absorption/emission and strong spin-
disordering scattering in the GaMnAs layer. These
results can be used to significantly simplify the
structure of SOT-MRAM. Figure 11(b) illustrates a
two-terminal planar MRAM device with an extremely
simple stacking structure, consisting of only a
ferromagnetic layer and a spin Hall layer. In this
device, SOT and USMR are utilized for data writing
and reading, respectively. Moreover, since the
magnon scattering rate increases at high temperature,
using  Fe-doped  narrow-gap ferromagnetic
semiconductors with room-temperature
ferromagnetism, such as GaFeSb or InFeSb, may
improve the USMR ratio to over 10%, which is
essential for USMR-MRAM with extremely simple
structure and fast writing/reading.

Observation of skyrmions by the topological Hall
effect (THE) is another novel phenomenon. Figure
11(c) shows THE (green line) observed at room
temperature even without an external magnetic field,
demonstrating field-free ground-state skyrmions [39].
A large critical interfacial DMI constant of 5.1 pJ/m
was observed. These results confirm that BiSb
topological insulator can generate not only colossal
spin-orbit torque, but also giant interfacial
Dzyaloshinskii-Moriya-Interaction (DMI) for
generation and manipulation of skyrmions. This giant
SOT and DMI can be used in the skyrmion or chiral

51

domain wall racetrack memory as shown Fig. 11(d).
One unique characteristic of racetrack memory is its
3D structure. A racetrack memory [40] can use
hundreds of millions of U-shaped nanowires arranged
vertically like a forest in a very small area size. This
characteristic allows racetrack memory to store a vast
amounts of data, and makes racetrack memory become
a very attractive memory.

While more efforts are required to integrate BiSb to
realistic spintronic device, our results have open the
dawn of a new era of ultralow power and fast TI-based
spintronics.
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