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Letter

Iron loss and hysteresis properties of nanocrystalline magnetic materials
under high frequency inverter excitation

A. Yao, F. Kato, and H. Sato
National Institute of Advanced Industrial Science and Technology (AIST), 16-1, Tsukuba 305-8569, Japan, a.yao@aist.go.jp

Recently, wide-bandgap (WBG) power semiconductors made of silicon carbide (SiC) and gallium nitride (GaN) have been widely
developed as high-speed switching devises. Many researchers have studied novel magnetic materials, such as nanocrystalline magnetic
materials (NMMs), for low-loss electric motors and transformers. This study experimentally examines the hysteresis (B–H) curve and
iron loss properties of the NMM core excited using a pulse width modulation (PWM) inverter at high carrier frequencies on the order
of MHz with and without the dead time. For comparison, the magnetic properties of amorphous magnetic materials (AMMs) core are
also evaluated. Particularly at high carrier frequencies (approximately 1 MHz), the iron loss of NMM and AMM cores significantly
depends on the dead time. Compared with the case of the AMM core, the NMM core suppresses the increasing rate of iron losses
caused by the dead time because the area of minor loops in NMM becomes small, particularly in high-frequency regions.

Key words: Nanocrystalline magnetic materials, iron loss, B–H curve, inverter, high frequency, wide-bandgap semiconductor

1 Introduction

Transformer and motor systems often comprise inverters and
cores composed of soft magnetic materials. In motor systems,
pulse width modulation (PWM) inverters are commonly used to
perform speed and torque control. Thus, magnetic material cores
are excited using a PWM inverter. The waveform generated using
the PWM inverter exhibits high-order harmonic components and
induces complex hysteresis (B–H) curves in soft magnetic mate-
rial (motor) cores1–17). Owing to these complex hysteresis (B–H)
curves of the cores, the iron loss under PWM inverter excitation
increases by approximately 10%–50% compared with that under
sinusoidal excitation2). The objective of this study is to clarify
the complex hysteresis (B–H) curve and iron loss properties of
nanocrystalline magnetic materials (NMMs)18, 19) core fed using
the PWM inverter at the MHz high carrier frequency.

Recently, several researchers have focused on motor cores
composed of NMM and amorphous magnetic materials (AMMs)
to perform iron loss reduction9, 12, 20, 21). NMM and AMM have
lower iron loss density than conventional nonoriented (NO)
silicon steel11, 12, 21). Moreover, a previous study has shown
that the iron loss of the NMM motor is smaller than that of
the AMM motor, and the NMM motor core is expected to be
suitable for use in high-speed and high-frequency regions12).
The iron loss characterization of NMM cores under high carrier
frequency excitation using the inverter is useful for core design
in high-speed and high-frequency regions. Therefore, examining
the fundamental magnetic properties in the NMM core under
high carrier frequency inverter excitation is necessary.

Wide-bandgap (WBG) power semiconductors made of silicon
carbide (SiC) and gallium nitride (GaN) have been widely devel-
oped and studied as high-voltage, low loss, and particularly high
speed switching devises10, 11). Recently, using these WBG de-
vices, magnetic properties of conventional NO silicon steel cores

have been shown under PWM inverter excitation at high carrier
frequencies on the order of MHz and without the dead time17).
To use inverters that employ WBG devices, the next step is to
understand the hysteresis (B–H) curve and iron loss properties of
the NMM core under MHz high carrier frequency inverter exci-
tation with and without the dead time. In the PWM inverter, the
dead time is necessary for practical use to prevent a short circuit
between the upper and lower arms.

This study experimentally examines the hysteresis (B–H)
curve and iron loss properties of the NMM core excited using a
GaN inverter at the MHz high carrier frequency. For comparison,
the magnetic properties of the AMM core are also evaluated.
Moreover, the impact of dead time on the magnetic properties of
NMM and AMM cores excited using the high carrier frequency
inverter with and without the dead time is discussed. When the
ratio of the iron loss caused by the dead time to the total iron loss
becomes small, the magnetic material is suitable for high-speed
and high-frequency applications.

2 Experimental Method

Figure 1 illustrates a schematic of the ring core, single-phase
GaN inverter, and measurement system to obtain the hysteresis
(B–H) curve and iron loss properties. The ring core with a thick-
ness of 7 mm, inner diameter of 102 mm, and outer diameter
of 127 mm is composed of NMM (FT-3M) laminations11). For
comparison, the ring core with identical geometries of AMM
(SA-1) laminations is also used. Both ring laminations (NMM
and AMM) are impregnated with acrylic resin and cut using the
same wire-cutting technique. The stacking factor S f of NMM
and AMM ring cores is 0.873 and 0.935, respectively. These two
ring cores have two (primary and secondary) coils that are wound
using a wire. Here, the primary (secondary) coil is used as the ex-
citing coil (B-coil to measure the magnetic flux density B). See
Refs.10, 11, 15, 16) for further explanation of the ring cores.
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GaN-FET inverter
A/D converter

 NMM core

Fig. 1 Schematic of the NMM ring core, single-phase GaN in-
verter, and measurement system used to obtain the hysteresis (B–
H) curve and iron loss characteristics.

The single-phase inverter with GaN field-effect transistors
(GaN-FET)10, 17) is used to measure the hysteresis (B–H) curve
and iron loss properties of two (NMM and AMM) ring cores.
The frequency f0 of the fundamental sinusoidal waveform is
set to 50 Hz. The carrier frequency fc of the triangular carrier
waveform is varied from 400 kHz to 1.0 MHz in 200-kHz steps.
The modulation index is defined as the ratio of the fundamental
waveform to the carrier frequency waveform amplitude and is
set at 0.7. The maximum magnetic flux density Bmax of two ring
cores is set at 0.5 T. The dead time D is set at 0, 10, and 20 ns.

To estimate the magnetic field intensity H (= N1I/l) and the
magnetic flux density B (=

∫
Vdt/(N2S cS f )) in ring cores, the

primary current I flowing through the primary winding and the
B-coil voltage V induced in the secondary winding are measured.
Here, N1 (= 10) denotes the number of turns in the primary coil,
l (= 0.36 m) is the magnetic path length of the ring cores, N2 (=
10) is the number of turns in the secondary coil, and S c (= 87.5
mm2) is the cross-sectional area of the cores. To measure I and
V , a current probe (HIOKI E.E. Corp., CT6711), a voltage probe
(Iwatsu Electric Co., Ltd., SS-320), and a high-performance A/D
converter (NI Corp., PXIe-5163, 14 bit, 1 GS/s) are used. Using
H and B, the iron loss W of the ring cores can be calculated by17)

W =
f0
ρ

∫
HdB, (1)

where ρ denotes the density of the cores. Here, ρ of NMM and
AMM is 7300 and 7180 kg/m3, respectively.

To clarify the impact of the increasing rate of iron loss caused
by the dead time, the ratio ηn of the loss without the dead time to
that with the dead time is discussed. Here, ηn is defined by the
following equation:

ηn =
Wn

W0
, (2)

where W0 denotes the iron loss without the dead time and Wn is
that with the dead time. In this study, n (Wn) can be set to either
10 or 20 ns (W10 or W20).

3 Results and Discussion

Figures 2 and 3 show the hysteresis (B–H) curves at fc = 400
kHz and 1.0 MHz when the NMM and AMM ring cores are ex-
cited using the GaN inverter at D = 0, 10, and 20 ns. Owing

to the high-harmonic components, the PWM carrier waveform is
responsible for many minor loops in the hysteresis (B–H) curves
(See Refs.10, 11) for the further explanation of the minor loops). In
Ref.17), the hysteresis (B–H) curve and its minor loop of the con-
ventional NO silicon steel core fed using an inverter under carrier
frequencies on the order of MHz without the dead time were ob-
served. For the first time, this study shows that the NMM and
AMM cores also have minor loops under inverter excitation at a
relatively high carrier frequency of 1 MHz. As shown in Figs. 2
and 3, the width and area of the minor loops in both NMM and
AMM cores increase with an increase in the dead time. It is as-
sumed that owing to the dead time, the return current becomes
large4); then, the change in the minor loop becomes large (See
Refs.4, 14) for further explanation of the relationship between the
dead time and the minor loop.). Under inverter excitation, the
width and area of the minor loops of NMM become small com-
pared with those of AMM. There are two possible reasons for
these phenomena. First, H of the major loop in the NMM core
is smaller than that in the AMM core; then, the variation in H of
the minor loop of NMM condenses. Second, because the thick-
ness of the NMM sheet (approximately 18 µm) is thinner than
that of the AMM sheet (approximately 25 µm), the eddy current
loss of NMM becomes small compared with that of AMM; then,
the area of the minor loops of NMM becomes small.

Figure 4 shows the carrier frequency dependence of iron losses
in the two ring cores under inverter excitation at D = 0, 10, and 20
ns. Each iron loss (W) is obtained from the average of five mea-
surements. The error bars (standard deviation) of each measure-
ment are shown. W at D = 0 ns in these two cores decreases with
respect to fc up to approximately 800 kHz and then increases. W

at D = 10 and 20 ns in the NMM core monotonically increases
with an increase in fc. W at D = 10 and 20 ns in the AMM core
almost reaches the minimum value when fc is 600 kHz. These
results indicate that when the dead time increases, the carrier fre-
quency at which the iron loss reaches the minimum value shifts to
the low-frequency side. A previous study has shown that owing to
the skin effect and the distortion of the input voltage, W decreases
and increases with an increase in fc on the order of MHz17). This
study shows that particularly at such high carrier frequencies ( fc
= approximately 1 MHz), the iron loss of the NMM and AMM
cores not only depends on the skin effect and the distortion of the
input voltage but also significantly depends on the dead time.

Finally, the impact of increased iron loss owing to the dead
time of the NMM and AMM cores excited using a PWM inverter
under high carrier frequencies on the order of MHz is discussed.
Figure 5 shows the ratio ηn with respect to fc using Eq. (2). As
shown in this figure, ηn monotonically increases with an increase
in fc. In the high carrier frequency region, the impact of the dead
time on one pulse becomes large; then, the minor loop in the case
with the dead time increases compared with the case without the
dead time, as shown in Figs. 2 and 3. Here, η10 and η20 of the
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NMM ring core are smaller than those of the AMM core. Thus,
the increasing rate of loss owing to the dead time in the NMM
ring core is smaller than that in the AMM core. It is assumed that
this occurs because under inverter excitation, the area of the mi-
nor loops of NMM becomes small compared with that of AMM,
as shown in Figs. 2 and 3. Therefore, for the first time, this study
shows that the NMM core can have a low iron loss caused by the

(a)

(b)

(c)

(d)

(e)

(f)

Fig. 2 Hysteresis (B–H) curves of the NMM ring core fed using
a PWM inverter. The left panels show the major loops, and right
panels show the minor loops, which correspond to the enlarged
view of the part of the left panels. (a) fc = 400 kHz and D = 0 ns,
(b) fc = 400 kHz and D = 10 ns, (c) fc = 400 kHz and D = 20 ns,
(d) fc = 1 MHz and D = 0 ns, (e) fc = 1 MHz and D = 10 ns, and
(f) fc = 1 MHz and D = 20 ns

fundamental waveform and suppress the increasing rate of iron
losses caused by the dead time compared with the case of the
AMM core, particularly in the high carrier frequency region. The
NMM core is expected to be suitable for use in motor and power
converter systems using WBG devices, such as SiC and GaN, in
high-speed and high-frequency regions, in which the influence of
the dead time becomes large.

(a)

(b)

(c)

(d)

(e)

(f)

Fig. 3 Hysteresis (B–H) curves of the AMM ring core fed using
a PWM inverter. The left panels show the major loops, and right
panels show the minor loops, which correspond to the enlarged
view of the part of the left panels. (a) fc = 400 kHz and D = 0 ns,
(b) fc = 400 kHz and D = 10 ns, (c) fc = 400 kHz and D = 20 ns,
(d) fc = 1 MHz and D = 0 ns, (e) fc = 1 MHz and D = 10 ns, and
(f) fc = 1 MHz and D = 20 ns
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Fig. 4 Carrier frequency dependence of iron losses in the two
ring cores under PWM inverter excitation at D = 0, 10, and 20
ns: (a) NMM and (b) AMM

Fig. 5 Ratio ηn of loss without the dead time to that with the
dead time as a function of fc using Eq. (2).

4 Conclusions

This study experimentally examined the hysteresis (B–H)
curve and iron loss properties of the NMM core excited using a
PWM inverter at high carrier frequencies on the order of MHz
with and without the dead time. Here, the AMM core was
compared with the NMM core to discuss the magnetic properties
of the NMM core. For the first time, this study showed that the
NMM core suppressed an increasing rate of iron losses caused
by the dead time compared with the case of the AMM core
because the area of the minor loops of NMM became small,
particularly in the high-frequency region. Thus, it is considered
important to make the main loop small and the thickness of
magnetic materials thin while developing magnetic materials.
These results provide a path for further research on the iron loss
reduction of magnetic materials under PWM inverter excitation
at high carrier frequencies in motor and power converter systems

using WBG devices, such as SiC and GaN. In the future, the loss
repartition9, 16) at high carrier frequencies will be quantitatively
evaluated by numerical simulations.
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CChhrroommaattiicc  aabbeerrrraattiioonn  eeffffeecctt  iinn  rreeffrraaccttiioonn  ooff  ssppiinn  wwaavveess  
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    We numerically investigated the refraction property of spin waves (SWs) at thickness step in films with out-of-

plane magnetization, in which the SWs propagate isotropically in the film plane. It was confirmed the isotropic SWs 
were refracted at a thickness step by following the Snell's law. We also found that the refraction angle of SWs of the 
dipole-exchange mode depends on the resonant frequency, indicating that the chromatic aberration effect should be 
taken into account in designing magnonic devices. 
 
KKeeyy  wwoorrddss:: magnonics, spin waves 

  
 

  Magnonics is a rapidly developing research field, in 
which spin waves (SWs) are utilized to transfer and 
process information1-4). In magnonics, controlling the 
propagation direction of SWs is one of the crucial issues5-

9). It has been recently demonstrated that refraction is 
also useful for controlling the propagation direction of 
SWs12,13,16-18). In optics, the dispersion relation of light is 
isotropic, and thus, the relation between the incident and 
refraction angles is determined by the ratio of the 
refractive indices. On the other hand, for spin waves in 
thin films with in-plane magnetization the dispersion 
relation is anisotropic, and thus, deviations from Snell’s 
law in optics has been reported13, 16). This deviation from 
Snell’s law in optics results in the complicated design for 
magnonic devices11). Thus, isotropic SWs, rather than 
anisotropic SWs, are expected to be more suitable for 
application. Here, we numerically investigate the 
refraction property of SWs in thin films with 
perpendicular magnetization, in which the isotropic SW 
propagation in the film plane is expected from the 
symmetry. It is found that the refraction of SWs follows 
the Snell’s law in optics with the chromatic aberration 
effect. 

The micromagnetic simulation is performed utilizing 
mumax319). In simulation, we use the following material 
parameters reported for yttrium iron garnet (YIG); the 
saturation magnetization 𝑀𝑀s = 139 kA/m, the exchange 
stiffness 𝐴𝐴ex = 4.15 pJ/m , and the Gilbert damping 
constant 1 × 10−4  20,21). In this study, two types of 
samples, labeled as sample A and B, are designed. Both 
samples are shaped as displayed in Fig. 1(a) and consist 
of thicker and thinner regions. The thicknesses of thicker 
and thinner areas are set to be 800 nm and 400 nm in 
sample A, and set to be 100 nm and 50 nm in sample B, 
respectively. The cell size for the calculation is 200 ×
200 × 200 nm3  in sample A and 50 × 50 × 50 nm3  in 
sample B. Note that the cell size is set to be much smaller 
than the wavelength of excited SWs. To avoid the SW 
reflections at the edges of calculation area, the damping 

constants in the areas of 6 μm width from the left and 
right edges are set to increase gradually to 1. An external 
magnetic field 𝜇𝜇0𝐻𝐻ext = 200 mT is applied to +z direction, 
which is enough to saturate the magnetization to z 
direction, and SWs are excited by locally applied rf field 
𝜇𝜇0𝐻𝐻rfsin (2π𝑓𝑓𝑓𝑓)  along x direction at an antenna in the 
thicker area. In this work, we use 𝜇𝜇0𝐻𝐻rf = 1 mT and the 
frequency 𝑓𝑓 of rf field is varied as 𝑓𝑓= 0.9, 1.0, and 1.1 
GHz. We analyze the results recorded at 100 ns after the 
SW excitation. 

Fig. 1(b) shows a typical result, which displays the 
phase of magnetization precession at each position in xy-
plane. A SW with wavenumber 𝑘𝑘1 propagates from the 
antenna to the thickness step with the incident angle 𝜃𝜃1 
and it is refracted into the other SW with wavenumber 
𝑘𝑘2 at the thickness step with the refraction angle 𝜃𝜃2. The 
estimation of 𝑘𝑘1, 𝑘𝑘2, and 𝜃𝜃2 is accomplished as follows. 
Firstly, we define two areas (A1 and A2) and perform 
two-dimensional fast Fourier transform (2D-FFT) on the 
data in each area. Results of 2D-FFT are shown in Figs. 
1(c) and 1(d). Secondly, we estimate 𝑘𝑘1 , which is the 
incident wavenumber in +x direction, from the data on 
𝑘𝑘𝑦𝑦 = 0 (Fig. 1(c)). 𝑘𝑘1 is given as the second highest peak, 
as shown in Fig. 1(e). Thirdly, we linearly fit the 2D-FFT 
results of A2 and obtain 𝜃𝜃2  from the slope (Fig. 1(d)). 
Finally, 𝑘𝑘2 is estimated from the second highest peak on 
the fitted line, as shown in Fig. 1(f). 

To confirm that SWs propagate isotropically in both 
samples, we plot 𝑘𝑘1  and 𝑘𝑘2  as a function of 𝜃𝜃1 , as 
shown in Fig. 2. Both 𝑘𝑘1  and 𝑘𝑘2  are almost constant 
with respect to 𝜃𝜃1  even if the resonant frequency is 
varied from 0.9 GHz to 1.1 GHz. If the SW dispersion 
relation is anistropic in the film plane, the wavenumber 
should depend on the SW propagating dicrections13). 
Therefore, the results shown in Fig. 2 indicates that the 
SWs propagate isotropically in both thicker and thinner  
regions, and Snell’s law in optics, sin 𝜃𝜃1 sin 𝜃𝜃2⁄ = 𝑘𝑘2 𝑘𝑘1⁄ , 
can be applied in the present system. 
It is known that the dispersion relation of SW 
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propagating in a film with perpendicular magnetization 
can be described as

𝜔𝜔2 = (𝜔𝜔𝐻𝐻 + 2𝐴𝐴ex𝛾𝛾
𝑀𝑀𝑠𝑠

𝑘𝑘2) [𝜔𝜔𝐻𝐻 + 2𝐴𝐴ex𝛾𝛾
𝑀𝑀𝑠𝑠

𝑘𝑘2 + 𝜔𝜔𝑀𝑀 (1 − 1−𝑒𝑒−𝑘𝑘𝑘𝑘
𝑘𝑘𝑘𝑘 )] (1)

where 𝜔𝜔 is the angular frequency of the excited SW, 
𝜔𝜔𝐻𝐻 = 𝜇𝜇0𝛾𝛾(𝐻𝐻ext − 𝑀𝑀s) , 𝜔𝜔𝑀𝑀 = 𝜇𝜇0𝛾𝛾𝑀𝑀s , 𝜇𝜇0 is the 
permeability of vacuum, 𝛾𝛾 is the gyromagnetic ratio, 
and 𝑑𝑑 is the film thickness10, 22). Here, both dipole-dipole 

interaction and exchange interaction are taken into 
account. In the small-k limit (i.e. for magnetostatic SWs), 
where 𝑘𝑘2 is comparatively smaller than 𝑘𝑘𝑑𝑑 , the 
influence of exchange interaction can be ignored.  In 
that case, the SW dispersion relation for out-of-plane 
magnetized films, named as magnetostatic forward 
volume wave (MSFVW), is expressed as 

𝜔𝜔2 = 𝜔𝜔𝐻𝐻 [𝜔𝜔𝐻𝐻 + 𝜔𝜔𝑀𝑀 (1 − 1−𝑒𝑒−𝑘𝑘𝑘𝑘
𝑘𝑘𝑘𝑘 )].        (2)

 
FFiigg..11 Example of process of simulation and analysis. The shown results are obtained from sample B when we set 

𝑓𝑓 = 1 GHz and 𝜃𝜃1 = 45°. (a) Typical simulation setup. The black and white areas are respectively the thicker and 
thinner regions. The thickness step (boundary between two regions) is tilted with the angle 𝜃𝜃1. The rf magnetic field 
is applied at the antenna (orange line), which has one-cell width. 𝑘𝑘 and  of incident and refracted SWs are described 
by the blue and green arrows, respectively. (b) Simulation result of the SW propagation. The phase of magnetization 
precession, 𝜑𝜑, is displayed. The areas A1 and A2 surrounded by white frames are utilized for analysis. (c,d) Results of 
2D-FFT from (c) A1 and (d) A2. The black dashed line L1 in (c) is 𝑘𝑘𝑦𝑦 = 0 and L2 in (d) is the result of linear fitting of 
intensity in the yellow frame. (e,f) Intensity on (e) L1 and (f) L2.
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FFiigg..22 Incident angle dependent k1 and k2 in sample A (a,b,c) and sample B (d,e,f). The SWs are excited at three 

different resonant frequencies; 0.9 GHz (a,d),1.0 GHz (b,d), and 1.1 GHz (c,f). The green markers show k1 and the blue 
markers show k2.

 
 
 
 
 
 
 
 
 
 
 
 

 
FFiigg..33 The resonant frequency as a function of 

wavenumber. Dispersion relation of DEFVW and 
MSFVW are respectively described by the solid and 
broken lines and the simulation results are plotted by the 
markers. Purple and green markers represent the SWs 
in the film of 𝑑𝑑 = 800 nm and 400 nm, referring to the 
data of 𝑘𝑘1 and 𝑘𝑘2 in sample A, respectively. The blue 
and red markers represent the SWs in the film of 𝑑𝑑 =
100 nm and 50 nm , referring to the data of 𝑘𝑘1 and 𝑘𝑘2
in sample B, respectively. 

Fig. 3 shows the resonant frequency as a function of 
wavenumber. Symbols show the results by the 
micromagnetic simulation, and the calculation results by 
Eq. (1) and Eq. (2) are shown by broken lines and solid 

lines, respectively. While the simulation results in the 
regions of 400 and 800 nm thicknesses (sample A) are 
well reproduced by Eq. (2), those in the regions of 50 and 
100 nm thicknesses (sample B) show deviation from Eq. 
(2) and can be explained by Eq. (1), indicating that not 
only the dipole interaction but also the exchange 
interaction should be taken into account to describe the 
refraction of spin waves with high wavenumbers.

Figs. 4(a) and 4(b) show the relation between the 
incident angle 𝜃𝜃1 and the refraction angle 𝜃𝜃2 observed 
in the samples A and B, respectively. The refraction 
angle is independent of the resonant frequency in the 
sample A. This is due to the specific nature of MSFVW. 
According to Eq. (2) for MSFVW, the wavenumber varies 
by keeping 𝑘𝑘𝑑𝑑 constant, resulting in the special conditon 
of 𝑘𝑘1 𝑘𝑘2⁄ = 𝑑𝑑2 𝑑𝑑1⁄ . Therefore, Snell’s law, sin 𝜃𝜃1 sin 𝜃𝜃2⁄ =
𝑘𝑘2 𝑘𝑘1⁄ , is given solely by the thickness ratio of two regions. 
On the other hand, in the case of the dipole-exchange 
forward volume wave (DEFVW) described by Eq. (1), the 
ratio 𝑘𝑘2 𝑘𝑘1⁄ depends not only on the thickness ratio but 
also on the frequency. Note that similar effect is also well 
known in optics as the chromatic aberration due to the 
dependence of refractive index on wavelength of light. 
The lines in Figs. 4(a) and 4(b) show the calculation 
results of Snell’s law based on Eq. (1) and on Eq. (2), 
respectively, and the simulation results well reproduce 
the calculation results, confirming that the refraction of 
SWs follows the Snell’s law in optics with the chromatic 
aberration effect.
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FFiigg..44 Refraction angle versus incident angle of the SWs propagating (a) in sample A and (b) in sample B. In both 

figures, the pink, green, and blue markers correspond to the simulation results of 𝑓𝑓 = 0.9 ,, 1.0 , and 1.1 GHz , 
respectively. (a) Snell’s law of MSFVW is expressed by the black dashed line. (b) The frequency dependent Snell’s law 
of 0.9,, 1.0, and 1.1 GHz are shown by the pink, green, and blue solid lines, respectively.

In summary, we performed the micromagnetic 
simulations to investigate the refraction of SWs across 
the thickness step in magnetic thin films with out-of-
plane magnetization. It was confirmed that the SWs 
propagate isotropically and the Snell’s law in optics can 
be applied in the present system, leading to the simple 
design of magnonic devices. It was also found that while 
the refraction angle is independent of the resonant 
frequency in MSFVW it depends on the resonant 
frequency in the case of DEFVW, suggesting that the 
chromatic aberration effect should be taken into account 
in designing magnonic devices using spin waves with 
high wavenumbers.
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    The giant spin Hall effect (SHE) in topological insulators (TIs) is very attractive for applications to various 
spintronic devices, notably spin-orbit torque magnetoresistive random-access memory (SOT-MRAM). In this paper, 
we review the recent progress on the giant SHE in TIs, with emphasis on the role of topological surface states. We 
discuss current challenges and future prospects for TIs as a realistic material in SOT-MRAM. 
 
KKeeyy  wwoorrddss:: spin Hall effect, topological insulator, spin-orbit torque, MRAM 

  
 

11..  IInnttrroodduuccttiioonn  
    

The spin Hall effect (SHE) 1 , 2 ) in non-magnetic 
materials with strong spin-orbit coupling has recently 
attracted great interest for its possible applications to 
various spintronic devices, most notably spin-orbit 
torque (SOT) magnetoresistive random-access memory 
(MRAM). In the SHE, a perpendicular pure spin current 
density Js can be generated by an in-plane charge 
current density Je in a non-magnetic layer, whose 
charge-to-spin conversion efficiency is characterized by 
the spin Hall angle θSH = (2e/ℏ)Js/Je. This pure spin 
current can be injected into the free magnetic layer of a 
magnetic tunnel junction (MTJ), and it consequently 
exerts a spin torque on the layer for magnetization 
switching. The relationship between the injected spin 
current Is and the charge current Ie in the non-magnetic 
layer is then given by Is = (ℏ/2e)(L/t)θSHIe, where L is 
the length of the magnetic layer, and t the thickness of 
the non-magnetic layer. Because the factor (L/t)θSH can 
be much larger than unity, i.e. Is/(ℏ/2) >> Ie/e, the SHE 
can be used as an effective way of generating a spin 
current, meaning that a small writing current can be 
used for magnetization switching. Furthermore, since 
there is no charge current flowing into the magnetic 
layer, damage to MTJs can be suppressed. Finally, since 
the spin-polarization direction of the pure spin current 
generated by the SHE is perpendicular to the 
magnetization direction of the free magnetic layer with 
perpendicular magnetic anisotropy (PMA), the 
anti-dampling-like spin torque is maximized and the 
magnetization can be switched very fast (< ns). 3 ) 
Motivated by these prospects, there have been intensive 
efforts put into the research and development of 
SOT-MRAM. In particular, very fast switching with low 
voltage and no in-plane bias field has been 
demonstrated in SOT-MRAM arrays deposited on 300 
mm Si wafers, underlying the feasibility of 
SOT-MRAM.4) 

Despite these recent developments, the writing 
current density in SOT-MRAM is still as large as 108 
Acm-2, which is too high for implementing SOT-MRAM 
with Si driving transistors. This is because the heavy 
metals used for the spin Hall layer in SOT-MRAM, such 

as Ta, Pt or W, have a limited spin Hall angle. The 
maximum θSH, ~0.4, is obtained with W. 5 ) Even if 
taking into account the L/t factor, the driving current in 
SOT-MRAM is still one order of magnitude larger than 
that of the conventional spin-transfer torque MRAM. To 
solve this bottle neck, it is essential to find new 
materials with spin Hall angles at least one order of 
magnitude larger than that of heavy metals, which 
requires θSH > 1. Since the extrinsic mechanism of SHE, 
i.e. side-jump or skew scattering, unlikely yields such a 
giant θSH, we can rely only on its intrinsic mechanism,6) 
which originates from Berry-phase curvature in the 
momentum space and is an intrinsic 
quantum-mechanical property of the band structure.7) 
Because Berry-phase curvature has a singularity at 
Dirac points, we can expect a very large θSH in 
materials with Dirac-like dispersion. Topological 
insulators (TIs) are promising since they have metallic 
surface states with Dirac-point-like dispersion. In fact, 
very large θSH, usually higher than 1, have been 
routinely observed in many TIs, which is a 
breakthrough for SOT-MRAM. In this paper, we will 
briefly introduce some fundamental properties of TIs. 
Then, we will review recent studies on the giant SHE in 
TIs, with emphasis on the role of topological surface 
states. Finally, we will discuss the current challenges 
and future prospects for TIs as a realistic material in 
SOT-MRAM. 
 

22.. BBrriieeff  hhiissttoorryy  aanndd  ffuunnddaammeennttaall  pprrooppeerrttiieess  ooff  
ttooppoollooggiiccaall  iinnssuullaattoorrss  

   
TIs are quantum materials having insulating bulk 

states and metallic surface states with spin-momentum 
locking, as shown in Fig. 1. TIs have had roots in 
research on the quantum Hall effect since the early 
1980s. When two-dimensional electron gas at the 
interface of a semiconductor heterostructure is 
subjected to low temperatures and strong magnetic 
fields, its energies are quantized to multiple Landau 
levels. If the Fermi level lies in between those Landau 
levels, the charge conduction inside the sample is 
suppressed, and the inside of the sample becomes 
insulating with only one-dimensional conduction at the 
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edges of the sample. Thus, electron gas undergoing the 
quantum Hall effect can be considered as a 
two-dimensional TI with one-dimensional edge states. 
It was later found that the quantum Hall effect 
originates from the non-trivial topology of the 
two-dimensional electron wavefunctions under strong 
magnetic fields.8) This further led to the prediction of a 
novel quantum Hall effect without Landau levels 
(quantum anomalous Hall effect) based purely on 
topology arguments by Haldane in 1988.9) Then, in 2006, 
a two-dimensional TI with spin-polarized edge states 
was predicted in a heterostructure consisting of a HgTe 
quantum well sandwiched by two (HgCd)Te barriers.10) 
For this heterostructure, spin-polarized edge states 
were predicted even without a magnetic field (quantum 
spin Hall effect), and immediately confirmed.11) These 
theoretical and experimental achievements opened the 
dawn of TI research. Theories on quantum spin Hall 
states were further studied for the two-dimensional 
surface states of three-dimensional TI materials,12) and 
BiSb (Sb composition of 7−22%) was proposed as a 
three-dimensional TI.13) The topological surface states 
of BiSb and their spin-momentum locking were 
confirmed by using angle-resolved photoemission 
spectroscopy, 14, 15 ) making it the first experimentally 
confirmed three-dimensional TI. This sparked a gold 
rush of both theoretical and experimental searches for 
new three-dimensional TI materials. Among them, 
Bi-based chalcogenides, such as Bi2Se3, Bi2Te3, and 
(BiSb)2Te3, are the most studied for their electronic 
properties and possible device applications because they 
have a large band gap and a single surface state with 
simple Dirac-like band dispersion and because their 
thin films can be easily grown on various substrates 
using the molecular beam epitaxy (MBE) 
technique. 16 - 20 ) Notably, Cr-doped magnetic TI 
(CrBiSb)2Te3 with PMA was synthesized, in which the 
quantum anomalous Hall effect was finally 
confirmed.21) 

 

 

 

 

 

 

 

From this brief history, we can see that TIs inherit 
many properties of quantum Hall states and thereby 
have been the object of many studies on 
low-temperature physics such as the quantum spin Hall 
effect or quantum anomalous Hall effect. At the same 
time, TIs have many different characteristics from 
quantum Hall states that make them attractive for 
room-temperature spintronic applications. One feature 
is that the existence of one(two)-dimensional 
edge(surface) states of TIs is ensured by the non-trivial 
topology of their band structure and can emerge 
without the application of large external magnetic fields. 
If the band gap energy is much larger than the thermal 
energy at room temperature and the Fermi level is 
inside the band gap, the edge(surface) states can be 
electrically accessed even at room temperature. Another 
is that the surface states have Dirac-like band 
dispersion, which promises a large intrinsic SHE. Yet 
another feature is the unique spin-momentum locking 
feature of the surface states, which prioritizes pure spin 
current generation in the direction perpendicular to the 
film plane. All of these features are very promising for 
applications to spintronics, especially their expected 
giant SHE. 
 

33..  SSppiinn  HHaallll  eeffffeecctt  iinn  BBii22SSee33  
    

  Bi2Se3 is a TI with a large band gap of about 300 meV 
and has thus become one of the most studied TIs. As a 
result, the SHE in TIs was first evaluated in Bi2Se3. A.R. 
Mellnik et al. cleaned the surface of a MBE-grown 
Bi2Se3 layer and deposited NiFe on top of it. They then 
used the spin torque ferromagnetic resonance (ST-FMR) 
technique to determine the spin Hall angle. 22 ) The 
obtained θSH = 2–3.5 was larger than that of heavy 
metals by one order of magnitude. This work 
immediately generated great interest in the SHE of TIs. 
Nevertheless, studies on the SHE in Bi2Se3 face a big 
problem. Since Bi2Se3 is a V-VI group compound, strict 
control of the stoichiometry is required to obtain the 
insulating bulk. In reality, due to the existence of 
anti-site Se or anti-site Bi defects during MBE growth, 
there are always extrinsic electrons or holes that shift 
the Fermi level to either the conduction band or the 
valence band, making the bulk of Bi2Se3 a degenerated 
semiconductor. Therefore, there can exist parallel 
conduction in the bulk and on the surfaces of Bi2Se3. In 
such a situation, it becomes impossible to separate the 
electric currents flowing in the bulk and on the surfaces 
of Bi2Se3. The ratio between the surface current and the 
bulk current may vary from sample to sample, 
depending on the growth condition and the thickness of 
the Bi2Se3 thin film. Consequently, there has been a 
broad distribution of reported θSH values for Bi2Se3, 
making it difficult to draw a clear conclusion about the 
origin of the giant SHE in Bi2Se3, i.e. whether the 
observed giant spin Hall angle is real and originates 
from the surface states or not. For example, Y. Wang et 

FFiigg..  11.. (a) Typical band structure of TI, having 
insulating bulk and Dirac-like metallic surface states. 
(b) Spin-momentum locking of electrons on topological 
surfaces. 
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al. used the same ST-FMR technique to measure the 
spin Hall angle in Bi2Se3/CoFeB bilayers, but obtained 
only θSH = 0.047 (room temperature) ~ 0.42 (50 K).23)

Meanwhile, the same group reported θSH = 1−1.75 and 
successfully realized room-temperature SOT 
magnetization switching in Bi2Se3/NiFe bilayers with a
current density as low as 6 × 105 Acm−2.24)

44.. SSppiinn HHaallll eeffffeecctt iinn ((BBiiSSbb))22TTee33

(BiSb)2Te3 is a ternary TI that can avoid the bulk 
current problem in Bi2Se3. Since Bi2Te3 tends to be 
n-type while Sb2Te3 tends to be p-type, it is possible to 
prepare alloy (BiSb)2Te3 thin films with insulating bulk 
by adjusting the Sb composition (88−96%).25) The spin 
Hal angle of (BiSb)2Te3 was first evaluated in 
(Bi0.5Sb0.5)2Te3/(Cr0.08Bi0.54Sb0.38)2Te3 bilayers.26) Because 
(Cr0.08Bi0.54Sb0.38)2Te3 is a diluted magnetic TI with a 
low Curie temperature, the experiment was performed 
at 1.9 K. SOT magnetization switching was realized at a 
very low current density of 8.9 × 104 Acm−2. The spin 
Hall angle was investigated with second harmonic Hall 
measurements. However, the obtained θSH = 140−425 
value may have been significantly overestimated due to 
an artifact from the asymmetric magnon scattering on 
the surfaces of (Cr0.08Bi0.54Sb0.38)2Te3.27) The corrected 
value was obtained later in (BiSb)2Te3/Ti/CoFeB 
junctions, which yielded θSH = 2.5 at room temperature.

55.. RRoooomm tteemmppeerraattuurree SSOOTT mmaaggnneettiizzaattiioonn sswwiittcchhiinngg bbyy 
ttooppoollooggiiccaall iinnssuullaattoorrss 

  Room temperature SOT magnetization switching and 
its advantage compared with heavy metals was first 
demonstrated by J. Han et al. using Bi2Se3, (BiSb)2Te3, 
Ta, and Pt/CoTb bilayers.28) Figures 2(a) and 2(b) show 
the SOT magnetization switching loops of the 
Bi2Se3/CoTb (4.6 nm) bilayer, while Figs. 2(c) and 2(d)
show that of the reference Pt/CoTb (2 nm) and Ta/CoTb
(2 nm) bilayer, respectively. The threshold switching 
current density in the Bi2Se3/CoTb (4.6 nm) bilayer was
3 × 106 Acm−2, which was much smaller than of Pt/CoTb
(2 nm) (40 × 106 Acm−2) and Ta/CoTb (2 nm) (10 × 106

Acm−2).

Figure 3(a) shows the effective spin Hall angle of 
(BiSb)2Te3, Bi2Se3, Pt, and Ta in junctions with CoTb 
measured by the loop shift method. The effective spin 
Hall angles of (BiSb)2Te3, Bi2Se3, Pt and Ta were 0.4, 
0.16, 0.017, and −0.031, respectively. These values were
smaller than their intrinsic values, which is explained 
by the small spin transmissivity of CoTb. Nevertheless, 
the effective spin Hall angles of (BiSb)2Te3 and Bi2Se3

are clearly larger than those of Pt and Ta. Figure 3(b) 
compares the power consumption of SOT switching 
using (BiSb)2Te3, Bi2Se3, Pt, and Ta, which confirmed 
the advantage of TIs.

FFiigg.. 22.. (a)(b) Room temperature SOT switching loops of
Bi2Se3/CoTb bilayer, measured under bias field of ±1000 
Oe, respectively. (c)(d) SOT switching loop of reference 
Pt/CoTb and Ta/CoTb bilayer, respectively. Here, Je is
charge current density inside spin Hall materials. 
Reprinted with permission from Ref. 28). Copyright 
(2017) by American Physical Society.

FFiigg.. 33.. (a) Effective spin Hall angles of (BiSb)2Te3, 
Bi2Se3, Pt, and Ta measured in junctions with CoTb. (b) 
Normalized power consumption (with Ta set to be 
unity) for SOT switching using (BiSb)2Te3, Bi2Se3, Pt, 
and Ta. Reprinted with permission from Ref. 28). 
Copyright (2017) by American Physical Society.

66.. RRoollee ooff ttooppoollooggiiccaall ssuurrffaaccee ssttaatteess 
 

Although giant spin Hall angles and low SOT 
switching current densities have been confirmed in 
various TI/ferromagnet bilayers, the origin of the giant 
SHE in TIs is still not clear due to the fact that the 
current may flow on both the surfaces and in the bulk of 
TIs. To definitely determine the origin of the giant SHE 
in TIs, H. Wu et al. investigated the SHE in 
(Bi1-xSbx)2Te3 thin films with varying Sb 
compositions.29) As shown in Fig. 4(a), the Fermi level of 
(Bi1-xSbx)2Te3 can be tuned by changing the Sb 
composition. When the Sb composition is about 93%, the 
Fermi level approaches the Dirac point. Figure 4(b) 
shows the sheet carrier density and the resistivity of 
(Bi1-xSbx)2Te3 as a function of Sb composition. Near the 
Dirac point, the electron sheet density decreases and 
the resistivity reaches the maximum at x = 93%, which 
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indicates that the Fermi level is inside the band gap 
and approaches the Dirac point. Figure 4(c) shows the 
threshold switching current density and the 
SOT-induced effective field as a function of Sb 
composition in (Bi1-xSbx)2Te3/Ti/CoFeB junctions. Near 
the Dirac point, the switching current density Jc is at 
the minimum, and the SOT-induced effective field is 
maximized. This unambiguously demonstrates the 
surface state origin of the giant SHE. The Jc of the 
(Bi0.07Sb0.93)2Te3/Ti/CoFeB junction is reduced to 5.2 ×
105 Acm−2, which is one to two orders of magnitude 
smaller than that of the reference Pt,Ta,W/Ti/CoFeB 
junctions. Furthermore, θSH = 2.5 was obtained for the 
(Bi0.07Sb0.93)2Te3/Ti/CoFeB junction from second 
harmonic Hall measurements.

77.. HHiigghh eelleeccttrriiccaall ccoonndduuccttiivviittyy aanndd ggiiaanntt ssppiinn HHaallll 
eeffffeecctt iinn BBiiSSbb 

 
One disadvantage of using TIs as the spin Hall 

material in SOT-MRAM is their low electrical 
conductivity σ of ~104 Ω−1m−1. For example, the σ of 
(Bi0.07Sb0.93)2Te3 discussed in the previous section is 
only 1.8 × 104 Ω−1m−1, which is significantly smaller 
than the 6 × 105 Ω−1m−1 of CoFeB. Therefore, in the 
junctions of TI/metallic ferromagnets, most of the 
current will be shunted by the ferromagnetic layer and 
does not contribute to the generation of a pure spin 
current. For example, in a typical (Bi0.07Sb0.93)2Te3 (six 
quintuple layers)/CoFeB (1.5 nm) bilayer, 87% of the 
current will flow into the CoFeB layer. Therefore, 
finding a TI material with both high conductivity and a 
giant spin Hall effect is essential. Thus, we have been 

concentrating on BiSb. 30) Although BiSb is the first 
experimentally confirmed three-dimensional TI (Sb of
7−22%), it has a small bulk band gap of ~20 meV and 
complex surface states. Therefore, not much attention
has been paid to BiSb since the discovery of Bi2Se3 and 
related compounds with a much larger band gap of ~300 
meV and much simpler surface states. However, as a 
pure spin current source for SOT-MRAM, BiSb is very 
attractive because it has multiple surface states and 
high mobility as evidenced by the high bulk electrical 
conductivity of 4~6.4 × 105 Ω−1m−1. Furthermore,
because Bi and Sb are in the same V-group, deviation of 
the composition or existence of anti-site defects does not 
result in any donors/acceptors that would generate free 
carriers and shift the Fermi level to the conduction 
band or to the valence band as in the case of Bi2Se3. As 
a result, the Fermi level of BiSb is always in the band 
gap, making it easier to investigate the origin of the 
SHE. Motivated by these promising prospects, we grew
and characterized Bi1-xSbx thin films on semi-insulating 
GaAs(111)A substrates by MBE, with various Sb 
concentration ranging from 0 to 100%. By optimizing 
the growth condition, we were able to grow single 
crystalline Bi1-xSbx thin films on GaAs(111)A substrates, 
despite the large and changing lattice mismatch 
between Bi1-xSbx and GaAs(111) as the Sb concentration
changes. For thick enough thin films, their conductivity 
approached those of bulk values, indicating that the
crystal quality was high. From the temperature 
dependence of the electrical conductivity, we confirmed 
the existence of the metallic surface states of Bi1-xSbx.31)

FFiigg.. 44.. (a) Schematic of Fermi level positions for different Sb ratios (x = 0, 0.7, 0.78, 0.85, 0.93, 1.0) of 
(Bi1−xSbx)2Te3. (b) Sheet carrier density |n2D| and resistivity ρxx as function of Sb composition in 
(Bi1−xSbx)2Te3. (c) Switching current density |Jc| and SOT-induced effective field |χSOT| as function of Sb 
composition. Reprinted with permission from Ref. 29). Copyright (2019) by American Physical Society.
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Figure 5(a) shows the electrical conductivity σ of 
various Bi1-xSbx samples with different thickness and 
Sb concentrations x. We found that Bi1-xSbx thin films 
show electrical conductivity higher than 1 × 105 Ω−1m−1

with an average of 2.5 × 105 Ω−1m−1, which is higher 
than other Bi-based chalcogenides by one order of 
magnitude. Figure 5(b) shows the temperature 
dependence of the normalized resistivity of Bi0.89Sb0.11

thin films with thicknesses of 10 nm, 41 nm, and 92 nm. 
For the 92 nm-thick thin film, the resistivity 
exponentially increased as the temperature decreased 
as expected for an intrinsic semiconductor, but it 
approached a constant value at low temperatures. This 
behavior can be explained by the parallel conduction 
model for this sample. At high temperatures, bulk 
conduction occurs due to thermally excited intrinsic 
carriers in the conduction band and valence band. As 
the temperature decreases, the bulk conduction is 
quenched, and the surface conduction becomes 
dominant at low temperatures. As the thickness 
reduced to 41 nm, the surface state contribution began 
to rise significantly. Finally, the 10-nm-thick sample 
showed metallic behavior over the wide range of 
temperature. This indicates that surface conduction was
dominant for the thinnest sample. Another important 
feature of BiSb is the quantum confinement effect that 
adds an extra band gap energy to the intrinsic bulk 
band gap. Figure 5(c) shows the band gap of various 
Bi1-xSbx thin films with thicknesses around 90 nm, 
obtained by fitting the experimental temperature 
dependence of resistivity to the parallel conduction 
model. Although the bulk Bi1-xSbx only has a band gap 
for x = 7−22% with a maximum value of about 20 meV 
at x = 15%, the actual band gap is enhanced by the 
quantum confinement effect, which is effective at small 
thicknesses. Furthermore, the band gap exists not only 
inside the bulk TI regions (0.07 ≤ x ≤ 0.22) but also 
outside of the TI region (x < 0.07 and 0.22 < x < 0.35), 

which is also due to the quantum confinement effect, as 
can be seen in Fig. 5(c). For the 10-nm-thick BiSb (x = 
15%), the band gap increased to 200 meV, which is large 
enough so that most of the current flowed on the 
surfaces. The strong quantum confinement effect 
reflects the high crystal quality of BiSb thin films.

To evaluate the SHE in BiSb, we prepared 
Mn0.45Ga0.55 (3 nm)/Bi0.9Sb0.1 (10 nm) bilayers grown on 
GaAs(001) substrates. Because MnGa on GaAs(001) has 
a cubic crystal structure, BiSb grown on top of MnGa 
has a pseudo-cubic (012) orientation. MnGa has a very 
large perpendicular anisotropy field of 40−50 kOe. 
However, at the Mn concentration of 45%, the 
magnetization of MnGa is not perfectly perpendicular, 
but tilts toward the in-plane direction.32) The spin Hall 
angle was measured by the loop-shift technique with 
the experimental setup shown in Fig. 6(a). The pure 
spin current injected from BiSb to MnGa generated an 
effective anti-damping-like SOT field HSO that can 
either increase or decrease the coercive force of MnGa, 
depending on the current direction. Figure 6(b) shows 
the perpendicular hysteresis loops of MnGa measured 
under different current densities and polarities. Figure 
6(c) plots the coercive force of MnGa and its change, 
which is equal to the effective SOT field, as a function of 
the current density inside the BiSb layer. This data 
indicates that the effective SOT field was as large as 2.3 
kOe per (106 Acm-2), which yielded θSH = 52 for the 
BiSb(012) orientation.33) The giant spin Hall angle for 
the BiSb(012) surfaces can be understood by the fact 
that there are multiple Dirac points for the BiSb(012) 
surface states, compared with only one Dirac point for 
the (001) surface states.34)

Figure 7 shows SOT magnetization switching loops 
for a Mn0.45Ga0.55 (3 nm)/Bi0.9Sb0.1 (5 nm) bilayer. The 
threshold switching current density is only 1.5 × 106

Acm−2, which is smaller than that of MnGa/Pt,Ta,IrMn 
bilayers by two orders of magnitude.35-37)  

FFiigg.. 55.. (a) Room-temperature electrical conductivity of various Bi1-xSbx thin films with different Sb 
concentrations and thicknesses. (b) Temperature dependence of resistivity (normalized by value at room 
temperature) in Bi0.89Sb0.11 thin films with thicknesses of 10, 41, and 92 nm. Dots and solid lines show 
experimental data and fitting to parallel conduction model of BiSb (inset). (c) Band gap of Bi1-xSbx thin films 
with thicknesses around 90 nm, obtained by fitting their experimental temperature dependence of resistivity 
to parallel conduction model.30,31)
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88.. CCuurrrreenntt cchhaalllleennggeess aanndd ffuuttuurree pprroossppeeccttss

Figure 8 shows the expected writing current and 
writing energy of a realistic SOT-MRAM device using 
various type of materials for the pure spin current 
source, including heavy metals, two-dimensional 
materials, and topological insulators.38) It can be seen 
that our MBE-grown BiSb outperformed all other 
materials by several orders of magnitude, because BiSb 
shows not only high electrical conductivity but also a 
giant spin Hall angle. However, most of the TIs thin 
films studied so far, including BiSb, were epitaxially 
grown on dedicated III-V semiconductor substrates by 
the MBE technique, which is not suitable for 

mass-production. Therefore, it is essential to investigate 
the performance of non-epitaxial TIs thin films 
deposited on silicon substrates with an 
industry-friendly technique, such as sputtering 
deposition. Recently, there was an attempt to 
investigate the performance of sputtered non-epitaxial 
BixSe1-x TI thin films by Mahendra DC et al.,39) who 
found a promisingly large θSH = 8.7−18.6 but very low σ
= 7.8 × 103 Ω−1m−1. On the other hand, we have 
demonstrated that it is possible to deposit BiSb thin 
films on sapphire substrates by sputtering deposition 
with a high crystal quality and high electrical 
conductivity approaching those of MBE-grown thin 
films.40) Furthermore, we found that even non-epitaxial 
BiSb thin films deposited on Si substrates by MBE or 

FFiigg 77.. Room-temperature SOT magnetization switching in Bi0.9Sb0.1 (5 nm)/Mn0.45Ga0.55 (3 nm) bilayer. (a) (b) 
Hall resistance of 100-µm × 50-µm Hall bar of bilayer under 100-ms pulse currents and in-plane magnetic field 
of +3.5 kOe and −3.5 kOe, respectively.33)

FFiigg.. 66.. (a) Experimental setup for measuring SHE in Bi0.9Sb0.1 (10 nm) / Mn0.45Ga0.55 (3 nm) bilayer. (b) Hall 
resistance of 100-µm × 50-µm Hall bar device of Bi0.9Sb0.1 (10 nm) / Mn0.45Ga0.55 (3 nm) bilayer under slightly 
tilting perpendicular magnetic field Hext (θ  = 2°), measured with various current densities J = −7.7 − 13.8 × 105

Acm−2 at room temperature. (c) Coercive force Hc of MnGa and its change ΔHc as function of current density 
JBiSb in BiSb layer. Inset shows perpendicular effective SOT magnetic field Hso acting on magnetization vector 
M at Hext = −Hc (coercive force) in macrospin picture.30),33) 
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sputtering deposition could show a high spin Hall 
performance.41) Further work is needed to demonstrate 
BiSb thin films with a high crystal quality and 
optimized spin Hall performance on Si substrates with
sputtering deposition for ultralow power SOT-MRAM. 

FFiigg.. 88.. (a) Switching current and (b) switching energy of 
SOT-MRAM using various materials as pure spin 
current source, plotted against their sheet resistance.38) 
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