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ABSTRACT

BiSb is a topological insulator with high electrical conductivity and a giant spin Hall effect at room temperature, making
it a promising candidate for various spin-orbit torque (SOT) device applications. Over the past five years, we have
demonstrated proof-of-concept of physical vapor deposition of high quality BiSb thin film, integration of BiSb /
perpendicularly magnetized ferromagnetic multilayers with high electrical conductivity (~1.5x10% Q'm") and a giant spin
Hall angle (> 10), ultralow current (10* ~ 10° A/cm?) and ultrafast (~1 ns) switching of ferromagnetic multilayers by BiSb,
integration of BiSb to CoFeB/MgO/CoFeB-based magnetic tunnel junction with relatively high tunneling
magnetoresistance ratio and low switching current density. For practical device applications, we have collaborated with
storage vendors such as SamSung and Western Digitals to develop several fundamental technologies utilizing the giant
spin Hall effect of BiSb for high-level SOT-MRAM cache memory and SOT magnetic sensing device for read head sensor
in hard disk drive. We show that BiSb-integrated SOT magnetic sensor has a giant inverse spin Hall angle (~61), which is
good enough for use in 4 Tbit/inch? magnetic recording technology. Furthermore, we demonstrated that BiSb after 400°C
annealing and recrystallization can still have high enough spin Hall angle for ultralow current switching in SOT-MRAM.
Our works open the way for SOT device applications of BiSb topological insulator.
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1. INTRODUCTION

Magnetic and spintronic devices are at the forefront of innovative ultralow power technologies that are revolutionizing the
electronic, healthcare, and energy sectors. Emerging spintronic phenomena, such as the spin Hall effect (SHE) and the
associated spin-orbit torque (SOT), hold great promise for driving significant advancements in high-performance magnetic
sensors, next-generation memory, and energy-efficient artificial intelligence devices. Our research group and others in the
field have been investigating various materials that can effectively harness the spin Hall effect for these applications.
Notable materials include topological insulator (TT) materials such as BixSes [1,2], (Bi,Sb),Tes [3]. Bii-Sb, with 0.07 < x
<0.22 [4], as well as topological semimetal (TSM) such as YPtBi [5,6,7] which exhibit strong spin-orbital coupling (SOC).
The strength of the SOC is represented by the spin Hall angle (SHA) &n, which is given by
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where Js and Jc are the charge and spin current density, respectively. Among all the TI and TSM materials, we identify
BiSb as the most suitable choice for device applications due to its distinctive band structure and multiple topological
surface states (TSS) [8]. These TSS exhibit gapless metallic Dirac cones, which serve as monopoles of the Berry phase
curvatures in momentum space [9], thereby enhancing charge-to-spin conversion efficiency and surface conductivity.
Theoretically and experimentally findings indicate that BiSb has varying numbers of Dirac cones depending on its crystal
orientations: (012) and (001). Here, we use the hexagonal coordinate indexing for Bi;..Sb,. The surface conductivity of
thin BiSb films is significantly more critical than that of the bulk, particularly for high-performance SOT applications,
such as SOT magnetic sensors [10, 11] or ultrafast and low-power SOT-MRAM devices [12,13,14]. In the (012) orientation,
BiSb possesses four Dirac cones [15] contrasting with the single Dirac cone found in the (001) orientation [16], thus
making the (012) orientation the preferred choice for achieving a higher magnitude of the spin Hall angle. These
characteristics position BiSb as a promising candidate for low-power consumption devices. However, the growth of BiSb
film stacks in the (012) orientation, along with the need to ensure their thermal stability, presents challenges for the
commercial application of BiSb materials in SOT devices. This is particularly significant since BiSb has predominantly
been grown using the molecular beam epitaxy technique on GaAs(111)A [17,18], Si(111) [19], and BaF, [20]. It is critical
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to explore growth methods of high quality BiSb using the physical vapor deposition (PVD) technique while maintaining
device performance and reliability. To address this challenge, we first explored epitaxial growth of BiSb(001) on sapphire
substrate using the PVD, and then epitaxial or highly textured growth of BiSb in the (012) orientation on more practical
Si/SiOy substrates. Then, we demonstrated integration of BiSb / perpendicularly magnetized ferromagnetic multilayers
with high electrical conductivity (~1.5x10° Q'm™) and a giant spin Hall angle (> 10) [21], ultralow current (10*~ 10°
A/cm?) [22], ultrafast (~1 ns) switching of ferromagnetic multilayers by BiSb [12], integration of BiSb to
CoFeB/MgO/CoFeB-based magnetic tunnel junction [13] with relatively high tunneling magnetoresistance ratio and low
switching current density. For practical device applications, we have collaborated with storage vendors such as SamSung
and Western Digitals to develop several fundamental technologies utilizing the giant spin Hall effect of BiSb for high-
level SOT-MRAM cache memory and SOT magnetic sensing device for read head sensor in hard disk drive. We showed
that BiSb-integrated SOT magnetic sensor has a giant inverse spin Hall angle (~61), which is good enough for use in 4
Tbit/inch’? magnetic recording technology. Furthermore, we demonstrated that BiSb after 400°C annealing and
recrystallization can still have high enough spin Hall angle for ultralow current switching in SOT-MRAM. Our works open
the way for SOT device applications of BiSb topological insulator.

2. GROWH OF HIGH QUALITY BISB BY PHYSICAL VAPOR DEPOSITION

The giant spin Hall effect was first observed in molecular beam epitaxy-grown BiSb(012)/MnGa bilayer [4], where the
spin Hall angle &y is as high as 52. However, for realistic device application, high quality BiSb must be grown by PVD.
We first demonstrated deposition of BiSb thin films with various thicknesses on sapphire C-plane (0001) substrates by
radio-frequency magnetron sputtering from a single Bio ssSbo 15 target [23]. Since the lattice constants are a=4.51 A, c =
11.8 A for BiggsSbo.s and a =4.76 A, ¢ =13.0 A for sapphire, there is an in-plane lattice mismatch of -5.3% between
BiSb and the sapphire substrates. The samples were deposited by either Ar or Kr plasma. For 10 nm-thick BiSb films, we
found that the substrate temperature Ts = 50°C was optimal, as for Ts higher than 100°C, the films became nonconductive
due to island growth. On the other hand, the best Ts for films over 14 nm was 150°C. To further improve the crystal quality,
we employed a two-step technique for thick films. First, we deposited a BiSb layer thinner than 10 nm at 50°C. Then, we
increased Tsto 150°C, and annealed the layer for 10 minutes. Finally, we deposited the rest at 150°C. We found that this
two-step technique can improve the crystal quality and the electrical conductivity of BiSb thin films thicker than 10 nm.
6-26 X-ray diffraction (XRD) spectra of 10 nm-thick BiSb thin films show no other phase than BiSb(001), demonstrating
that it is possible to obtain a single-phase BiSb thin film by sputtering deposition. As the thickness increases, extra phases
such as BiSb(012) and BiSb(014) start to appear. Meanwhile, the two-step deposition can significantly suppress these extra
phases. Indeed, the BiSb(001) single phase was observed up to at least 24 nm by the two-step deposition. For samples
deposited by Kr plasma, the BiSb(001) single phase was observed even by one-step deposition up to 50 nm. The surface
morphology observed by atomic force microscopy shows that the 10 nm thick BiSb films have smoother surfaces than
thicker films. The roughness of 10 nm-thick BiSb thin films is about 0.8 ~ 0.9 nm. However, the surface smoothness
deteriorates rapidly as the thickness increases from 10 nm, which is consistent with the emergence of other phases as
revealed by the XRD spectra. We then performed the XRD y (tilting angle) — ¢ (azimuth angle) scan to investigate the in-
plane texture of the 10 nm-thick samples A and K deposited by Ar or Kr gas, respectively. The 8 angle was set at 13.6°
for the (012) plane. Figure 1(a) and 1(b) show the polar mapping for y = 0-90° and ¢ = 0-360° scan of samples A and K,
respectively. The polar maps show 6 strong peaks located at y = 55°. Considering the epitaxial single crystal BiSb(001)
has 3 distinct peaks at y = 55° separated by the azimuth angle of 120°, Figs. 1(a) and 1(b) indicate that there are equivalent
twin crystals in samples A and K [24,25]. However, there is no other plane in the polar maps besides BiSb(012), indicating
the high crystal ordering of sputtered BiSb films despite the large in-plane lattice mismatch of -5.3% between the BiSb
films and the sapphire substrates. We further characterize the crystal structure at the interface between BiSb and the
sapphire substrates by using high-resolution transmission electron microscopy (TEM). Figure 1(c) shows a TEM image of
a BiSb film deposited on sapphire by Ar plasma, magnified near the interface. One can see that the first 2 nm BiSb has
some crystal disorder, which absorbs the lattice mismatch with the sapphire substrate. When the thickness exceeds 2 nm,
the crystal ordering improves rapidly, and an epitaxial BiSb film can be obtained. These results show the robustness of
BiSb against lattice mismatch.

Another distinct feature of BiSb from other well-known V-VI TIs such as Bi>Ses, BizTes or SbaTes, is that its bulk is always
an intrinsic semiconductor with the Femi level in the band gap. This is because Bi and Sb are in the same V-group, thus
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 (as in the case of Bi,Ses or BixTes due to anti-site Se/Te) or
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to the valence band (as in the case of Bi;Tes or SboTes due to anti-site Bi/Sb). This intrinsic semiconducting behavior of
the bulk states has been confirmed in MBE-grown BiSb films on GaAs(111)A substrates. Thus, the temperature

dependence of the bulk conductivity is given by og=0opy exp (— %), where E, is the effective band gap, kg is the
B
Boltzmann constant, and 7 is the temperature. Therefore, the total conductivity can be described by [26],
E,
O':O'Sh/t + oo €Xp (- ﬁ) (1),

where ogy, is the surface sheet conductivity.
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Figure 1. (a)(b) XRD y-¢ polar mapping of the 10 nm-thick BiSb films deposited by Ar and Kr plasma in one-step,
respectively. (c) TEM image near the interface of BiSb (001) /sapphire C-plane (0001) substrate. Reprinted from Ref. [23]
with permission from IOP publishing.

We measured the temperature dependence of resistivity in order to further demonstrate the existence of the surface states.
Figures 2(a)-2(d) show the temperature-dependence of the electrical resistivity normalized by its value at 300 K (o/prr)
for Ar one-step, Ar two-step, Kr one-step, and Kr two-step samples, respectively. For thick samples, there are parallel
conduction on the surface and in the bulk due to thermally excited intrinsic carriers at room temperature. With the
temperature decreasing, the bulk conduction is suppressed, and the surface conduction becomes overwhelmingly dominant,
explaining the plateaus of resistivity below 100 K observed for thick samples in Figs. 2(a)-2(d). The dashed lines in Figs.
2(a)-2(d) are fits to the experimental data using equation (1). For 10 nm-thick samples, the surface conduction dominates
even at room temperature, thus the resistivity is nearly temperature-independent, confirming the metallic nature of the
surface states [26]. These behaviors are similar to those of high quality MBE-grown BiSb thin films. These results show
that it is possible to grow high-quality BiSb thin films by the industry-friendly PVD technique.

Next, we explored epitaxial or highly textured growth of BiSb in the (012) orientation on more practical Si/SiOy substrates
[27]. We found that 4-fold and 3-fold symmetric seed layers can significantly enhance the growth of Big9Sbo.; in the (012)
orientation. The lattice structure of BiSb (012) exhibits an almost cubic configuration, with in-plane dimensions of a =
4.54 A and b = 4.74 A. This nearly square lattice arrangement facilitates efficient (012) growth on both 4-fold symmetric
single-crystal substrates and (100) cubic or (001) tetragonal textured seed layers. Furthermore, Big9Sbo.1(012) can be grown
on 3-fold symmetric (111) seed layers. Particularly, undoped Bi;..Sb, has a squarer (012) surface, which facilitates the
epitaxial growth of Bi;..Sb, on cubic-textured (100) or tetragonal (001) seed layers. Meanwhile, the doped BiSb:X, where
X is a dopant, has a more rectangular (012) surface. Thus, a highly textured (012) Bi;..Sb,:X with more rectangular surface
can be grown on a seed layer composed of (111) polycrystalline material or, alternatively, nanocrystalline or amorphous
materials, depending on the matching between the rectangular Bi;..Sb.(012) surface and the (111) rectangular surface
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formed by two or more adjacent hexagons in a long-range polycrystalline (111) fcc surface or local clusters of hexagons
from nanocrystalline or amorphous materials that create a pseudo-crystalline (111) surface. In fact, we demonstrated the
growth of highly textured BigoSbo1:N(012) (100 A) on the nanocrystalline NiFeGe(111) interlayer (12 A), which itself
was deposited on top of a CoFe (7 A) ferromagnetic (FM) layer. Meanwhile, a stack consisting of NiFeGe (27 A) /RuX
(20 A) or NiFeTa (15 A) / RuX (20 A), a conditioning layer (18 A) can be utilized to grow epitaxial non-doped Bio.sSbo 1
(120 A) TI layer. Here, the RuX plays the role of a (100) cubic seed layer, and the conditioning layer transfers the (100)
cubic surface to BiSb(012) while preventing interaction between BiSb and the RuX layer. All of these stacks show strong
BiSb(012) orientation with relatively low surface roughness (~10 A) and high spin Hall angle ~ 10 for the as-grown films.
These results indicate that it is possible to grow a high quality BiSb layers with excellent spin Hall performance on Si/SiOx
substrate, opening the possibility of utilizing the giant spin Hall effect of BiSb for high-performance SOT devices.
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Figure 2. Temperature dependence of normalized resistivity o/ prr of BiSb films deposited by (a) Ar plasma in one-step, (b)
Ar plasma in two-step, (c) Kr plasma in one-step, and (d) Kr plasma in two-step. Dashed lines are fitting using Eq. (1).
Reprinted from Ref. [23] with permission from IOP publishing.

3. BISB/FERROMAGNETIC MULTILAYERS FOR SOT-MRAM APPLICATION

For TI being a practical material for SOT-MRAM, the following three minimum requirements must be satisfied: (1) a large
spin Hall angle of the order of 10, (2) large electrical conductivity o of order of 10° Q' m™!, and (3) can be deposited using
sputtering deposition. The first two requirements are for optimization of the switching current density and switching energy.
We first demonstrated high spin Hall angle, high electrical conductivity, and efficient SOT switching by BiSb in fully
sputtered BiSb — (Co/Pt) multilayers with large perpendicular magnetic anisotropy (PMA) on sapphire substrate [21]. In
this stack, the BiSb layer was deposited on top of the Co/Pt multilayers (i.e. top SOT). We show that the sputtered BiSb
has a large spin Hall angle of @sy = 10.7 and high electrical conductivity of ¢ = 1.5 x 105 Q'm’!, thus satisfying all the
three requirements for SOT-MRAM implementation. Despite the large PMA field of 5.2 kOe of the (Co/Pt) multilayers,
we achieve robust SOT magnetization at a low current density of 1.5X 10% A/cm?. Table 1 summarizes Osu, o, the spin
Hall conductivity osy, and the SOT normalized power consumption P, at room temperature of several heavy metals and
TIs. Here, Osu of TIs are their best values reported in literature. For the calculation of the P, we assumed bilayers of spin
Hall material (thickness # = 6 nm for heavy metals and ¢t = 10 nm for TIs) and CoFeB (thickness v = 1.5 nm, conductivity
orm = 6x10° ' m!). Considering the shunting current in the ferromagnetic layer, the SOT power consumption is
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proportional to (ot +ormtrm)/(otfsn)>. One can see that not only sy but also o affect the SOT power consumption, a fact
usually overlooked in literature. For example, while the sputtered Bi.Sei., has a much larger spin Hall angle (6sy = 18.6)
than that (6sy = 3.5) of MBE-grown Bi,Ses, their power consumption is nearly the same, because Bi.Sei., has poorer crystal
quality than Bi>Se; and thus very low conductivity. Meanwhile, the sputtered BiSb thin film in this work shows both high
0=1.5x10° Q! m'! and large sy = 10.7, which are optimal for both small switching current density and small switching
power consumption [28]. Indeed, the switching power consumption for sputtered BiSb is 50 times smaller than that for
sputtered Bi,Sei.r, and over 300 times smaller than that for W, which is the most used heavy metal in SOT-MRAM
development. The small switching current density and switching power also help suppress failure of the spin Hall layer
due to electromigration and Joule heating [29]. Our results demonstrate the feasibility of BiSb for not only ultralow power
SOT-MRAM but also other SOT-driven spintronic devices, such as race-track memories [30] and spin Hall oscillators
[31,32].

Table 1. Spin Hall angle 6su, electrical conductivity o; spin Hall conductivity osu , and SOT normalized power consumption Py
of several heavy metals and topological insulators.

SOT Materials |Oshl ¢ (2'm1) |osul [(/2e) @1m-"] P,

Ta 0.15 5.3x105 8.0x104 1

Pt 0.08 4.2x108 3.4x10° 3.6x10"
w 0.4 4.7x105 1.9x105 1.6x10-"
(Big07Sbogs),Tes (MBE) | 2.5 1.8x104 4.5x104 3.0x10-1
Bi,Se; (MBE) 35 5.7x10* 2.0x10% 2.1x102
Bi,Se;., (Sputtered) 18.6 7.8x108 1.5x10° 2.6x102
Bip 85Sbg 15 (Sputtered) | 10.7 1.5x105 1.6x106 5.2x104

We then studied SOT magnetization switching induced by a BiggsSbo.1s topological insulator layer in both thermal
activation and fast switching regime with pulse width down to 1 ns [12]. Figure 3(a) shows the schematic structure of the
sample, which consists of (from top to bottom) BiggsSbo.15(10 nm)/[Pt(0.4 nm)/Co(0.4 nm)],/insulating buffer deposited
on Si/SiOy substrates at room temperature. The BiSb layer’s electrical conductivity is = 1.0 x 10° Q'm' and the spin
Hall angle is sy = 3.2 as estimated from the second harmonic Hall measurement. We performed ultrafast SOT switching
with pulse widths 7=1 ~4 ns ina 1000 nm % 800 nm Hall bar device shown in Fig. 3(b). Figures 3(c) — 3(f) show the
SOT switching loops in the fast switching regime with various 7 = 1 ~ 4 ns. Figure 3(b) summaries J5°° as a function of
from 1 ms down to 1 ns at H, = 1 kOe, averaged for up-to-down and down-to-up magnetization switching. There are clearly
two different regimes: the thermal activation regime (z > 10 ns) when J%°° changes slowly, and the fast switching regime
(r <10 ns) when JﬁiSb changes rapidly. The red dashed line is fitting by the thermal activation model, for which we found
the zero-K switching current density JﬁioSb =2.5X10° A/em? and thermal stability factor A = 35, which is nearly the same
as A ~ 38 in CoFeB/MgO. The green dashed line is fitting for the fast switching regime by thiSb: thigb-ﬁ-Q/ 7, which yields
JBISb= 41X 10° A/em? and an effective charge density parameter O = 15 X 10 C/cm?. Although the latter model estimates
JBIS® twice that of the former model, the J35° value is still much smaller than those observed in Co/Pt (Jh~0.8 X 108
Alem?) [33], MgO/CoFeB/W (Jig~2.0X 108 A/cm?) [34], and MgO/CoFeB/Ta (Ji3~3.0X 108 A/cm?) [35], estimated
from the thermal activation model. These results consolidate the advantage of BiSb topological insulator for ultralow
power and fast switching SOT-MRAM. We also demonstrated very small switching current density in top
BiSb/ferrimagnet CoTb deposited on Si/SiOx, where the switching current can be as low as 7 x 10* A/cm? for DC and 2.2
x 10® A/cm? for 10 ns pulse current owing to the low magnetization of CoTb and the high spin Hall angle of BiSb, the
formal is among the smallest SOT switching current reported so far [22].

It is more challenging to achieve a high spin Hall angle in SOT-bottom BiSb/perpendicularly magnetized FM structure,
when the thickness of the FM layer is comparable to the surface roughness of bottom BiSb. To achieve a large &y in
bottom BiSb, it is essential to insert an interlayer to block Sb diffusion from BiSb to the FM layer. We found that a Ti (3
nm) can significantly enhance the effective éu in bottom BiSb/Ti/Ta/CoFeB/MgO heterojunctions up to &y~ 6 [36].
However, Ti is metallic and can shunt the in-plane current. Thus, we have collaborated with Samsung to develop an oxide
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CrOy interlayer with high resistance, for which BiSb/CrOx/Ta/CoFeB shows relatively good Gsu~ 2.8 [37]. SOT switching
of CoFeB by BiSb by low DC and pulse currents were demonstrated in BiSb/interlayer/perpendicularly magnetized CoFeB.
Since the BiSb layers in those stacks have a high conductivity of o= 1.3x10° ~ 1.5x10° Q'm’! and a relatively high 6n
= 2.8 ~ 6, the SOT switching power consumption is several orders of magnitude lower than those of heavy metals.
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Figure 3. (a),(b) Schematic structure and image of 1000 nm x 800 nm Hall bar device consisting of Bio.ssSbo.15(10 nm)/[Pt(0.4
nm)/Co(0.4 nm)]o/insulating buffer deposited on a Si/SiOx substrate for ultrafast SOT switching. (c)—(f) SOT switching loops
of the small Hall bar device at various 7 from 1 ns to 4 ns and Hx = 1 kOe. (g) Deterministic SOT multiple switching by thiSb
=+1.3 x 107 A/em?, T =3 ns, and Hx = =1 kOe. (h) Threshold switching current density J5°° as a function of 7 at Hx = 1 kOe.
The red dashed line is fitting by the thermal excitation model (z >> 10 ns), and the green dashed line is fitting for the fast

switching regime.

Our collaboration with Western Digital results in a hybrid interlayer consisting of metallic NiFeGe and insulating MgO
for enhancing the effective spin Hall angle of BiSb [38]. The hybrid interlayer has two roles. First, it blocks interlayer
atomic diffusion and protects the topological surface states to enhance the intrinsic spin Hall angle. Second, it increases
the interface spin transparency by reducing the spin diffusion time across the interlayer and the spin flip/spin-transfer time
at the interlayer/FM interface. Combining the epitaxial BiSb(012) grown on cubic seed layers and the hybrid buffer layer
yields a high effective €y ~ 10 for as-grown films and &y ~ 23 for films subjected to annealing at 215°C for 3 hours [27].

We also collaborated with the K. Wang group at UCLA to integrate BiSb to CoFeB/MgO/CoFeB magnetic tunnel junction
(MT1J) [13]. Figure 4(a) shows the R-H curve for the all sputtered BiSb(10 nm) /Ru(5 nm)/CoFeB(2.5 nm)/MgO(2
nm)/CoFeB(5 nm) three terminal device, while the Fig. 4(b) shows the current-driven SOT switching in the all sputtered
BiSb-MT]J with size of 1 pm X 3 pm. We achieved relatively high tunneling magnetoresistance ratio ~ 90% and a low
switching current density ~ 1.4 X 10° A cm2, demonstrating the feasibility of BiSb-integrated SOT-MRAM.
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Figure 4. (a) R-H curve for the all sputtered BiSb-MTJ device. (b) Current-driven SOT switching in the all sputtered BiSb-
MT]J device (1 pm x 3 pm).

Finally, we also studied the spin Hall effect in BiSb melted at 400°C and recrystallized. We demonstrated that BiSb with
proper capping can withstand 400°C annealing and can still have high enough spin Hall angle for ultralow current switching
in SOT-MRAM. Furthermore, we observed the giant spin Hall angle in BiSb up to ambient temperature of 125°C,
demonstrating the capability of BiSb for high temperature applications [39].

4. BISB/FERROMAGNETIC MULTILAYERS FOR SOT SENSOR APPLICATION

Another important application of the giant spin Hall effect (both direct and inverse) in BiSb is the SOT sensor for ultra-
high density magnetic recording (4 Tbit/inch?) [10,11]. The structure of SOT reader consists of two layers in minimum: a
ferromagnetic (FM) layer and a SOT layer, as schematically shown in Fig. 5. When applying a charge current between the
top shield and the bottom shield, a perpendicular spin-polarized current is injected from the FM layer to the SOT layer.
The spin polarization direction depends on the magnetization of the FM layer which senses the media stray magnetic field.
The SOT layer converts the perpendicular spin-polarized current to an in-plane charge current and generates an output
voltage between the two lead terminals via the inverse spin Hall effect [40]. The SOT reader requires only a single FM
layer, thus it does not suffer the dimensional constrain due to the magnetic reference layer as in the case of TMR reader,
making it much easier for reducing the total thickness. Furthermore, there is no spin transfer torque noise in SOT reader.
However, the output voltage in heavy metal-based devices is of the order of uV, which is too small for SOT reader
application [41] due to the relatively small spin Hall angle (6sn) of heavy metals. To improve the output voltage and SNR,
it is essential to use a SOT material with a giant fsy. BiSb is best fit for this application thanks to its high spin Hall angle
and it can be deposited by PVD tools. We conducted theoretical calculation of the signal-to-noise ratio (SNR) in a 20 nm
x 20 nm SOT reader with CoFe (3 nm)/MgO (0.8 nm)/BiSb (5 nm) stack, and found that the required minimum 6fsy was
about 2 at the bias current is 400 pA to achieve SNR > 28 dB.

| e

Figure 5. Schematic illustration of a SOT reader as viewed from a media facing surface.
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We then demonstrated proof-of-concept of BiSb-based SOT readers. Here, we used top BiSb/MgO/CoFe for higher spin

Hall angle. The fabrication of SOT reader consists of six cycles of optical lithography, magnetron sputtering deposition,
and lift-off process. Figure 6(a) shows the schematic device structure. First, we prepared a Ta (15 nm) / Pt (5 nm) bottom
electrode (/.) on an oxidized silicon substrate. Then, we deposited a pillar of CoFe (5 nm)/MgO (2 nm)/BiSb (10 nm)/Pt
(1 nm) with the size of 20 um % 20 um. The Pt layer works as a capping layer to prevent possible damage to the BiSb layer
from wet process and air exposure. In this demonstration, we chose CoFe because of its high spin polarization. The
interfacial layer of MgO is used to further enhance the spin polarization thanks to the spin-filtering effect [42,43,44] and
prevent damage of the CoFe layer due to Sb diffusion during BiSb sputtering. Next, we deposited an insulating layer and
two side electrodes (V+ and V.). After that, we deposited another insulating layer to create a window for current injection.
Finally, we deposited a top electrode (/+) of Ta (45 nm) / Pt (15 nm) on top of the pillar. Figure 6(b) shows a top-view
optical image of a completed device and the experimental setup. We applied a perpendicular bias charge current to the
pillar via the current injection window (8 pmx 20 um), and measured the output voltage Visu between the two side
electrodes (V- and V) while sweeping an in-plane external magnetic field H, along the x direction.

(a) (b) @
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Figure 6. Schematic illustration of a SOT reader as viewed from a media facing surface.

Figure 6(c) shows the Risy resistance curve, defined as Risu = Visu/l, of a device measured with a bias current density J =
6.3 kA/cm? at room temperature. The Risy is as large as 1.1 Q. Figure 6(d) shows the Visy —J characteristics of this device.
Visn reaches 15 mV atJ = 9.4 kA/cm? We estimate a giant &y = 61 in this device. This value is close to &y = 52 originally
observed in epitaxial top BiSb/MnGa grown by molecular beam epitaxy [4], where the BiSb has the pseudo-cubic (012)
orientation. This large &n will allow a very low bias current of only 13.5 pA or 3.38x10% A/cm?in 20 nm x 20 nm SOT
reader, and reserve a large margin for further device scaling beyond 4 Tb/in?. Our results showcase the potential of BiSb
for SOT reader beyond 4 Tb/in> magnetic recording technology. Last but not least, the results in this work can also be
applied to the output stage in magnetoelectric spin—orbit (MESO) logic devices, recently proposed as an alternative to Si
transistors for very low power consumption [45].

We also demonstrated an alternative setup for the SOT sensor, in which the direct spin Hall (DSH) effect, rather the inverse
spin Hall (ISH) effect, was used for sensing [11]. Figure 7(a) shows the schematic illustration of the multilayer stacking
used in this work, with a bottom BiSb layer /interlayer/CoFe FM layer, deposited at Western Digital facility. Figure 7(b)
shows the direct spin Hall sensor device structure and the measurement setup. Figure 7(c) shows an optical image of a
fabricated device. Figure 8 shows a representative Rpsy resistance curve, defined as Rpsu = Vosu/Ipc, measured with Ipc =
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Figure 7. Schematic illustration of a SOT reader as viewed from a media facing surface.
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Figure 8. Rpsu measured with a bias current /pc = 0.6 mA at room temperature. (b) The relationship between the Vbsu and the
bias current /pc. (c)(d) Comparison between Rpsu and Risu at Ipc = 0.2 mA.

0.6 mA at room temperature while sweeping an in-plane magnetic field Hy. A large Rpsu of 0.27 Q is obtained, which is
three orders of magnitude larger than the 0.14 mQ expected for the anomalous Hall resistance with the in-plane Hy.
Furthermore, we observed that the voltage Vpsn is a linear function of Ipc as shown in Fig. 8(b), which eliminates any
thermomagnetic effects, such as the anomalous Nernst effect, as the origin of the observed signal. Figures 8(c) and 8(d)
compare Rpsu and the Risu= Visu/Inc obtained with a perpendicular Ipc injected into the pillar from the top electrode and
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the voltage Visu generated in the BiSb layer. Here, both data were obtained with the same /pc = 0.2 mA. One can see that
both the data yield the same output magnitude, thus confirming the reciprocal between the DSH and ISH in our device.
Note that the observed Rpsu ~ Risu ~ 0.27 Q in our 40 pm-wide pillar is comparable to Risu = 0.1 ~ 1 Q observed in our
20 pm-wide ISH sensing device comprised of CoFe 5 nm /MgO 2 nm/ top BiSb 10 nm. We estimate a colossal gy~ 164
in this device. However, the noises in this device are significantly higher than in the previous work, which is due to the
dominant spin-transfer noise. Nevertheless, the observed Rpsy or Risy in our devices are significantly larger than Risu
observed in Ta/MgO/CoFeB or Pt/MgO/CoFe devices [46], confirming the advantage of using BiSb for SOT sensor
application. We note that unlike SOT-MRAM, the SOT sensor requires only 230°C thermal budget for manufacturing.
Thus BiSb-based SOT sensor is feasible for the first realistic device application of topological insulator.

5. CONCLUSION

BiSb is the only topological insulator that satisfies the three conditions for SOT device manufacturing: (1) a large spin
Hall angle of the order of 10, (2) large electrical conductivity o of order of 10° Q! m™!, and (3) can be deposited using
sputtering deposition. In the past 5 years, we have collaborated with major memory device vendors to explore the potential
of BiSb for applications to SOT-MRAM and SOT sensor. Our works showcase the feasibility of topological materials with
the giant spin Hall effect for device applications.

ACKNOWLEDGEMENTS

The author acknowledges contribution from N.H.D. Khang, H.H. Huy, Z. Ruixian, M. Liu, T. Shirokura, J. Sasaki, S.
Namba at Institute of Science Tokyo (former Tokyo Institute of Technology), S. Takahashi, Y. Hirayama at Samsung, Q.
Le, B. York, C. Hwang, X. Liu, M. Gribelyuk, X. Xu, S. Le, M. Maeda, T. Fan, Y. Tao, H. Takano at Western Digital.
This work was partly supported by Japan Science and Technology Agency-Core Research for Evolutional Science and
Technology (No. JPMJCRI18TS).

REFERENCES

[1T7 A. R. Mellnik, J. S. Lee, A. Richardella, J. L. Grab, P. J. Mintun ef al., Nature 511, 449 (2014).

[2] Y. Wang, D. Zhu, Y. Wu, Y. Yang, J. Yu, ef al. Nat. Commun. 8, 1364 (2017).

[3] H. Wu, P. Zhang, P. Deng, Q. Lan, Q. Panet ef al., Phys. Rev. Lett. 123, 207205 (2019).

[4] N. H. D. Khang, Y. Ueda, P. N. Hai, Nat. Mater. 17, 808 (2018).

[5] T. Shirokura, T. Fan, N.H.D. Khang, T. Kondo, P. N. Hai, Sci. Rep. 12, 2426 (2022).

[6] T. Shirokura and P. N. Hai, AIP Adv. 12, 125116 (2022).

[7] T. Shirokura, N. H. D. Khang, P. N. Hai, Appl. Phys. Lett. 124, 052402 (2024).

[8]J. C. Y. Teo, L. Fu, C. L. Kane, Phys. Rev. B 78, 045426 (2008).

[9] S. Murakami, N. Nagaosa, S.-C. Zhang, Science 301, 1348 (2003).

[10] H. H. Huy, J. Sasaki, N. H. D. Khang, S. Namba, P. N. Hai, Q. Le, B. York, Ch. Hwang, X. Liu, M. Gribelyuk et
al., Appl. Phys. Lett. 122, 052401 (2023).

[11] M. Liu, Zh. Ruixian, Q. Le, B. York, Ch. Hwang, X. Liu, M. Gribelyuk, X. Xu, S. Le, M. Maeda ef al., Appl. Phys.
Lett. 125, 242401 (2024).

[12] N. H. D. Khang, T. Shirokura, T. Fan, M. Takahashi, N. Nakatani, D. Kato, Y. Miyamoto, and P. N. Hai, Appl.
Phys. Lett. 120, 152401 (2022).

[13] H. Wu, A. Chen, P. Zhang, H. He, J. Nance, Ch. Guo, J. Sasaki, T. Shirokura, P. N. Hai, B. Fang, et al., Nat.
Commun. 12, 6251 (2021).

[14] Zh. Ruixian, H. H. Huy, T. Shirokura, P. N. Hai, Q. Le, B. York, C. Hwang, X. Liu, M. Gribelyuk et al., Appl.
Phys. Lett. 124, 072402 (2024).

[15] X.-G. Zhu, M. Stensgaard, L. Barreto, W. S. e Silva, S. Ulstrup, M. Michiardi, M. Bianchi, M. Dendzik, P.
Hofmann, New J. Phys. 15, 103011 (2013).

[16] D. Hsieh, D. Qian, L. Wray, Y. Xia, Y. S. Hor, R. J. Cava, M. Z. Hasan, Nature 452, 970 (2008).

[17]Y. Ueda, N. H. D. Khang, K. Yao, and P. N. Hai, Appl. Phys. Lett. 110, 062401 (2017).

Proc. of SPIE Vol. 13586 1358607-10



[18] M. A. Khaled, L. Cancellara, S. Fekraoui, R. Daubriac, F. Bertran, Ch. Bigi, Q. Gravelier, R. Monflier, A. Arnoult,
C. Durand et al., ACS Appl. Electron. Mater. 6, 3771 (2024).

[19] E. S. Walker, S. Muschinske, C. J. Brennan, S. R. Na, T. Trivedi, S. D. March, Y. Sun, T. Yang, A. Yau, D. JUng et
al., Phys. Rev. Materials 3, 064201 (2019).

[20] K. Ueda, Y. Hadate, K. Suzuki, H. Asano, Thin Solid Films 713, 138361 (2020).

[21] T. Fan, N. H. D. Khang, S. Nakano, P. N. Hai, Sci. Rep. 12, 2998 (2022).

[22] N. H. D. Khang, S. Nakano, T. Shirokura, Y. Miyamoto, P. N. Hai, Sci. Rep. 10, 12185 (2020).

[23] T. Fan, M. Tobah, T. Shirokura, N. H. D. Khang, and P. N. Hai., Jpn. J. Appl. Phys. 59, 063001 (2020).

[24] T. Nagao, J. T. Sadowski, M. Saito, S. Yaginuma, Y. Fujikawa, T. Kogure, T. Ohno, Y. Hasegawa, S. Hasegawa,
and T. Sakurai, Phys. Rev. Lett. 93, 105501 (2004).

[25] K. Yao, N. H. D. Khang, and P. N. Hai, J. Cryst. Growth 511, 99 (2019).

[26] S. Xiao, D. Wei, and X. Jin, Phys. Rev. Lett. 109, 166805 (2012)

[27] Q. Le, B. R. York, C. Hwang, X. Liu, L. Xu, S. Le, M. Maeda, T. Fan, Y. Tao, H. Takano, M. Liu, Z. Ruixian, S.
Namba, P. N. Hai, Jpn. J. Appl. Phys. 64, 043001 (2025).

[28] X. Li, Sh. J. Lin, Dc Mahendra, Y. Ch. Liao, Ch. Y. Yao, A. Naeemi, W. Tsai, Sh. X. Wang, IEEE J. Electron
Devices Soc. 8, 674 (2020).

[29] Y. Shiokawa, E. Komura, Y. Ishitani, A. Tsumita, K. Suda, Y. Kakinuma, T. Sasaki, AIP Adv. 9, 035236 (2019).
[30] K.-S. S. Ryu, L. Thomas, S.-H. Yang, S. Parkin, “Chiral spin torque at magnetic domain walls,” Nat. Nanotech. 8,
527 (2013).

[31] L. Liu, C.-F. Pai, D. C. Ralph, R. Buhrman, Phys. Rev. Lett. 109, 186602 (2012).

[32] T. Shirokura, P.N. Hai, J. Appl. Phys. 127, 103904 (2020).

[33] K. Garello, C. O. Avci, I. M. Miron et al., Appl. Phys. Lett. 105, 212402 (2014).

[34] E. Grimaldi, V. Krizakova, G. Sala et al., Nat. Nanotech. 15, 111 (2020).

[35] C. Zhang, S. Fukami, H. Sato, F. Matsukura, and H. Ohno, Appl. Phys. Lett. 107, 012401 (2015).

[36] Zh. Ruixian, H. H. Huy, T. Shirokura, P. N. Hai, Q. Le, B. York, C. Hwang, X. Liu, M. Gribelyuk, X. Xu, S. Le, M.
Maeda, T. Fan, Y. Tao, H. Takano, Appl. Phys. Lett. 124, 072402 (2024).

[37] H. H. Huy, Z. Ruixian, T. Shirokura, S. Takahashi, Y. Hirayama, P. N. Hai, IEEE Trans. Magn. 59, 3400905 (2023).
[38] Q. Le, X. Liu, L. Xu, B. R. York, C. Hwang, S. Le, M. Maeda, T. Fan, Y. Tao, H. Takano, M. Liu, Z. Ruixian, S.
Namba, P. N. Hai, J. Appl. Phys. 137, 123903 (2025).

[39] T. Shirokura, P. N. Hai, Appl. Phys. Lett. 122, 232404 (2023).

[40] E. Saitoh, M. Ueda, H. Miyajima, G. Tatara, Appl. Phys. Lett. 88, 182509 (2006)

[41] V.T. Pham, I. Groen, S. Manipatruni, W.Y. Choi, D.E. Nikonov, E. Sagasta, C.C. Lin, T.A. Gosavi, A. Marty, L.E.
Hueso, and I.A. Young, Nat. Electron. 3, 309 (2020).

[42] W. H. Butler, X.-G. Zhang, T. C. Schulthess, and J. M. MacLaren, Phys. Rev. B 63, 054416, (2001).

[43] S. Yuasa, T. Nagahama, A. Fukushima, Y. Suzuki, and K. Ando, Nat. Mater. 3, 868 (2004).

[44] S. S. Parkin, C. Kaiser, A. Panchula, P. M. Rice, B. Hughes, M. Samant, and S.-H. Yang, Nat. Mater. 3, 862 (2004).
[45] S. Manipatruni, D. E. Nikonov, Ch.-Ch. Lin, T. A. Gosavi, H. Liu, B. Prasad, Y.-L. Huang, E. Bonturim, R. Ramesh,
I. A. Young, Nature 565, 35 (2019).

[46] L. Liu L, C. T. Chen, J. S. Sun, Nat. Phys. 8, 561 (2020).

Proc. of SPIE Vol. 13586 1358607-11



