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Efficient spin current source using 
a half‑Heusler alloy topological 
semimetal with back end of line 
compatibility
Takanori Shirokura1, Tuo Fan1, Nguyen Huynh Duy Khang1,2, Tsuyoshi Kondo3 & 
Pham Nam Hai1,4*

Topological materials, such as topological insulators (TIs), have great potential for ultralow power 
spintronic devices, thanks to their giant spin Hall effect. However, the giant spin Hall angle (θSH > 1) 
is limited to a few chalcogenide TIs with toxic elements and low melting points, making them 
challenging for device integration during the silicon Back‑End‑of‑Line (BEOL) process. Here, we show 
that by using a half‑Heusler alloy topological semi‑metal (HHA‑TSM), YPtBi, it is possible to achieve 
both a giant θSH up to 4.1 and a high thermal budget up to 600 °C. We demonstrate magnetization 
switching of a CoPt thin film using the giant spin Hall effect of YPtBi by current densities lower than 
those of heavy metals by one order of magnitude. Since HHA‑TSM includes a group of three‑element 
topological materials with great flexibility, our work opens the door to the third‑generation spin 
Hall materials with both high θSH and high compatibility with the BEOL process that would be easily 
adopted by the industry.

Pure spin current induced by the spin Hall effect in materials with strong spin–orbit coupling is a promising 
magnetization manipulation method for various next-generation spintronic devices, such as spin–orbit torque 
magnetoresistive random-access memories (SOT-MRAM)1,2, race track  memories3, and spin Hall  oscillators4,5. 
There are two families of materials that are currently studied for efficient spin current sources: heavy metals 
(HMs) and topological insulators (TIs). HMs, such as  Ta6,  W7,  Pt8, and their alloys with other elements, have 
the advantages of high melting point and non-toxicity. Furthermore, some of them have been already adopted 
as buffering or lining materials in silicon Back‐End‐of‐Line (BEOL) process. Thus, these HMs, considered as 
the first-generation spin Hall materials, have been heavily studied by the industry as candidates for spin current 
sources in spintronic devices. However, the spin Hall performance of HMs is insufficient because their spin 
Hall angle θSH is usually smaller than 1. On the hand, TIs with topological surface states (TSS), such as  Bi2Se3, 
(Bi,Sb)Te3, and BiSb, have demonstrated very high θSH larger than 1 at room temperature in epitaxial TI thin 
films prepared by molecular beam  epitaxy9–11. Moreover, the high θSH is maintained even in non-epitaxial TIs 
prepared by the industry-friendly sputtering  technique12–15. Thus, TIs are very promising for magnetization 
manipulation with ultralow power consumption, and considered as the second-generation of spin Hall materi-
als. However, the observed room-temperature high θSH is so far limited to only a few chalcogenide TI materials 
with toxic elements of either Se, Sb, or Te. Furthermore, those TIs have low melting points, making them chal-
lenging for device integration during the silicon BEOL process, which usually involves high temperature up to 
400 °C. As a result, despite having very high θSH, the TI-based second-generation spin Hall materials have not 
yet been adopted by the industry as candidates for spin current sources. In recent year, the research field of the 
spin Hall effect is expanded to other topological materials beyond TIs, such as Weyl  semimetals16,17 and Dirac 
 semimetals18,19. However, the realization of a spin Hall material having both high θSH (> 1) and BEOL compat-
ibility is still challenging.

In this work, we demonstrate a spin Hall material that combines the advantage of HMs and TIs, using a half-
Heusler alloy topological semimetal (HHA-TSMs), YPtBi. We demonstrate that YPtBi can have a high θSH up to 
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4.1, rivaling that of TIs, and a high thermal budget up to 600 °C, comparable to that of HMs. We show that the 
high θSH can be explained by the spin Hall effect of TSS rather the bulk states. We then demonstrate magnetiza-
tion switching of a CoPt thin film using the giant spin Hall effect of YPtBi by current densities lower than those 
of heavy metals by one order of magnitude. Since HHA-TSM includes a group of three-element topological 
materials with great flexibility, our work opens the door to the third-generation spin Hall materials with both 
high θSH and high compatibility with the BEOL process that would be easily adopted by the industry.

Comparison between TI and HHA‑TMS
Figure 1 compares the crystal structure and the band structure of TI and HHA-TSM. Most TIs crystallize in 
the trigonal or rhombohedral lattices including two dimensional atomic sheets interacting via Vander Waal 
bonding, as schematically shown in the left panel of Fig. 1a. While this crystal structure makes it easy to grow 
high-quality TIs on many substrates, it results in low mechanical strength and low melting points that in turn 
increase the crystal grain and surface roughness, which are not favored for device integration. The schematic 
band structure of TIs is shown in the right panel of Fig. 1a, which consists of a bulk band gap and one or multi 
TSS with Dirac-like dispersion and spin-momentum locking. The large Berry phase curvature originating from 
the monopole at the Dirac cones of TSS is the key for obtaining the giant spin Hall angle in TIs. The left panel in 
Fig. 1b shows the schematic crystal structure of HHA-TSMs, which are constructed from three kinds of element 
XYZ, where X and Y are transition or rare-earth metals, and Z is the main-group element, and thus possesses 
high controllability of lattice constant and band structure via material  combination20–24. Unlike TIs, the crystal 
structure of HHA-TSMs are cubic, matching those of many ferromagnetic materials and the MgO insulating 
material typically used in realistic spintronic devices. Furthermore, HHA-TSMs have high melting points, which 
make them compatible with the BEOL process. In numerous combinations of X, Y, and Z, an inversion of the 
s-orbital band with Γ8 symmetry and the p-orbital band with Γ6 symmetry occurs around the Γ point, and then 
TSS is generated through the band topology  change25,26, as schematically shown in the right panel of Fig. 1b. An 
ideal topological HHA would have zero band gap and no Fermi surface. In reality, due to crystal defects, there 
can exist a significant number of carriers and thus non-zero Fermi surface, making topological HHA semi-metal 
rather than zero-gap insulator. Numerous works have successfully observed such a Fermi surface and TSS in 
several HHA such as LuPtBi, YPtBi, and LuPtSb using angle-resolved photoemission  spectroscopy27–30, confirm-
ing that they are HHA-TSMs. Nevertheless, there is no report on the spin Hall performance of these compounds.

Deposition and characterization of single YPtBi thin films
Here, we chose to investigate the spin Hall effect in YPtBi as a proof of concept for several reasons. First, the 
band inversion between Γ8 and Γ6 of YPtBi is among the largest as predicted from first principle  calculation20,21. 
Furthermore, this compound does not contain toxic elements, such as Pb, Th, or Sb. Finally, Y is stable in air and 
is easy to handle than other rare-earth elements, such as Lu, Ce, and La. We grew YPtBi thin films on c-sapphire 
substrate by co-sputtering multi targets (see Methods). In this section, to demonstrate the high thermal stability 
of YPtBi, we prepared two different series of samples with different substrate temperature and Ar gas pressure. 
The sample structure is  MgAl2O4 (2.0)/YPtBi (~ 50)/c-Sapphire, where the layer thicknesses are in nm. The cap 
 MgAl2O4 (2.0) layer was deposited at room temperature. Figure 2a shows the X-ray diffraction (XRD) θ–2θ 
spectra for YPtBi films deposited at different substrate temperature TS ranging from 300 to 800 °C and the Ar 
pressure of 2.0 Pa. Clear YPtBi(111) peaks were observed at TS = 300–600 °C, indicating that YPtBi is stable up to 

Figure 1.  Comparison of the crystal structure and band structure of (a) topological insulator and (b) half-
Heusler alloy topological semimetal. In the band structures, TSS indicates topological surface states.
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600 °C. The lattice constant of 6.62 Å evaluated from the peak position of YPtBi(111) is consistent with the bulk 
value of 6.64 Å31. Therefore, a strain effect on the band structure is negligibly small in our YPtBi films. Figure 2b 
shows the XRD θ–2θ spectra for YPtBi films deposited at different Ar pressure ranging from 0.3 to 2.0 Pa at 
TS = 600 °C. Peaks of YPtBi(111) were observed under the whole Ar pressure range. The inset in Fig. 2b shows 
the peak intensity IN of YPtBi(111) normalized by that at the Ar pressure of 2.0 Pa. IN increases with increasing 
Ar pressure up to 1 Pa, above which IN saturates because higher Ar pressure reduces the recoil energy of Ar 
ions which may implant into the YPtBi thin films and reduce their crystal quality. We then used X-ray fluores-
cence spectroscopy (XRF) to characterize the elemental composition of the YPtBi thin film. A representative 
XRF spectrum of the YPtBi thin film deposited at TS = 600 °C is shown in Fig. 2c. Fitting to the intensity of the 
characteristic X-ray energy of each element allows us to determine that the atomic composition Y:Pt:Bi of this 
sample is close to 1:1:1. Figure 2d shows the relative atomic composition of Bi as a function of TS. Since Bi is 
the most volatile among the three elements, this data allows us to determine whether YPtBi is stable or not at a 
particular substrate temperature. The result in Fig. 2d reveals that YPtBi is stable up to 600 °C, above which Bi 
composition significantly decreases due to desorption from YPtBi, consistent with the XRD spectra in Fig. 2a. 
These results demonstrate that YPtBi has a large thermal budget up to 600 °C, higher than the required 400 °C 
of the BEOL process. This is a significant advantage of HHA-TSMs compared with TIs.

To investigate the electric properties of YPtBi, we prepared a thinner  MgAl2O4 (2.0)/YPtBi (11.8)/c-sapphire 
stand-alone sample. We fabricated a 4-terminal Hall bar structure with size of 60 × 100 μm2 by optical lithography 
and ion-milling for electrical measurements. We obtained the charge conductivity σYPtBi of 1.5 ×  105 Ω−1  m−1, 
which is similar to that of bulk  YPtBi32. From the Hall measurement, we confirmed a large carrier density of 
7.1 ×  1022  cm−3. Figure 3a shows the temperature dependence of the resistivity ρYPtBi of this YPtBi film. We 
observed that ρYPtBi increases with lowering temperature, consistent with the semi-metallic behavior observed 
in bulk  YPtBi32. However, the change of ρYPtBi at low temperature is only 4%, which is one order of magnitude 
smaller than that (~ 50%) observed in bulk YPtBi. This can be explained by the increasing contribution of 
metallic surface conduction at small thickness. We then employ the planar Hall effect measurement to detect 

Figure 2.  Crystal structure analysis of YPtBi thin films. (a) X-ray diffraction (XRD) θ–2θ spectra of 
50 nm-thick YPtBi films deposited on c-sapphire at different substrate temperature ranging from 300 to 
800 °C and the Ar pressure of 0.2 Pa. (b) XRD θ–2θ spectra of YPtBi films deposited at different Ar pressure 
ranging from 0.3 to 2.0 Pa at the substrate temperature of 600 °C. Inset shows the peak intensity of YPtBi(111) 
normalized by that at 2.0 Pa as a function of Ar pressure. (c) X-ray fluorescence spectroscopy (XRF) of an YPtBi 
thin film deposited at 600 °C. (d) Bi composition at different substrate temperature. YPtBi is stable up to 600 °C.
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the existence of the spin-momentum locking of TSS in YPtBi. Figure 3b shows the DC planar Hall resistance 
measured at 4 K with an in-plane rotating magnetic field Hext of 8.4 kOe. Here, dots show experimental data and 
the solid curve is a fitting result  by33,

where RTSS
PHE is a planar Hall resistance originated from spin-momentum locking of TSS, Rx

OHE and Ry
OHE are an 

ordinary Hall resistance caused by the misalignment of Hext from the xy plane, φ is the azimuth angle for Hext, as 
shown in the inset. We observed a clear sin2φ planar Hall effect despite YPtBi is a non-magnetic material. Such 
a sin2φ planar Hall effect has been reported in many non-magnetic TIs with TSS crossing the Fermi  level33–36. 
Because Hext breaks the time-reversal-symmetry of TSS, back scattering increases due to selective destruction of 
spin-momentum-locking along the Hext direction, resulting in the sin2φ planar Hall  effect33. To further confirm 
this scenario, we shows in Fig. 3c the amplitude RTSS

PHE measured at various Hext, where dots are experimental 
data and the solid line is a fitting result by a quadratic function. The observed RTSS

PHE ~ Hext
2 is consistent with 

previous reports on the planar Hall effect of  TIs33–36, which provide an evidence that our YPtBi films have TSS 
crossing the Fermi level. Thus, a large spin Hall effect from the Berry phase curvature of TSS can be expected.

Charge‑to‑spin conversion efficiency of YPtBi
We now investigate the spin Hall angle θSH of YPtBi in three samples with different σYPtBi of 0.38, 1.2, and 1.5 ×  105 
Ω−1  m−1 (referred below as sample A, B, C). We prepared multilayers of  MgAl2O4 (2.0)/Pt (0.5)/Co (tCo)/Pt (0.5)/
YPtBi (tYPtBi)/c-sapphire, as shown in Fig. 4a. The YPtBi layers were deposited by co-sputtering YPt and Bi targets. 
The Pt/Co/Pt ferromagnetic multilayers have perpendicular magnetic anisotropy (PMA), and referred below 
as CoPt for short. Here, the parasitic spin Hall effect from the Pt layers is negligible because the Pt thickness 
of 0.5 nm is few times to one magnitude thinner than the typical spin relaxation length of Pt, and the Pt/Co/Pt 
stack is  symmetric14,37–39. The thickness of the Co layer tCo is 0.5 nm for sample A and B, and 0.8 nm for sample 
C. The YPtBi layer thickness tYPtBi for sample A, B, and C is 9.3, 11.5 and 11.8, respectively, as measured by X-ray 
reflectivity for stand-alone YPtBi thin films deposited at the same conditions. After the deposition, these film 
stacks were patterned into 25 × 50 μm2 Hall bar devices for transport measurements. Figure 4b,c show the DC 
anomalous Hall resistance for sample A measured at room temperature with Hext applied along the z-direction 
and x + 2°-direction. Strong perpendicular magnetic anisotropy (PMA) with the effective perpendicular magnetic 
anisotropy field Heff

k  of 6.1 kOe indicates that YPtBi can provide a very flat interface, which is an advantageous 
feature of YBiPt compared with TIs for use in SOT devices. By tuning the growth condition, we can obtain atomi-
cally flat surface of YPtBi with the surface roughness of 2.4 Å, i.e. less than one atomic layer (see Supplementary 
Information), which is surprising given that the YPtBi thickness is ~ 10 nm. This flat surface helps induce a large 
PMA of the Pt/Co/Pt stack on top. For comparison, the surface roughness of 10 nm-thick BiSb TI deposited on 
c-plane sapphire is 6 Å, and it is very difficult to obtain PMA for Pt/Co/Pt on top of BiSb due the large surface 
roughness. Quantitative evaluation of θSH in sample A was carried out by using the high-field second harmonic 
technique at room temperature with alternating currents at 259.68 Hz. In the case of PMA, the second harmonic 
Hall resistance R2ω

xy  measured at Hext higher than Heff
k  applied along the x-direction is given  by40, 41,

where HDL is the antidamping-like field, HFL+OF is the sum of the field-like and Oersted field, RAHE is the anoma-
lous Hall resistance, RPHE is the planar Hall resistance, αONE is a coefficient reflecting contribution from the 
ordinary Nernst effect, and RANE+SSE is a constant reflecting contribution from the anomalous Nernst effect and 

(1)RDC
xy = RTSS

PHEsin2φ + Rx
OHEcosφ + R

y
OHEsinφ,

(2)R2ω
xy =

RAHE

2

HDL

|Hext| −Heff
k

+ RPHE
HFL+OF

|Hext|
+ αONE|Hext| + RANE+SSE,

Figure 3.  (a) Temperature dependence of the resistivity of a 11.8 nm-thick YPtBi film. (b) Planar Hall 
resistance measured with an in-plane rotating Hext of 8.4 kOe measured at 4 K, where dots are experimental 
data and the solid curve is a fitting given by Eq. (1). Inset shows the coordination system and definition for 
the azimuth angle ϕ of Hext. The sin2ϕ dependence of the Hall resistance originates from the spin-momentum 
locking of TSS. (c) Amplitude of the sin2ϕ planar Hall resistance as a function of Hext, which increases as Hext

2, 
similar to those observed in TIs.



5

Vol.:(0123456789)

Scientific Reports |         (2022) 12:2426  | https://doi.org/10.1038/s41598-022-06325-1

www.nature.com/scientificreports/

the spin Seebeck effect. Here, fitting parameters are HDL, Heff
k  , HFL+OF, αONE, and RANE+SSE that can be determined 

uniquely, according to linear algebra. We note that this high-field second harmonic technique can distinguish 
the SOT effect from the thermal effects thanks to their different Hext-dependence, while it is difficult to do so 
for the low-field second harmonic technique where the SOT and thermal effects have the same linear Hext-
dependence. Representative high-field second harmonics data and the corresponding fitting for sample A at 
bias currents of 1.0 to 3.4 mA are shown in Fig. 4d, where the dots and solid curves are the experimental data 
and fitting using Eq. (2), respectively. Figure 4e shows the relationship between the extracted values of HDL and 
the current density in the YPtBi layer JYPtBi for sample A. Then, the effective spin Hall angle θ effSH was calculated 
from the slope of HDL/JYPtBi by,

where e is the electron charge, � is the Dirac constant, MS = 633 emu/cc is the saturation magnetization of the 
CoPt layer measured by a superconducting quantum interference device (SQUID), and tCoPt = 1.5 nm is the thick-
ness of the CoPt layer. Thanks to the contribution of TSS, large θ effSH of 1.3 was observed in sample A. Furthermore, 
our fittings to high-field second harmonic data indicate that the thermal contribution is negligible in sample A, 
thus the low-field second harmonic  technique40 can also be used to double check the value of θ effSH , which indeed 
confirms θ effSH = 1.3 (see Supplementary Information). This large θ effSH is comparable with those reported in TIs such 
as  Bi2Se3 and (BiSb)2Te3

9,10, and larger than that of topological Weyl  semimetals16,17. (For a sample E consisting of 
an YPtBi layer with the same conductivity but deposited by co-sputtering Y, Pt, and Bi target, θ effSH is even larger, 
reaching 1.6 as shown in the next section).

We then investigate the spin Hall effect in sample B and C with higher σYPtBi of 1.2 and 1.5 ×  105 Ω−1  m−1, 
respectively. In sample B, Heff

k  is as strong as 7.4 kOe for that we cannot obtain enough high-field second har-
monic data for fitting. To overcome this problem, we employed the angle-resolved second harmonic technique 
to separate the contribution from SOT and thermal  effects42,43, from which we obtained θ effSH = 0.9 ± 0.2 in sample 
B (see Supplementary Information). For the sample C with higher σYPtBi of 1.5 ×  105 Ω−1  m−1 than that of sam-
ple B, we reduced Heff

k  to 6.1 kOe by increasing the Co thickness to 0.8 nm and evaluated θ effSH by the high-field 

(3)θ effSH =
2eMStCoPt

�

HDL

JYPtBi
,

Figure 4.  (a) Schematic illustration of sample structure for spin Hall effect measurements, where layer 
thicknesses are in nm. (b,c) DC anomalous Hall resistance for sample A (σYPtBi = 0.38 ×  105 Ω−1  m−1 and 
tCo = 0.5 nm) measured with Hext applied along the z-direction and the x + 2°-direction, respectively. (d) Second 
harmonic Hall resistance of sample A measured with Hext applied along the x-direction and an AC current 
ranging from 1.0 to 3.4 mA, where dots are experimental data and solid curves show fitting results given by 
Eq. (2). (e) Antidamping-like field HDL as a function of the current density in the YPtBi layer. (f) Relationship 
between the effective spin Hall angle and the conductivity of the YPtBi layer observed in sample A, sample B 
(σYPtBi = 1.2 ×  105 Ω−1  m−1 and tCo = 0.5 nm), sample C (σYPtBi = 1.5 ×  105 Ω−1  m−1 and tCo = 0.8 nm), and sample 
E (σYPtBi = 0.39 ×  105 Ω−1  m−1 and tCo = 0.5 nm). Inset shows the thickness dependence of the effective spin Hall 
angle in another series of samples. Sample D (σYPtBi = 2.0 ×  105 Ω−1  m−1 and tCo = 0.5 nm) is a representative 
sample in this series.
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second harmonic technique, which yields θ effSH = 0.64 (see Supplementary Information). Figure 4f summarizes 
the θ effSH − σYPtBi relation for each sample. Here, θ effSH for sample E which is discussed in the next section is also 
plotted. We model the spin Hall angle by considering the contribution from a TSS spin Hall conductivity σTSS

SH  
and a bulk spin Hall conductivity σB

SH,

Thus, θ effSH~σTSS
SH /σYPtBi if TSS dominates the spin Hall effect, and θ effSH~σB

SH/σYPtBi if otherwise. Regardless of 
which dominates, because the spin Hall conductivity is constant in the moderately dirty regime with the domi-
nating Berry phase  mechanism44,45, θ effSH is inversely proportional to σYPtBi. The red solid curve in Fig. 4f is a fitting 
result of the θ effSH − σYPtBi relation by Eq. (4), which reasonably agrees with the experimental results and indicates 
that the spin Hall effect in YPtBi is indeed governed by the Berry phase.

In order to see which of σTSS
SH  or σB

SH dominates the spin Hall effect, we studied the YPtBi thickness depend-
ence of θ effSH in another series of samples with structure of Ta (1.0)/MgAl2O4 (2.0)/Pt (0.8)/Co (0.5)/Pt (0.8)/YPtBi 
(tYPtBi)/c-sapphire, whose tYPtBi = 4, 6, 8, 10, 20 nm. The YPtBi layers in this series were deposited by co-sputtering 
Y, Pt, and Bi targets. A representative sample D with tYPtBi = 10 nm and high σYPtBi = 2.0 ×  105 Ω−1  m−1 shows θ effSH 
= 0.12 (see Supplementary Information). The inset in Fig. 4f shows the thickness dependence of θ effSH in this series, 
where the dots and solid line indicate the experimental data and fitting result by Eq. (4). At tYPtBi ≥ 8 nm, Eq. (4) 
explains the experimental results very well. At tYPtBi < 8 nm, θ effSH rapidly decreases to below that expected from 
the Eq. (4). Notably, θ effSH reaches 0 at tYPtBi = 4 nm. This behavior cannot be explained by the bulk spin Hall effect, 
whose thickness dependence should follow θ effSH = θBSH

[

1− sech
(

tYPtBi
�S

)]

 , which means θ effSH = θBSH at tYPtBi ≫ λS 

and θ effSH = 1
2θ

B
SH

(

tYPtBi
�S

)2
 at tYPtBi ≪ λS, where λS is the spin diffusion length. Thus, the bulk θ effSH should approach 

zero only at tYPtBi = 0 nm. Meanwhile, if θ effSH is governed TSS, the observed rapid decrease and disappearance of 
θ effSH at tYPtBi = 4 nm can be explained by destruction of TSS due to interference of TSS on the top and bottom 
surface of YPtBi, a phenomenon well known in  TIs46. Thus, our results indicate that the spin Hall effect in YPtBi 
is dominated by the intrinsic mechanism (Berry phase) from TSS.

Magnetization switching by ultralow DC and pulse currents
To demonstrate the magnetization switching by the SOT effect generated by YPtBi, we prepared a stack of Ta 
(1.0)/MgAl2O4 (2.0)/Pt (0.8)/Co (0.5)/Pt (0.8)/YPtBi (11.3)/c-sapphire (sample E). We fabricated a Hall bar 
device with size of 10 × 60 μm2 of this stack for current-induced magnetization switching. In sample E, the CoPt 
layer has Heff

k  of 3.4 kOe. σYPtBi was tuned to 0.39 ×  105 Ω−1  m−1 to maximize θ effSH , which is estimated to be 1.6 
from high-field second harmonic data (see Supplementary Information). Figure 5a shows the SOT magnetiza-
tion switching loops at room temperature by DC currents under an in-plane bias magnetic field Hext (− 1.4 to 1.4 
kOe) applied along the x-direction. The switching polarity was reversed when Hext with opposite direction was 
applied, indicating the switching was governed by SOT. Furthermore, the observed switching direction shows 
that the spin Hall angle of YPtBi has the same polarity with that of  Pt47, and is similar to that of other Bi-based 
 TIs9–11. Figure 5b shows the threshold current density JYPtBith  as a function of Hext. Low JYPtBith  on the order of  105 
 Acm−2 was achieved for entire Hext. Figure 5c shows the full SOT switching loops by pulse currents with various 
pulse width τ from 50 μs to 10 ms under Hext of 0.5 kOe applied along the x-direction. Figure 5d shows JYPtBith  as 
a function of τ. For a reasonable benchmarking, we note that the switching current density in 10 × 60 μm2 Hall 
bar of Pt (3)/[Co(0.4)/Pt(0.4)]n stacks is 3.2 ×  107, 4.6 ×  107, and 5.4 ×  107  Acm−2 at the pulse width of 100 ms for 
n = 1, 2, 4,  respectively48. Thus, the switching current density in YPtBi is one order of magnitude lower than that 
of Pt, demonstrating that YPtBi is as efficient as TIs.

We then fit JYPtBith  by the thermal fluctuation  model49,50,

where JYPtBith0  is the threshold current density for YPtBi layer at 0 K, � is the thermal stability factor, and 1/τ0 
(10 GHz) is the attempt frequency associated with the precession frequency of a magnetization. From the fitting, 
we obtained � = 39 and JYPtBith0  = 1.8 ×  106 A  cm−2. � is similar to that of CoFeB/MgO in perpendicular magnetic 
tunnel junctions with diameter of 20–30 nm. Finally, to demonstrate robust SOT switching using YPtBi, we 
applied a sequence of 105 pulses with JYPtBi of 1.7 MA/cm2 and τ of 50 μs, as shown in Fig. 6a. Figure 6b shows 
the Hall resistance data measured for a total of 210 pulses under the bias field of Hext =  ± 0.5 kOe. We observed 
very robust SOT switching by YPtBi, indicating that the spin Hall characteristics of YPtBi were unchanged dur-
ing the pulse sequences.

Further improvement of spin Hall angle
In this section, we demonstrate the improvement of θ effSH in YPtBi by improving the spin transparency at the 
YPtBi interface. In previous sections, we have inserted an interfacial Pt layer between the YPtBi and Co layers to 
make the Pt/Co/Pt structure symmetric and to enhance the interfacial PMA between Co and Pt. However, spin 
dissipation can occur in the interfacial Pt layer and reduces the effective spin Hall angle of YPtBi. To eliminate 
this spin dissipation, we prepared a stack of Ta (1.0)/MgAl2O4 (2.0)/Pt (0.8)/Co (0.5)/YPtBi (10)/c-sapphire 
(sample F). Figure 7a,b show the DC anomalous Hall resistance of sample F measured at room temperature 
with Hext applied along the z-direction and x + 2°-direction. Despite there is no Pt interfacial layer, we obtained 
PMA with Heff

k  = 4.6 kOe as shown in Fig. 7b, which is larger than that of sample E ( Heff
k  = 3.4 kOe), thanks to 

(4)θ effSH=
σTSS
SH + σB

SH

σYPtBi

(5)JYPtBith = JYPtBith0

[

1−
1

�
ln

(

τ

τ0

)]

,
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Figure 5.  Ultralow current-induced magnetization switching in sample E (σYPtBi = 0.39 ×  105 Ω−1  m−1 and 
tCo = 0.5 nm). (a) SOT magnetization switching by DC currents with various in-plane Hext (− 1.4 to 1.4 kOe) 
applied along the x-direction. (b) Threshold switching current density in YPtBi as a function of Hext. (c) SOT 
magnetization switching by pulse currents with various pulse width ranging from 50 μs to 10 ms and Hext of 0.5 
kOe. (d) Threshold switching current density in YPtBi as a function of pulse width, where dots are experimental 
data and solid lines show fitting results given by Eq. (5).

Figure 6.  Robust SOT magnetization switching by YPtBi in sample E. (a) Sequence of 105 pulses with the 
current density in YPtB of 1.7 ×  106  Acm−2 and the pulse width of 50 μs. (b) Hall resistance data measured for a 
total of 210 pulses under a bias field of ± 0.5 kOe.
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the flat surface of the YPtBi layer. Figure 7c shows the high-field second harmonics data and the corresponding 
fitting for sample F at bias currents of 1.8 to 3.8 mA, where the dots and solid curves are the experimental data 
and fitting using Eq. (2), respectively. Figure 7d shows the relationship between the extracted values of HDL and 
JYPtBi for sample F. From the slope HDL/JYPtBi, MS = 443 emu/cc and tCoPt = 1.3 nm, we obtain θ effSH = 4.1 for sample 
F, which is not only 2.6 times larger than that in sample E but also larger than that of several conventional TIs 
such as  Bi2Se3, (BiSb)2Te3, and  BixTe1-x

9, 10,12. Note that, the improvement factor of 2.6 cannot be explained only 
by the elimination of spin dissipation in the Pt interfacial layer, which is given by sech

(

tPt/�
Pt
S

)

 = 0.78, where 
tPt and �PtS  of 1.1 nm are thickness and spin diffusion length for Pt, respectively. This result indicates that addi-
tional spin dissipation due to other mechanisms at the interface between the YPtBi and Co layers, such as spin 
memory  loss51,52 and spin back  flow53, is also smaller than those between YPtBi and Pt. Figure 7e,f show the SOT 
magnetization switching loops at room temperature by DC currents under an in-plane bias magnetic field Hext 
of 0.18 and − 0.18 kOe applied along the x-direction, respectively. The switching polarity in Fig. 7e,f is similar to 
that of sample E, but opposite to what expected from the spin Hall effect of the top Pt layer, indicating that the 
observed SOT switching is governed by the spin Hall effect of YPtBi.

Discussion
We have demonstrated a proof of concept that by using a HHA-TSM, we can combine the advantage of the high 
spin Hall performance of TIs ( θ effSH> 1) and the high thermal stability (> 400 °C) of HMs, which make it much 
easier for industrial adoption than the case of TIs. Our results open the door to the third-generation spin Hall 
materials with both high θSH and high compatibility with the BEOL process. Since HHA-TSMs include a group 
of three-element topological materials with great flexibility for material choice, we call for further investigation 
of the spin Hall performance of this family. Indeed, first principle calculations have suggested at least ten mate-
rials in this  group20,21. Although the YPtBi thin films in our work were deposited using multi target sputtering, 
bulk single crystal of some bismuthides, such as HoPdBi, LuPdBi, LuPtBi, YPtBi, GdPdBi, and DyPdBi have 
been synthesized by the Bi-flux  technique32, indicating that it is possible to make large single crystal targets of 
HHA-TSM for mass production. Contrasting to the case of TIs, we found that there is no obvious physical nor 
technical difficulty for HHA-TSMs to be used in realistic spintronic applications.

Figure 7.  (a,b) DC anomalous Hall resistance in sample F (σYPtBi = 0.36 ×  105 Ω−1  m−1 and tCo = 0.5 nm) 
measured with Hext applied along the z-direction and the x + 2°-direction, respectively. (c) Second harmonic 
Hall resistance of sample F measured with Hext applied along the x-direction and an AC current ranging from 
1.8 to 3.8 mA, where dots are experimental data and solid curves show fitting results given by Eq. (2). (d) 
Antidamping-like field HDL as a function of the current density in the YPtBi layer. (e,f) SOT magnetization 
switching by DC currents with in-plane Hext of 0.18 and − 0.18 kOe applied along the x-direction, respectively.
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Method
Material growth. We deposited YPtBi on c-sapphire substrates by co-sputtering multi targets (stoichiomet-
ric YPt alloy and Bi for sample A-C, and Y, Pt, Bi for sample D and E). The sputtering condition (Ar pressure, 
substrate temperature, power, etc.) was tuned to change the conductivity of YPtBi. The Co, Pt,  MgAl2O4, and Ta 
layers were deposited on top of YPtBi at room temperature without breaking the vacuum.

Device fabrication. The samples were patterned into Hall bar structures with 180 μm-long × 60 μm-wide 
for DC planar Hall measurements, 90  μm-long × 25  μm-wide for second harmonic measurements, and 
140 μm-long × 10 μm-wide for magnetization switching measurements by optical lithography and ion-milling 
techniques. A 50 nm-thick Ta and a 6 nm-thick Pt were deposited as electrodes by sputtering technique at room 
temperature, which reduces the effective length of the devices to 80 μm for DC planar Hall measurements, 50 μm 
for second harmonic measurements and 60 μm for magnetization switching measurements.

Transport measurements. The samples were mounted inside a vacuumed cryostat equipped with an elec-
tromagnet. For the DC planar Hall measurements, a Keithley 2400 Sourcemeter was used as the current source, 
and the Hall voltage was measured by using a Keithley 2002 Multimeter. For the second harmonic measure-
ments, a NF LI5650 lock-in amplifier was employed to detect the first and the second harmonic Hall voltages 
under sine wave excitation generated by a Keithley 6221 AC/DC current source. For the DC (pulse) current-
induced SOT magnetization switching, a Keithley 2400 SourceMeter (6221 AC/DC current source) was used, 
and the Hall signal was measured by a Keithley 2182A NanoVoltmeter. All experiments were performed at room 
temperature.

Data availability
The data that support this study results are available from the corresponding author upon reasonable request.
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