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Large out-of-plane spin–orbit torque in
topological Weyl semimetal TaIrTe4

Lakhan Bainsla 1,2 , Bing Zhao 1, Nilamani Behera 3, Anamul Md. Hoque 1,
Lars Sjöström 1, Anna Martinelli4, Mahmoud Abdel-Hafiez 5,6,
Johan Åkerman 3,7,8 & Saroj P. Dash 1,9,10

The unique electronic properties of topological quantum materials, such as
protected surface states and exotic quasiparticles, can provide an out-of-plane
spin-polarized current needed for external field-free magnetization switching
of magnets with perpendicular magnetic anisotropy. Conventional spin–orbit
torque (SOT) materials provide only an in-plane spin-polarized current, and
recently explored materials with lower crystal symmetries provide very low
out-of-plane spin-polarized current components, which are not suitable for
energy-efficient SOT applications. Here, we demonstrate a large out-of-plane
damping-like SOT at room temperature using the topological Weyl semimetal
candidate TaIrTe4 with a lower crystal symmetry. We performed spin–torque
ferromagnetic resonance (STFMR) and second harmonic Hall measurements
on devices based on TaIrTe4/Ni80Fe20 heterostructures and observed a large
out-of-plane damping-like SOT efficiency. The out-of-plane spin Hall con-
ductivity is estimated to be (4.05 ±0.23)×104 (ℏ ⁄ 2e) (Ωm)−1, which is an order
of magnitude higher than the reported values in other materials.

Spin–orbit torque (SOT), utilizing the charge-to-spin conversion in a
high spin–orbit coupling material (SOM) to create magnetization
dynamics in an adjacent ferromagnet (FM), is expected to provide a
breakthrough for next-generation memory and logic technologies1,2.
SOT-basedmemorydevices have thepotential to challenge thedevices
based on spin-transfer torque, but the use of conventional SOMs leads
to moderate efficiency. Furthermore, as the component of torque lies
in-plane in conventional SOMs such as Pt and Ta, they are only suitable
for deterministic switching of in-plane magnets1–4. However, for ther-
mally stable high-density memory technologies, the industry requires
magnets with perpendicular magnetic anisotropy (PMA), where addi-
tional measures, such as magnetic field assistance, will be required for

deterministic switching. The first nontrivial requirement for a practical
SOT memory technology is therefore the field-free deterministic SOT
switching of FMs with PMA2.

To achieve this, SOMs with lower crystal symmetry are needed to
generate out-of-plane damping-like torque components suitable for
switching PMA ferromagnets. In contrast to conventional SOT, with a
torque vector perpendicular to the plane of the electron’s motion and
the electric field, unconventional SOT produces a tilted torque vector.
Recent experiments demonstrated that van der Waals SOMs with
reduced crystal symmetry, such as WTe2 in heterostructure with FMs,
allow the generation of a nontrivial current-induced spin polarization
with out-of-plane SOT symmetries5–10. More recently, field-free SOT
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switching has been reported using WTe2/Fe3GeTe2 heterostructures
induced by out-of-plane SOT from WTe2

5,7,11,12. However, the out-of-
plane SOT strengths obtained using materials such as WTe2, MoTe2,
NbSe2, Mn2Au, MnPd3, IrO2, etc. are an order of magnitude smaller
than the conventional in-plane SOT component, making it challenging
to realize energy-efficient SOT devices5–9,11–21. Therefore, it is crucial to
discover newmaterials that exhibit large out-of-plane spinpolarization
and SOT components.

The topological Weyl semimetal candidate TaIrTe4 has gained
significant attention as it shows the presence of bulk Weyl nodes and
Fermi-arc surface states, which are unique band crossings in
momentum space and useful spin textures that can give a variety of
unusual electronic and charge-to-spin conversion properties22–26. The
combination of topological spin textures and lower crystal symmetry
hence makes TaIrTe4 a promising candidate for energy-efficient SOT
devices. Here, using spin–torque ferromagnetic resonance (STFMR)
and second harmonic measurements3,27 in TaIrTe4/Ni80Fe20
heterostructures3,27–29, we show a significant out-of-plane damping-like
torque and a substantial out-of-plane spin Hall conductivity at room
temperature.

Results and discussion
TaIrTe4 is a promising topologicalWeyl semimetal candidate due to its
large spin–orbit coupling and broken crystal symmetry, exhibiting
unique chiral spin textures of electronic bands for bulkWeyl nodes and
Fermi-arc surface states30. TaIrTe4 hosts only four type-II Weyl nodes
providing the simplestmodel systemwith broken inversion symmetry.

Additionally, the lower crystal symmetry of the Td-TaIrTe4 structure
with space group Pmn21 (Fig. 1a), can provide unconventional
charge–spin conversion due to the presence of topologically non-
trivial electronic states. The crystallographic alignment of the pat-
terneddevices is confirmedbyperforming angle-dependent, polarized
Raman spectroscopy. Representative polarized Raman spectra are
shown in Fig. 1b, the angle dependence is consistent with the one
previously reported for Td-phase TaIrTe4

31. The polar plot shown in
Fig. 1c shows the integrated intensity of the Ag(A1) Raman mode at a
wavenumber of 147 cm-1. The intensity of this vibrationalmode reaches
a maximum when the laser polarization is parallel to the a-axis. These
properties can result in the emergence of current-induced spin
polarization that does not strictly follow the orthogonal relation
between the charge current (IC), spin current (IS), and spin polarization
(S) orientation as shown in Fig. 1d. The generation of an out-of-plane
spin polarization can induce an out-of-plane SOT on the adjacent fer-
romagnet. In contrast to conventional in-plane SOT, which applies
torque parallel to the device plane, the out-of-plane SOT can more
efficiently manipulate magnetic moments with perpendicular com-
ponents for high-density integration.

In this study, we focus on the unconventional charge-to-spin
conversion in TaIrTe4, particularly the generation of out-of-plane
damping-like SOT components. STFMR measurements are performed
at room temperature to investigate the SOT in TaIrTe4/Ni80Fe20
bilayers. Ni80Fe20 is also known aspermalloy (Py). The schematic of the
STFMR measurement setup is shown in Fig. 1e. The STFMR microbars
were fabricated using electron-beam lithography and argon ion

Fig. 1 | Crystal structure, the origin of unconventional spin–orbit torque, and
schematic of the spin–torque ferromagnetic resonance (STFMR)measurement
set-up with device geometry. a Crystal structure of Td-TaIrTe4 showing lower
crystal symmetry withmirror plane along a-axis only.bAngle-dependent, polarized
Raman spectra of TaIrTe4 obtainedby rotating thepolarization of the incident laser
with respect to the sample thatwasfixed inposition. cThe representative polarplot
of the angle-dependent intensity of Ag (A1) mode at ~147 cm-1 reveals a maximum
value when laser polarization is aligned along the a-axis. d Conventional and
unconventional SOT mechanisms in higher and lower crystalline symmetry

materials. In high-symmetry materials, charge current IC, spin current IS and spin
polarization S (here Sy) follow the conventional orthogonality relation (1st diagram),
while one can generate unconventional out-of-plane spin currents in lower sym-
metrymaterials where IC, IS and spin polarization S do not follow the orthogonality
relation as spin polarization also has a z-component (Sz) (see 2nd diagram; shown by
removing My mirror plane). e Schematic of the spin–torque ferromagnetic reso-
nance (STFMR) measurement set-up with TaIrTe4/Ni80Fe20 heterostructure device
geometry. Scale bar is 50 μm for the device image, inset shows the magnified view
of the microbar device.
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milling. The devices were fabricated along the longer axis of the
TaIrTe4 flakes, which is the a-axis in this class of materials9,22,26.

In STFMRmeasurements, an in-plane radio frequency current Irf is
applied along the a-axis of TaIrTe4while an in-planemagneticfieldHa is
applied at an angle ϕ concerning the Irf, as shown in Fig. 2a. Irf in
TaIrTe4 generates a spin current in the z-direction, which is injected
into the adjacent Py layer and excites the Py into a processional
motion. Thanks to its anisotropic magnetoresistance (AMR), the
resistance of Py oscillates with the same frequency as that of Irf, and
produces a dc mixing voltage Vmix, which is then measured using a
lock-in amplifier. AMR is measured for a TaIrTe4(133 nm)/Py(6 nm)
device, and a value of 0.11% is obtained as shown in Fig. 2b and in
Supplementary Fig. 2 for other devices. Figure 2c shows the repre-
sentative STFMR signals Vmix for the TaIrTe4(133 nm)/Py(6 nm) device
at room temperature. The obtained Vmix signal is then fitted using the
equation3,32,

Vmix = SFS Ha

� �
+AFA Ha

� � ð1Þ

where, FS Ha

� �
= ΔH2

ΔH2 + Ha�HRð Þ2
� � and FA Ha

� �
= FS Ha

� � Ha�HRð Þ
ΔH

h i
are

symmetric and antisymmetric Lorentzian functions, respectively. S
andA are the amplitudes of the symmetric FS and the antisymmetric FA
signals and are proportional to the current-induced in-plane torque
(τk) and out-of-plane torque (τ?), respectively. Here, Ha, ΔH, and HR

refer to the applied external magnetic field, the ferromagnetic
resonance linewidth, and the ferromagnetic resonance field, respec-
tively. HR and ΔH are extracted and the effective magnetization of the
Py layer, μ0Meff., is determined by fitting f vs. HR to the Kittel equation,

f = γ
2π

� �
μ0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
HR � Hk

� �
HR � Hk +Mef f

� �r
. The effective Gilbert damp-

ing constant α is obtained by a linear fit of ΔH vs. f using

ΔH =ΔH0 +
2παfð Þ
γ

33. The values for μ0Meff and α for the TaIrTe4
(90 nm)/Py (6 nm) device are given in Figs. 3a and b, respectively.
The μ0Meff and α values for Py, using different thicknesses of TaIrTe4,
are given in Supplementary Fig. 3. The obtained values of the μ0Meff.

and α are comparable to literature values for Py~5 nm films34,35.

The strengths of the current-induced torques for different ϕ
values are related to the symmetries of the device. For example, in
conventional Pt/Py bilayers, the two-fold rotational symmetry requires
that the SOT changes sign when the magnetization is rotated 180° in-
plane,which results in the sign reversal ofVmixwhile retaining the same
amplitude5. STFMRmeasurementswith positive (ϕ = 40°) andnegative
(ϕ = 220°) applied fields were performed on the TaIrTe4/Py devices,
and a clear change in both amplitude and shape are obtained as shown
in Fig. 2d for the TaIrTe4(133 nm)/Py(6 nm) device, in the frequency
range of 5-7GHz. The Vmix signal is then fitted with Eq. (1) and the
symmetric and antisymmetric components are obtained,which showa
large change in amplitude in Fig. 2e for the TaIrTe4(133 nm)/Py(6 nm)

Fig. 2 | Unconventional charge–spin conversion in TaIrTe4. a Schematic of the
TaIrTe4/Py heterostructurewith SOT components, where Irf and Idc are the in-plane
applied radio frequency and direct current, respectively.Ha appliedmagnetic field,
Mmagnetization of the sample, andϕ is the in-plane angle between applied current
and magnetic field. τk and τ? are the in-plane and out-of-plane component of the
damping-like torque. b Anisotropic magnetoresistance curve with an applied
magnetic field of 100mT and dc current of 0.6mA. c Frequency-dependent STFMR
spectra with in-plane magnetic field angle ϕ = 40° for a frequency range of 4-
14 GHz. d, STFMR spectra with positive (ϕ = 40°) and negative (ϕ = 220°) applied

magnetic field in the frequency range of 5–7GHz. e, f The experimental STFMR
curves (Exp. Vmix), fitted curves using Eq. (1) (fitted Vmix), symmetric (SFS) and
antisymmetric (AFA) contributions in the Vmix (fitted) at 5 GHz for devices fabri-
cated along a and b-axis respectively. In c, e, and f solid symbols represent the
experimental STFMR data and solid lines are fit to the obtained data using Eq. (1).
For b–e measurements are performed in the TaIrTe4(133 nm)/Py(6nm) device
fabricated along a-axis, while for fmeasurements are performed in TaIrTe4(30 nm)/
Py(6 nm) device fabricated along b-axis.
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device at 5 GHz. It directly indicates that the SOT is affected by the
reduced symmetry of the TaIrTe4 layer and in particular the amplitude
difference of the antisymmetric part indicates the clear presence of
out-of-plane damping-like torque τ?. The change in amplitude for the
symmetric part is also observed for the device measured in Fig. 2e,
which indicates the presence of out-of-plane field-like torque in the
system36,37 but it was absent in devices with other thicknesses. The
STFMR measurements were also performed on the devices fabricated
along the b-axis (current flows along the b-axis) of TaIrTe4, the
representative curves are shown in Fig. 2f. The amplitude of Vmix is
almost constant in the devices along the b-axis, which confirms that
the reduced crystal symmetry along a-axis helps to generate out-of-
plane damping-like SOT.

The charge-to-spin conversion efficiency for in-plane (σy) and out-
of-plane spin (σz) is evaluated using the symmetric and antisymmetric
amplitudes obtainedwith both positive and negative appliedmagnetic
field Ha at a fixed value of ϕ (see Supplementary Note 1 for analysis
details)3,7,38. The evaluated in-plane damping-like torque (ξDL,y) and
out-of-plane damping-like torque (ξDL,z) efficiencies for
TaIrTe4(133 nm)/Py(6 nm) and TaIrTe4(20 nm)/Py(6 nm) devices are
plotted in Supplementary Fig. 4, which show enhancement in SOT
efficiency as the Irf frequency is increased. Such a frequency-
dependent SOT efficiency has previously been observed in the
WTe2 /NiFe system7. ξDL,z varies from 1 to 2.19, while ξDL,y varies from
0.36 to 0.63 for a frequency range of 5 to 10GHz. However, as SOT
efficiency evaluation using lineshape analysis can be affected by arti-
fact voltages contributing towards Vmix

32,39,40, we use these analyses to
primarily gain a qualitative sense of the in-plane and out-of-plane
damping-like SOT components, and then use the more reliable
method of dc bias linewidth modulation and angular STFMR data for
SOT evaluation, as discussed below.

To more accurately characterize the SOT efficiency, dc bias-
dependent STFMR measurements are done to estimate the effective
damping-like torque efficiency3,32,41, and representative curves for dif-
ferent values ofdc current (Idc) for TaIrTe4(90 nm)/Py(6 nm) are shown
in Fig. 3c. The resonance linewidht, ΔH, is subsequently extracted for
different Idc values, and Fig. 3d, e show the resulting ΔH vs. Idc plots for
STFMR devices with TaIrTe4(90 nm)/Py(6 nm) and TaIrTe4(64 nm)/

Py(5 nm), respectively. The slope [δΔH/δ(Idc)] of linearly fitted ΔH vs Idc
data indicates the strength of damping-like SOT, and we extract3,29,32,41,

ξef fDL =
2e
_

Ha +0:5Mef f

� �
μ0MStFM

sinϕ
γ

2πf
δΔH

δ Idc,TaIrTe4
� �AC

ð2Þ

with ϕ the azimuthal angle between Idc and μ0Ha,MS = 6.4×105A/m the
saturation magnetization of the Py layer3,42, tFM the thickness of the Py
layer, γ

2π the effective gyromagnetic ratio of Py, e the elementary
charge, ℏ the reduced Planck’s constant, Idc,TaIrTe4 the current in the
TaIrTe4 layer, and AC the cross-sectional area of the STFMRmicrobars.
The Idc,TaIrTe4 value is estimated by using the measured resistance of
the device and the known resistance of the Py layer (RPy = 329 Ω)34,35.
The effective damping-like torque efficiencies of 0.98 ±0.21 and
1.18 ± 0.54 are obtained for TaIrTe4 devices of 64, and 90nm
thicknesses, respectively. The effective spin Hall conductivity
(σSHC = σcξ

ef f
DL ) values are evaluated to be (7.31 ± 3.30)×104 (ℏ/2e)

(Ωm)-1, (1.91 ± 0.42)×104 (ℏ/2e) (Ωm)-1, and (−12.86 ± 3.68) × 104 (ℏ/2e)
(Ωm)-1 for TaIrTe4 device of 90, 64, and 20 nm (see the data in
Supplementary Fig. 5), respectively, using the electrical conductivity
(σc) values given in Supplementary Table 2 (obtained using the
electrical conductivity of Py layer, σPy = 21:3× 10

5Ω�1m�1). The
obtained electrical conductivity values for TaIrTe4 are in close
agreement with the earlier reports23,26.

As the amplitude of Vmix changes significantly with the sign of
applied magnetic field in most of the devices (when ϕ is varied from
40° to 220°). This behavior of Vmix with ϕ indicates the presence of
unconventional out-of-plane SOT in this system. To analyze this phe-
nomenon in more detail, we performed angle-dependent STFMR
measurements, where representative curves for sample
TaIrTe4(120 nm)/Py(6 nm) are shown in Fig. 4a. The S and A values are
extracted for different ϕ values and their angular dependence is
plotted in Fig. 4b, c, respectively. In general, the spin current that
generates torque has components along all three x, y and z axes, thus

Fig. 3 | Evaluation of effective spin-orbit torque efficiency from dc bias
dependence STFMRmeasurements. a, b Ferromagnetic resonance frequency f vs.
resonance field HR and ferromagnetic resonance linewidth ΔH vs. f for
TaIrTe4(90nm)/Py(6 nm) device, respectively. c, STFMR curves with different
values of dc current (Idc) at 8 GHz, and d, ΔH vs. Idc for TaIrTe4 (90 nm)/Py (6 nm)

device, respectively. eΔH versus Idc for TaIrTe4(64 nm)/Py (5 nm) device at 7 GHz. In
a–b, andd–e, solid symbols show the extracted values afterfitting the experimental
data to Eq. 1 and solid lines are fit to the obtained data. While error bars are
obtained using the fitting of extracted data to Eq. 1. In c, solid symbols show the
experimental data points and solid lines are fit to the data using Eq. 1.
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the allowed angular dependencies for the coefficients S andA are3,5,28,43,

S= SYDLcos ϕ sin 2ϕ+ SXDLsin ϕ sin 2ϕ+ SZFLsin 2ϕ ð3Þ

A=AY
FLcos ϕ sin 2ϕ+AX

FLsin ϕ sin 2ϕ+AZ
DLsin 2φ ð4Þ

where SYDL, S
X
DL, andAZ

DL are the coefficients for the damping-like torque
with spin polarizations along x, y, and z, respectively; AY

FL, A
X
FL, and SZFL

are the corresponding field-like torques. The angular dependence S
and A is fitted using Eqs. (3) and (4) and the obtained parameters are
given in Supplementary Table 1. While fits of the symmetric
component S to Eq. 3 show moderate agreement, the extracted
parameters are only required for the y- and x-polarized spin-current
and do not contribute to the z-polarized spin-current estimation (see
Eqs. 3–5 in Supplementary Note 2).

By considering that AY
FL is due to the Oersted field alone, the

amplitudes of the damping-like torque efficiencies per unit current
density, ξXDL, ξ

Y
DL, and ξZDL in TaIrTe4 layer can be obtained (see Sup-

plementary Note 2)3,28, ξXDL, ξYDL, and ξZDL values of 0.04 ±0.01,
0.08 ±0.02, and 0.11 ± 0.01 are obtained for the tTaIrTe4 = 120 nm
sample. The spin Hall conductivity (σk

SHC = σcξ
k
DL) can be evaluated

using the electrical conductivity (σc) values of TaIrTe4 (as given in
Supplementary Table 1); σZ

SHC = ð4:05±0:23Þ× 104 (ℏ/2e) (Ωm)-1,
σY
SHC = ð2:87±0:57Þ× 104 (ℏ/2e) (Ωm)-1, and σX

SHC = ð1:43±0:29Þ× 104

(ℏ/2e) (Ωm)-1 are obtained for the 120 nm TaIrTe4 sample. The
Dresselhaus-like symmetry torque (ξXDL) is present in this material

system, this type of torque was earlier reported for both TaTe2/Py and
WTe2/Py heterostructures17, and it appears due to the Orested field
generatedby a component of current flowing transverse to the applied
voltage. The in-plane resistivity anisotropy of materials like WTe2
generates such spatially nonuniform current flow in the hetero-
structures. To investigate whether non-uniformity in the TaIrTe4
thickness makes any difference to the SOT efficiency, STFMR devices
weremade on such flakes (see Supplementary Fig. 6). Interestingly, ξZDL
shows sign reversal and a value of -0.07 is obtained for this device
where the average thickness of TaIrTe4 is 64 nm.

To further confirm the out-of-plane damping-like SOT efficiency,
the harmonicHallmeasurements areperformed as the STFMRmethod
sometimes gives overestimated values21. Low-frequency alternating
current (Iac) is applied to the devices, and second harmonic Hall vol-
tages as a function of the angle of in-plane magnetic field angle, ϕ, is
measured as shown in Fig. 4e. The damping-like SOT efficiency is
estimatedusing fits of the second harmonicHall voltage (V2w) versusϕ,
to5,28,44,45

V 2w =DY
DL cosϕ+DX

DL sinϕ+DZ
DL cos 2ϕ+ FY

FL cosϕ cos2ϕ

+ FX
FL sinϕ cos2ϕ+ FZ

FL

ð5Þ

where DX
DL, D

Y
DL, and DZ

DL are the coefficients of damping-like torque

with spin polarizations along the x, y, and z, respectively. While, FX
FL,

FY
FL, and FZ

FL are the field-like torque counterparts. The damping-like
torque efficiency is estimated as given in Supplementary Note 3, and

Fig. 4 | Unconventional spin–orbit torque in TaIrTe4 from angular STFMR and
second harmonic Hall measurements. a The representative STFMR curves at
different values of in-plane magnetic field angle ϕ for the frequency of 6 GHz. ϕ
values are shown in the figure. b, c Antisymmetric (A) and symmetric (S) resonance
amplitude versus ϕ. In both b and c, solid symbols represent the A and S values
extracted after fitting the experimental data to Eq. (1), and solid lines are fit to the

obtained data using Eqs. (3) and (4), respectively. Error bar in b and c, are obtained
by fitting the experimental data to Eq. (1). Themeasurements are performed on the
TaIrTe4(120 nm)/Py(6nm)STFMRdevice.d, e PlanarHall voltage (VPHE) and second
harmonic Hall signal (V2w) as a function of in-plane magnetic field angle, ϕ, for
TaIrTe4(60nm)/Py(6 nm) based Hall devices. In d and e, solid symbols are the
experimental data points and solid lines are fit to the data.
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an out-of-plane damping-like torque efficiency (θZ
DL) of 0.11 ± 0.06 is

obtained which is in good agreement with the ξZDL values obtained
using the STFMR method.

In summary, we have demonstrated a large unconventional out-
of-plane SOT efficiency in the Weyl semimetal candidate TaIrTe4 at
room temperature. Using the STFMR and second harmonic Hall mea-
surements of TaIrTe4/Py heterostructure devices, we observed a large
damping-like torque due to efficient charge-to-spin conversion. From
angular dependent STFMR measurements, the evaluated out-of-plane
damping-like torque and the spin Hall conductivity (SHC) σZ

SHC and
σSHC values are found to be an order of magnitude higher than many
transition metal dichalcogenides (TMDs)13,18,46 including WTe2

5,7, and
comparable to the conventional SOT materials such as Bi2Se3

47, and
heavy metal Pt3. In contrast to conventional materials, TaIrTe4 also
exhibits a very large out-of-plane SHC σZ

SHC . Utilization of such topo-
logical quantum materials with lower crystal symmetries and useful
spin textures are therefore suitable for obtaining large charge-to-spin
conversion efficiencies with unconventional out-of-plane SOT com-
ponents. The antisymmetric SOT component in TaIrTe4 has the
potential to realize spintronic technologies by enabling efficient
manipulation of magnetic materials with perpendicular magnetic ani-
sotropy, leading to high-density, faster, and energy-efficient memory,
logic and communication technologies.

Note: During the review process of our manuscript, two other
papers were also published reporting an out-of-plane SOT in
TaIrTe4

48,49.

Methods
Single crystal growth
TaIrTe4 crystals were grownby evaporating tellurium froma tellurium-
iridium-tantalummelt. The temperature of themelt and crystal growth
was 850 °C. The temperature at which tellurium condensed was
720 °C50. The chemical compositionwas studiedwith adigital scanning
electronic microscope TESCAN Vega II XMU with energy dispersive
microanalysis system INCA Energy 450/XT (20 kV). The EDX analysis
showed that the approximate chemical composition of the samples
was close to stoichiometric. No impurity elements and phases were
found, see Supplementary Fig. 1 for details.

Device fabrication
The samples were prepared by mechanically exfoliating nanolayers of
TaIrTe4 crystals onto a SiO2/Si wafer by the Scotch tapemethod inside
a glove box. To make TaIrTe4/Ni80Fe20 heterostructures, the samples
were quickly transferred from the glove box to the high vacuum
sputtering chamber todeposit Py(5-6 nm)/Al2O3(4 nm) layers.Ni80Fe20
is known as permalloy (Py). The sample surface was bias sputter
cleaned for 20 sec with low energy Ar ion, followed by the deposition
of 6 nm Py and 4nm Al2O3 layers using the dc and rf magnetron
sputtering methods, respectively. The TaIrTe4/Py heterostructures
were patterned into the rectangular microstrips and Hall devices for
spin–torque ferromagnetic resonance (STFMR) and harmonic Hall
measurements, respectively, using the electron-beam lithography and
Ar ion milling using the negative e-beam resist as the etching mask.
Laser writer lithography was used to prepare the top co-planar wave-
guide contacts for electrical measurements, followed by the lift-off
process of 200 nm of copper (Cu) and 20 nm of platinum (Pt).

Polarized Raman spectroscopy
Polarized, angle-dependent Raman spectra were recorded using an
InVia Ramanspectrometer fromRenishaw. A laserwith awavelengthof
785 nm was used as the incident light, using a x50 Leica objective, a
1200 l/mm grating, in the back-scattering mode. The polarization of
the laser was rotated from 0° to 180 ° at angle steps of 10 degrees,
while keeping the sample specimen fixed with respect to the

coordinate axes of the laboratory; no analyser was used along the path
of the back-scattered light. The recorded Raman spectra were first
analyzed as conventional linear plots (intensity vs. Raman shift, as in
Fig. 1b) and successfully as polar plots in which the plotted intensities
are integrated areas under selected peaks (intensity vs polarization
angle, as in Fig. 1c).

Anisotropic magnetoresistance measurements
In-plane angular dependence anisotropic magnetoresistance (AMR)
measurements were performed on ST-FMR microbars using a rota-
table projected vector field magnet with a fixed appliedmagnetic field
of 0.1 T and applied dc current of 0.5mA. The resistance of the devices
was measured while rotating the magnetic field in-plane.

Spin–orbit torque ferromagnetic resonance (STFMR)
measurements
STFMR measurements were performed at room temperature on the
microbar devices to estimate the spin–orbit torque (SOT) efficiency
and other magneto dynamical parameters. The measurements for
effective SOT analysis were performed with a fixed in-plane angle ϕ =
40°, the radio-frequency (rf) current modulated at 98.76Hz was
applied to the device through a high-frequency bias-T at a fixed fre-
quency (ranging over 3-14 GHz) with an input rf power P = 14 dBm. The
in-plane angle ϕ dependence STFMR measurements were performed
using a rotatable projected fieldmagnet withϕ = 0-360° (step of 5°) at
a fixed frequency.

Harmonic Hall measurements
The schematic of the harmonic measurement setup is given
elsewhere29, where a 213Hz alternating current (Iac) is applied to the
channel in the presence of a fixed applied magnetic field, μ0Ha. The
secondharmonic signal ismeasuredwhile sweeping the in-plane angle,
ϕ, between μ0Ha and Iac. Further details of the measurements and
analysis are provided in Supplementary Note 3.

Data availability
The data that support the findings of this study are available from the
corresponding authors on request.
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