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In recent years, transition metal dichalcogenides (TMDs) have been extensively studied for their efficient
spin-orbit torque generation in TMD/ferromagnetic bilayers, owing to their large spin-orbit coupling, large
variety of crystal symmetries, and pristine interfaces. Although the TMD layer was considered essential for
the generation of the observed spin-orbit torques (SOTs), recent reports show the presence of a self-torque in
single-layer ferromagnetic devices with magnitudes comparable to TMD/ferromagnetic devices. Here, we per-
form second-harmonic Hall SOT measurements on metal-organic chemical vapor deposition (MOCVD) grown
MoS2/permalloy/Al2O3 devices and compare them to a single-layer permalloy/Al2O3 device to accurately
disentangle the role of self-torques, arising from the ferromagnetic layer, from contributions from the TMD layer
in these bilayers. We report a fieldlike spin-torque conductivity of σFL = (−2.8 ± 0.3) × 103 h̄

2e (� m)−1 in a
single-layer permalloy/Al2O3 device, which is comparable to our MoS2/permalloy/Al2O3 devices and previous
reports on similar TMD/ferromagnetic bilayers, indicating only a minor role of the MoS2 layer. In addition,
we observe a comparatively weak dampinglike torque in our devices, with a strong device-to-device variation.
Finally, we find a linear dependence of the SOT conductivity on the Hall bar arm/channel width ratio of our
devices, indicating that the Hall bar dimensions are of significant importance for the reported SOT strength.
Our results accentuate the importance of delicate details, like device asymmetry, Hall bar dimensions, and
self-torque generation, for the correct disentanglement of the microscopic origins underlying the SOTs, essential
for future energy-efficient spintronic applications.

DOI: 10.1103/PhysRevB.108.064419

I. INTRODUCTION

Manipulating the magnetization of a magnetic layer by
means of a charge current holds an immense promise for
more energy-efficient ways of storing and writing informa-
tion [1–3]. By first converting a charge current into a spin
current in materials with large spin-orbit coupling (SOC),
the spin current can subsequently exert a torque on the
magnetization of an interfaced magnetic material [3]. These
current-induced torques, originating from the spin-orbit in-
teraction, are referred to as spin-orbit torques (SOTs). To
maximize the SOT strength, an efficient charge-to-spin con-
version is advantageous and, thus, materials with large spin-
orbit coupling (Pt [4–6], Pd [7–9], W [10,11], Ta [12–14],
Hf [15–17], etc.) have been extensively studied [18]. Two
main mechanisms for the charge-to-spin conversion in these
materials are the spin-Hall effect (SHE) and the Rashba-
Edelstein effect (REE) [3,19]. For polycrystalline spin-Hall
metals with inversion symmetry, these effects, however, do
not possess the ideal symmetry for field-free switching of
the magnetization of magnetic layers with perpendicular
magnetic anisotropy (PMA) used in modern high-density
memory storage [20,21]. While epitaxially grown heavy met-
als have shown an increase in their SOTs compared to their
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polycrystalline counterparts [22,23], as long as their inver-
sion symmetry remains intact, no deterministic field-free
switching is expected. Multiple methods have been employed
to break the inversion symmetry, such as wedged shaped
geometries, vertical composition gradients, or interlayer ex-
change coupling to an additional in-plane exchange-biased
magnetic layer, to allow for field-free switching using stan-
dard spin-Hall metals [21,24,25]. However, the search for the
out-of-plane dampinglike torque, ideal for switching PMA
magnets, lead to the investigation of other, more exotic mate-
rials, such as topological insulators and two-dimensional (2D)
van der Waals crystals, to search for new materials which
allow for energy efficient field-free switching [19,26–29].

In this regard, the family of 2D van der Waals materi-
als called the transition metal dichalcogenides (TMDs) have
gained much interest as spin source material, owing to their
large SOC, atomically flat surfaces, and broad range of
crystal symmetries [20,30,31]. The more conventional and
well known semiconducting TMDs, such as WSe2 [32–34],
WS2 [35], and MoS2 [34,36], were studied first, due to their
air stability, and developed wafer-scale growth. More recently,
however, the low symmetry TMDs have gained much interest
since the observation of the out-of-plane dampinglike torque
in TMD/FM bilayers, which is optimal for switching magnets
with PMA [37–43].

Previous reports on SOTs in TMD/ferromagnetic (FM)
bilayers often consider the TMD as essential for the gener-
ation of the observed SOTs, either through bulk effects, such
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as the spin-Hall effect, or effects arising from the TMD/Py
interface, such as the Rashba-Edelstein effect, spin-orbit fil-
tering, or spin-orbit precession [44,45]. More recent reports,
however, indicate the presence of a self-torque in single-layer
ferromagnetic devices without the presence of a spin source
material. A recent study performed magneto-optic Kerr effect
(MOKE) measurements to probe the SOT at the surface of a
single-layer Py device and observe a sizable SOT at the Py
interface, which is ascribed to a SHE in the Py [46]. Also,
electrical measurements on Py capped with SiO2 or Al2O3

show the presence of fieldlike and dampinglike torques in
Py devices [47]. And, in metallic bilayers, it was shown that
self-induced torques lead to errors in the estimation of the
spin-torque strength [48]. These self-torques in ferromagnetic
materials make it difficult to accurately determine to what
extent the TMD layer is contributing to the SOT [47].

Here, we report second-harmonic Hall measurements on
MoS2/Py/Al2O3 and single-layer Py/Al2O3 devices to dis-
entangle the contribution of self-torques from the FM layer
and more accurately determine the effect of the MoS2 layer.
First, we show that the fieldlike self-torque in a single-layer
Py/Al2O3 device can be of similar magnitude compared to
MoS2/Py/Al2O3 devices, indicating a minor effect of the
TMD. Second, we find strong device-to-device variations on
the dampinglike torque, showing that interface and device
quality can strongly affect our signals and potentially indi-
cating that spurious effects can mimic the behavior of the
dampinglike torque in these devices. In addition, we study
the dependence of the measured spin-orbit torque on the
contact/channel width ratio and find a linear dependence of
the fieldlike spin-torque conductivity on the Hall arm/channel
width ratio. These results indicate the importance of single-
layer reference samples and the device geometry for an
accurate determination of the microscopic mechanisms under-
lying the spin-orbit torques.

II. RESULTS AND DISCUSSION

To compare the SOTs in TMD/Py devices with the
self-torques in single-layer Py devices, we fabricate both
MoS2/Py/Al2O3 and Py/Al2O3 Hall bar devices. Below, we
discuss the results from both devices separately. Lastly, we
discuss the effect of the Hall bar geometry on the measured
SOT using harmonic Hall measurements.

A. MoS2/Py/Al2O3 devices

We use wafer-scale grown MoS2 obtained by metal-organic
chemical vapor deposition (MOCVD) [49]. The MOCVD
grown MoS2 layer is characterized using photoluminescence
(PL) microscopy and Raman spectroscopy [see Fig. 1(b)]
before device fabrication. The two characteristic bands of
monolayer MoS2 at 385 cm−1 and 405 cm−1, corresponding
to the in-plane (E1

2g) and out-of-plane phonon mode (A1g), re-
spectively, are clearly observed, as indicated in Fig. 1(b) [50].
Furthermore, a strong and homogeneous PL is obtained using
PL microscopy shown in the insets of Fig. 1(b), indicating the
homogeneous coverage of monolayer MoS2 with little strain
on the substrate.

Next, multiple MoS2/Py/Al2O3 Hall bar devices were
fabricated to perform the harmonic Hall measurements. An
ac current (I0) ranging from 500 to 700 µA is applied and
the first (V ω

xy) and second (V 2ω
xy ) harmonic Hall voltage are

measured while an applied magnetic field (H) is rotated in-
plane, making an angle φ with respect to the current direction
[Fig. 1(c); the details are described in the Methods section].
When assuming a small in-plane magnetic anisotropy com-
pared to µ0H , the magnetization is aligned with the external
magnetic field and the first-harmonic Hall voltage (V ω

xy) is
given by [5,51,52]

V ω
xy (φ) = I0RPHE sin(2φ) + I0RAHE cos(θ ), (1)

where θ is the magnetic field’s polar angle (θ = 90◦ for in-
plane measurements) and the RPHE and RAHE are the planar
Hall and anomalous Hall effect resistance. The first-harmonic
Hall voltage (V ω

xy), depicted in Fig. 1(d) for a magnetic field
of 40 mT, follows a clear sin(2φ) behavior due to the planar
Hall effect of the Py layer. By fitting the data to Eq. (1)
we obtain a planar Hall resistance of RPHE = 0.40 ± 0.03 �.
In previous reports on exfoliated TMD/FM bilayers, large
deviations from the sin(2φ) dependence were observed at
low magnetic fields, indicating that a strong uniaxial mag-
netic anisotropy was induced in the Py [32,39,42,43]. In these
reports, the induced anisotropy was attributed to a strong
interaction between the Py and the crystalline structure of the
underlying TMD. As the MOCVD grown TMD in our devices
has a grain size of around 1 µm, our Hall bar covers multiple
domains [49]. Therefore, no induced magnetic anisotropy in
the Py from the TMD crystal structure is expected. This is in
line with our observation, as only minor deviations from the
sin(2φ) fit are observed. For devices with a smaller Hall bar
arm width/channel width ratio, these minor deviations disap-
pear completely, indicating that the minor deviations observed
for narrow Hall bars are likely due to shape anisotropy of the
Hall bar.

To determine the fieldlike (τFL) and dampinglike torques
(τDL), the second-harmonic Hall (SHH) voltage is measured
[Fig. 1(e)]. The SHH voltage can be described by [5,51]

V 2ω
xy (φ) = A cos(2φ) cos(φ) + B cos(φ), (2)

where the A and B components are given by

A = RPHEI0τ⊥/γ

H
, (3)

B = RAHEI0τ‖/γ
H + HK

+ I0RANE. (4)

Here, γ is the gyromagnetic ratio, HK is the out-of-plane
anisotropy field, and RANE is the anomalous Nernst resistance.
Since our signals are consistent with only the presence of
out-of-plane fieldlike torques and in-plane antidamping
torques, we will assume here that τ⊥ ≡ τFL ∝ (m̂ × ŷ) and
τ‖ ≡ τDL ∝ m̂ × (ŷ × m̂). The SHH is fitted using Eq. (2) to
extract the amplitude of the A and B components. As can be
seen from Fig. 1(e), our data is well described by Eq. (2).
Subsequently, the A and B components are determined for
different magnetic fields, allowing us to obtain the τFL,
τDL, and anomalous Nernst resistance (RANE) using Eq. (3)
and Eq. (4). For the MoS2/Py/Al2O3 devices, we corrected
our data for a systematic 15 mT offset in the field due to a
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FIG. 1. (a) Optical micrograph of an actual MOCVD MoS2/Py/Al2O3 device. (b) A Raman spectrum of the MOCVD grown MoS2

showing the characteristic E 1
2g and A1g modes of MoS2. The two insets on the right depict a white light (WL) and photoluminescence (PL)

micrograph of a scratch in the MOCVD grown MoS2 layer, indicating a strong PL from the monolayer MoS2. (c) A schematic of a SOT
device with the measurement geometry schematically depicted. A low frequency ac current I (black arrow) is applied through the channel and
the first- and second-harmonic Hall voltage (V ω(2ω)

xy ) are simultaneously measured while the magnetization of the permalloy M (red arrow) is
rotated in-plane by an external magnetic field. The current induced in-plane (dampinglike) and out-of-plane (fieldlike) SOTs are depicted with
the green arrows τ‖ and τ⊥, respectively. (d) The measured first-harmonic and (e) second-harmonic Hall voltage versus in-plane angle of the
applied magnetic field (40 mT). (d) A clear cos(2φ) dependence is observed due to the planar Hall effect of the Py. (e) The second-harmonic
Hall voltage (blue points) is fitted (black line) using Eq. (2). The dashed blue and red lines indicate the separate cos(φ) cos(2φ) and cos(φ)
components from Eq. (2), related to the fieldlike and dampinglike torque, respectively.

residual current in our electromagnet. The RAHE = 0.15 � is
obtained by performing a separate measurement where the
first harmonic Hall voltage is measured while sweeping the
magnetic field out-of-plane from approximately −1 T to 1 T
(see the Methods section, Fig. 4).

Figure 2 show the field dependence of the (a) A and
(c) B component of a MOCVD MoS2/Py/Al2O3 device. As
expected from Eq. (3), the A component shows a linear depen-
dence on the inverse magnetic field, which clearly indicates
the presence of a fieldlike torque τFL. For the four separate de-
vices, we find a spread in the fieldlike spin-torque conductivity
σFL, with a minimum of (−3.5 ± 0.2) × 103 h̄

2e (� m)−1 and
a maximum of (−7.5 ± 0.6) × 103 h̄

2e (� m)−1 for an applied
current density of 0.8 × 1010 A/m2 to 5 × 1010 A/m2 (see the
Methods section for the spin-torque conductivity calculation).

This value is comparable to previous reports on chem-
ical vapor deposition (CVD) grown MoS2/CoFeB devices
from Shao et al. [34] and slightly lower compared to other
semiconducting TMD/Py devices (e.g., WS2, WSe2) [32–35].
Larger fieldlike torques are reported in semimetallic TMD/Py

bilayers, which is explained by the considerable Oersted
torque arising from the current flowing through the conduct-
ing TMD [37,39,42]. Using four-probe measurements, we find
a square resistance Rsq for the Py layer of 101.4 �. The sheet
resistance reported for the MOCVD grown MoS2 layer, on the
other hand, are much higher than the sheet resistance of Py
even for heavily doped layers, ranging from 42 k� to 83 k�

in the transistor on-state [49] at room temperature. Due to the
semiconducting character of the MoS2 layer in our devices,
no current is expected to flow through the MoS2 and thus no
Oersted torque is expected.

In the presence of a τDL, a linear dependence of the B com-
ponent is expected versus the inverse field [see Eq. (4)]. For
only one of our four MoS2/Py/Al2O3 devices, we find a linear
dependence of the B component at high fields, as depicted in
Fig. 2(c). For the three other devices, we find nonsignificant
dampinglike spin-torque conductivities (σDL) with large er-
rors, with a minimum σDL of (−4 ± 32) × 103 h̄

2e (� m)−1 and
a maximum σDL of (3 ± 3) × 105 h̄

2e (� m)−1. Additionally, we
observe large deviations from the linear dependence at low
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MoS2/Py/Al2O3 Py/Al2O3
(a) (b)

(c) (d)

FIG. 2. A and B components from Eq. (2) versus the inverse magnetic field for a MoS2/Py/Al2O3, (a) and (c), and single-layer Py/Al2O3,
(b) and (d), device, respectively. The components were obtained by fitting the second-harmonic Hall voltage [as depicted in Fig. 1(e)] to Eq. (2)
for multiple external magnetic field strengths. A clear linear dependence is observed for the A component in both devices and is fitted to Eq. (3)
to obtain the fieldlike torque τFL . Especially for the MoS2/Py/Al2O3 device, the B component deviates from the linear trend at low magnetic
fields, which could be due to electron-magnon scattering. For the MoS2/Py/Al2O3 devices, we therefore neglected the fields at low fields
(10 mT, 20 mT, and 30 mT) to obtain a better linear fit. Furthermore, we corrected our data for a systematic offset of 15 mT in the applied field.

fields in Fig. 2(c). This can be explained by the fact that Eq. (3)
and Eq. (4) are derived assuming that H � HA, where HA is
the in-plane uniaxial anisotropy field, which does not hold
anymore at low magnetic fields [51]. To get a more accurate
estimate of the dampinglike torque in this device, we therefore
neglect the three data points at lowest field when fitting the
data to Eq. (4). For this single device, we find a dampinglike
spin-torque conductivity σDL of (1.2 ± 0.3) × 105 h̄

2e (� m)−1.
This value is comparable to values reported in SOT devices
made with Pt, W, and NiPS3, and is significantly higher com-
pared to SOT devices using other TMDs (e.g., WTe2, MoTe2,
WSe2, etc.). The presence of both a fieldlike and dampinglike
torque in MoS2/Py has been previously reported by Zhang
et al. in ST-FMR measurements [36]. There, a torque ratio
of τFL/τDL = 0.19 ± 0.01 is reported, indicating a five times
stronger dampinglike torque. Similarly, we find a stronger
dampinglike torque for this one device, showing a damping-
like torque a factor of 20 stronger than the fieldlike torque.
On the other hand, Shao et al. report no dampinglike torque
in their SHH measurements on MoS2/CoFeB bilayers [34],
similar to our other devices. These contrasting observations
show that there is a significant device-to-device variation for
the dampinglike torque in these bilayers. This is highlighted
by the fact that we observe no significant dampinglike torques
in three of our four devices. Furthermore, it was shown that
the ordinary Nernst effect can contribute to spurious second
harmonic Hall voltages in these types of measurements, lead-
ing to a linear dependence of the B component on the external

magnetic field [53]. The absence of a clear linear dependence
of the B component on the external magnetic field strength for
all MoS2/Py/Al2O3 and single-layer Py/Al2O3 devices indi-
cates that this effect does not play a major role in our devices.

B. Single-layer Py/Al2O3 device

To determine the contribution of possible self-torques in
the Py layer and accurately resolve the effect of the MOCVD
grown MoS2 layer on the SOTs, we compare the SOT mea-
surements from the MoS2/Py/Al2O3 device to a single-layer
Py/Al2O3 reference device. In Figs. 2(b) and 2(d) the A
and B components for the single-layer Py/Al2O3 device are
plotted versus the inverse field. Surprisingly, even without the
MoS2 layer, we observe a clear linear dependence for the A
component similar to the MoS2/Py/Al2O3 devices, indicating
the presence of a fieldlike self-torque. Using Eq. (3) and
Eq. (5), we find σFL = (−2.8 ± 0.3) × 103 h̄

2e (� m)−1. The
σFL has the same sign and its magnitude is only 25% lower
compared to the MoS2/Py/Al2O3 device, which indicates that
the presence of the TMD layer does not significantly enhance
the fieldlike SOT conductivity.

For the B component, however, no large deviations at low
fields are observed, as was the case with the MoS2/Py/Al2O3

device. Using Eq. (3) and Eq. (5), we find σDL = (−2.6 ±
0.6) × 105 h̄

2e (� m)−1, which is larger and has an opposite
sign compared to the single MoS2/Py/Al2O3 device that did
show a significant dampinglike torque. For other Py/Al2O3
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samples, however, no clear dampinglike torques were
observed, suggesting that the dampinglike torque is strongly
dependent on device (interface) specifics. This indicates
that either the origin of the dampinglike self-torque stems
from different skew-scattering mechanisms which are depen-
dent on interface and material quality, an inhomogeneous
current distribution, or that the field dependence of the B com-
ponent is due to spurious effects which mimic the behavior of
the dampinglike torque, such as unidirectional magnetoresis-
tance due to electron-magnon scattering [54,55]. The opposite
sign could result from the different material interfaces of
the Py, which could give rise to different scattering events,
resulting in a different dampinglike SOT [28,56]. However,
as the magnitude of the dampinglike torque is unrealistically
high, comparing to the dampinglike torque strength observed
in Pt/Py samples, we believe that the field dependence of the
B component is due to spurious effects at low magnetic fields
or an inhomogeneous current flow in these devices.

Other reports on single-layer Py devices show both a field-
like and a dampinglike torque in ST-FMR measurements [47].
Seki et al. observe a fieldlike torque in all their single-layer
Py devices, but only observe a dampinglike torque in de-
vices where the structural inversion symmetry was broken
due to different interfaces of the Py layer. In our devices, the
structural inversion symmetry is broken as well, as the Py is
evaporated on SiO2 and capped with Al2O3 and thus possesses
two different interfaces. A difference in electron-scattering
from these two interfaces could, in turn, lead to a self-torque.
Furthermore, Seki et al. report only dampinglike torques for
devices where the Py layer is sufficiently thin (�3 nm), which
could explain why we do not observe a reliable dampinglike
torque for our Py devices of 6 nm [47]. Also, Schippers et al.
report measurements on a similar single-layer Py reference
sample with a 6 nm Py thickness, capped with Al2O3 [57].
At room temperature, they find a σFL which is three times
larger and a σDL which is one order of magnitude smaller.
For their samples, however, the layers are deposited using
magnetron sputtering, while our samples employed electron
beam evaporation, which could lead to different material and
interface qualities and different current distributions in the
Py layer.

All these different torque strengths and directions observed
for similar MoS2/FM bilayers and single-layer Py devices
underline the large device-to-device variation, also observed
in our devices. Our observations show that the self-torque,
originating solely from the FM layer, can have a significant
contribution to the observed SOTs in TMD/FM bilayers.

C. Effect of the Hall bar dimensions

Lastly, we study the effect of the Hall bar arm
width/channel width ratio (a/w), for the MoS2/Py/Al2O3

devices by keeping the arm width constant at a = 2 µm, while
varying the channel width (w) from 2 µm to 10 µm. In Fig. 3,
the raw (a) fieldlike and (b) dampinglike spin-torque conduc-
tivities (gray circles) for all devices are plotted versus (a/w).
For comparison, the σFL(DL) from the single-layer Py/Al2O3

device is included and depicted by the gray unfilled squares.
We observe a clear, almost linear, dependence of σFL on the
channel width. The σFL for the device with a/w = 0.2 is a fac-

(a)

(b)

w

a

Py/Al2O3

MoS2/Py/Al2O3

Py/Al2O3

MoS2/Py/Al2O3

1 0.5 0.25 0.20.33

aspect ratio (a/w)

aspect ratio (a/w)

1 0.5 0.25 0.20.33

FIG. 3. (a) Fieldlike and (b) dampinglike spin-torque conductiv-
ity for the MoS2/Py/Al2O3 devices (circles) and the single-layer
Py/Al2O3 device (squares) versus the arm width/channel width ratio
of the Hall bar. The gray points correspond to the raw spin-torque
conductivity and the colored points to the corrected spin-torque con-
ductivity, according to Ref. [58]. The inset in (a) shows the voltage
arm width (a) and the channel width (w). For these devices, the arm
width is kept constant (a = 2 µm), while the channel width is varied.

tor 2 larger than the device with a/w = 1. We stress that the
larger error bar for the device with a/w = 0.2 is ascribed to
a smaller current density compared to the other devices. This
observation is in line with recent work from Neumann et al.,
where the arm width/channel width ratio is shown to affect the
estimation of the spin-Hall angle (θSH ) [58]. A significantly
decreasing θSH is found when the arm width/channel width
ratio becomes sufficiently big (�1), reporting a value of only
70% at an arm width/channel width ratio of 1. To correct our
σFL(DL), we incorporate a factor for each arm width/channel
width ratio as reported by Neumann et al. [58] and plot the
corrected values in Fig. 3 as red (fieldlike) and blue (damping-
like) circles (correction factors can be found in the Methods
section).

After the correction, there is no clear monotonic decrease
of σFL with the arm width/channel width ratio. However,
still some device-to-device variation is found, which could
be due to varying interface and material qualities. For σDL,
the reported values for both the MoS2/Py/Al2O3 and the
single-layer Py/Al2O3 devices remain large with correspond-
ingly large error bars as previously discussed. These results
emphasize, and function as experimental evidence for, the
importance of the geometrical factors of the Hall bar on the
obtained SOT values from harmonic Hall measurements in
TMD/Py bilayers. Performing similar measurements of the
self-torque dependence on the Hall bar dimensions of the
single-layer Py/Al2O3 device could shed light on the reli-
ability of the measured self-torques. Therefore, we suggest
these measurements be performed on single-layer Py/Al2O3
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devices with varying arm width/channel width ratios to better
characterize the self-torque in FM layers.

III. CONCLUSION

In conclusion, our results indicate that the self-torques,
originating from the FM layer, can have significant contribu-
tions to the observed SOTs in TMD/FM bilayers. We observe
a similar τFL in single-layer Py/Al2O3 devices, indicating that
the MOCVD MoS2 layer in our MoS2/Py/Al2O3 is of minor
importance for the generation of fieldlike SOTs. This suggests
that the FM layer, rather than the TMD, might play a dominant
role in the generation of the observed SOTs in TMD/FM
bilayers. Previous contrasting SOT observations in similar
TMD/FM bilayers could thus be ascribed to differences in
the FM layer (e.g., different fabrication techniques, capping
layers, interface quality, etc.) rather than different interactions
between the TMD and the FM. We therefore recommend that
the self-torque in single-layer FM reference samples is also
characterized in future studies in order to accurately determine
the effect of the TMD layer on the observed SOTs and that the
Hall bar dimensions should be clearly reported. In addition,
in HM/FM bilayers, the self-torque in the FM layers could
counteract the torque generated by the HM layer, resulting in a
reduced net torque. Taking advantage of the self-torques in the
FM layer, making them work in conjunction with other SOTs
instead, could lead to an increase in the SOT efficiency [48].
Tailoring the FM interfaces to change the self-torque direc-
tion and strength, in conjunction with searching for different
materials as SOT sources, could be a promising route towards
an increase in SOT efficiency. These results pave the way for
a more accurate disentanglement of all microscopic mech-
anisms at play, increasing our understanding of the origins
underlying the SOTs, which is essential for more energy ef-
ficient magnetic memory devices.

IV. METHODS

A. Device fabrication

The MoS2 layer was grown using metal-organic chemical
vapor deposition (MOCVD) on a SiO2(285 nm)/Si substrate
as described in Ref. [49]. The MoS2 is characterized with a PL
microscope using a BrightLine long-pass filter set to check
the homogeneity of the monolayer coverage on the SiO2/Si
substrate (see Fig. 1).

Next, a separately prepared PMMA mask with exposed
Hall bars of different widths is deposited on top of the MoS2

covered substrate, which ensures a pristine interface between
the permalloy and MoS2 with no polymer contamination.
Using electron beam evaporation, 6 nm of permalloy and a
capping layer and hard mask of 17 nm of Al2O3 are de-
posited. Subsequently, the contacts are defined using standard
e-beam lithography techniques. Then, first an Al2O3 wet etch
with tetramethylammonium is performed for 45 s at 40 ◦C,
after which in situ Ar milling is performed prior to the
evaporation of the Ti/Au (5/55 nm) contacts. Finally, the
remaining MoS2 layer is removed using reactive ion etching
[CF4 (9.5 sccm)/O2 (0.5 sccm), 30 W RF, 5W ICP, 30 s].

FIG. 4. Antisymmetrized Hall voltage for the anomalous Hall
measurement used to obtain the anomalous Hall resistance, RAHE,
and the saturation magnetization, Ms, needed to determine τDL from
Eq. (4). The data presented here are antisymmetrized to reduce any
errors due to sample misalignment.

B. Electrical measurements

The harmonic Hall measurements, illustrated in Fig. 1(a)
and Fig. 1(c), were performed at room temperature using a
standard lock-in technique with low frequency (77.77 Hz)
ac currents (I0), ranging from 500 µA to 700 µA [5,51,52].
Subsequently, the first (V ω

xy) and second (V 2ω
xy ) harmonic Hall

voltage were measured while an applied magnetic field (H),
ranging from 10 mT to 300 mT, was rotated in-plane, making
an angle φ with respect to the current [Fig. 1(c)]. Albeit the
different thermal conductivity of MoS2 [59] and SiO2 [12], we
find a similar anomalous Nernst voltage for the device width a
similar width (2 µm) of −0.13 ± 0.01 mV and −0.13 ± 0.03
mV, respectively.

To better compare the SOTs in our devices to previous
reports on SOTs in TMD/FM bilayers, we express the SOT
in terms of spin-torque conductivity—the common figure of
merit in literature due to its independence on geometric fac-
tors [6,42]. The spin-torque conductivity is defined as the total
angular momentum absorbed by the ferromagnet per second,
per unit interface area, per applied electric field, in units of h̄

2e ,
and is calculated according to

σFL(DL) = 2e

h̄
Mstpy(lw)

τFL(DL)/γ

(lw)E
= 2e

h̄
MstPyw

τFL(DL)/γ

RsqI0
,

(5)

where Ms is the saturation magnetization, h̄ is the reduced
Planck’s constant, e is the electron charge, E is the electric
field, Rsq is the square resistance, I0 is the applied current,
and l , w, and tPy are the length, width, and Py thickness,
respectively.

To correct the magnitude of σFL/DL according to the arm
width/channel width ratio of the different devices, we divided
the raw values by the correction factors supplied by Neumann
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et al. [58]. These correspond to 0.91, 0.85, 0.78, 0.61, and 0.61
for arm width/channel width ratio of 0.2, 0.33, 0.5, 1, and 1,
respectively.

C. Anomalous Hall measurement

To determine the anomalous Hall resistance, RAHE, and
the saturation magnetization, Ms, needed for determining
the dampinglike torque τDL using Eq. (4), we performed
anomalous Hall measurements (Fig. 4). Using a standard
lock-in technique with a low frequency (17.77 Hz) current of
10 µA, the Hall voltage is measured while an out-of-plane
magnetic field is swept from ∼ −1 T to 1 T, as shown in
Fig. 4. To reduce errors from any misalignment, the Hall
voltage is antisymmetrized. Assuming that the anisotropy of
the Py is solely due to shape anisotropy, the anomalous Hall
resistance will saturate when the magnetization is completely
saturated in the out-of-plane direction. From the anomalous
Hall measurements, we are therefore able to determine that
the HK for our MoS2/Py/Al2O3 devices is 0.9 T, and 0.8 T
for the single-layer Py/Al2O3, which is taken to be approxi-
mately µ0Ms for strong shape anisotropy. This is in agreement

with previously reported values for similar thin Py layers
[34,42,57].
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