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Field-free switching of perpendicular 
magnetization by two-dimensional  
PtTe2/WTe2 van der Waals heterostructures 
with high spin Hall conductivity

Fei Wang1,8, Guoyi Shi    1,2,8, Kyoung-Whan Kim    3,8, Hyeon-Jong Park4, 
Jae Gwang Jang5, Hui Ru Tan    6, Ming Lin    6, Yakun Liu    1, Taeheon Kim1, 
Dongsheng Yang1, Shishun Zhao1, Kyusup Lee1, Shuhan Yang1, 
Anjan Soumyanarayanan    6,7, Kyung-Jin Lee    5   & Hyunsoo Yang    1,2 

The key challenge of spin–orbit torque applications lies in exploring 
an excellent spin source capable of generating out-of-plane spins while 
exhibiting high spin Hall conductivity. Here we combine PtTe2 for high 
spin conductivity and WTe2 for low crystal symmetry to satisfy the above 
requirements. The PtTe2/WTe2 bilayers exhibit a high in-plane spin Hall 
conductivity σs,y ≈ 2.32 × 105 × ħ/2e Ω–1 m–1 and out-of-plane spin Hall 
conductivity σs,z ≈ 0.25 × 105 × ħ/2e Ω–1 m–1, where ħ is the reduced Planck’s 
constant and e is the value of the elementary charge. The out-of-plane spins 
in PtTe2/WTe2 bilayers enable the deterministic switching of perpendicular 
magnetization at room temperature without magnetic fields, and the 
power consumption is 67 times smaller than that of the Pt control case. The 
high out-of-plane spin Hall conductivity is attributed to the conversion 
from in-plane spin to out-of-plane spin, induced by the crystal asymmetry 
of WTe2. Our work establishes a low-power perpendicular magnetization 
manipulation based on wafer-scale two-dimensional van der Waals 
heterostructures.

According to the conventional spin Hall physics in a heavy-metal/fer-
romagnet (HM/FM) system, an in-plane charge current (Je) flowing along 
the x direction in the HM layer gives rise to a spin current, flowing to the 
z direction with the spin polarization along the y direction (Fig. 1a)1–3. 
The y-polarized spin current facilitates the magnetization switching 
of the adjacent FM with in-plane magnetic anisotropy; however, its 
application for the switching of a perpendicularly magnetized FM is 

non-deterministic1,4. To manipulate a FM with perpendicular magnetic 
anisotropy for high-density data storage applications, an external 
assisting magnetic field (H) along the current direction is required  
(Fig. 1a). The spin current with out-of-plane spins (z spins) can overcome 
the limitation of external magnetic fields5. The z spins are often created 
in low-crystal-symmetry materials with at most one mirror plane and 
no n-fold (n > 1) rotational invariance6, for example, MoTe2 (refs. 7,8), 
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attributes21–24. Such an approach is particularly compelling for spin–
orbit torque (SOT) technologies. In this work, we combine WTe2 with 
low crystal symmetry and PtTe2 with high spin Hall conductivity in 
the form of van der Waals heterostructures. As compared to the WTe2 
alone, the PtTe2/WTe2 bilayers exhibit a 17 times larger in-plane spin Hall 
conductivity, eight times larger out-of-plane spin Hall conductivity and 
associated field-free SOT switching of perpendicular magnetization 
with 33 times lower power. The larger out-of-plane spin accumulation 
in the PtTe2/WTe2 bilayers is attributed to the spin-to-spin conversion 
in the symmetry-broken WTe2 layer.

We first prepare a single layer of WTe2 and evaluate the SOT in WTe2/
FM. In WTe2, the glide symmetry is broken along the low-symmetry a 
axis, but the mirror symmetry along the b axis is preserved, as illus-
trated in Fig. 1c. In this case, both the y and z spins are generated for 
the current injected along the a axis of WTe2. We grow WTe2 films with 
different thicknesses (t = 1.5, 3, 4.5, 6 and 8 nm) on sapphire (001) sub-
strates using molecular beam epitaxy (MBE; Methods for details). The 
high crystalline quality and smooth surface of WTe2 films are confirmed 

CuPt (ref. 9), TaTe2 (ref. 10) and WTe2 (refs. 11–16). In these systems, both 
y- and z-polarized spins flow along the z direction and switch the per-
pendicularly magnetized FM at zero magnetic field (Fig. 1b). However, 
the highest reported in-plane spin Hall conductivity in these materials 
is only 8 × 103 × ħ/2e Ω–1 m–1 (Supplementary Table 1), which is much 
smaller than those from topological insulators17,18 and conventional 
HM19,20 such as Pt and Ta at room temperature (∼105 × ħ/2e Ω–1 m–1). This 
causes significant current shunting as well as huge power-consumption 
issues. Therefore, a suitable spin source material should be able not 
only to generate z spins strong enough to deterministically switch 
a FM with perpendicular magnetic anisotropy, but also to possess a 
high spin Hall conductivity (σs,y > 105 × ħ/2e Ω–1 m–1) to minimize the 
power consumption. A single material system has so far been unable 
to simultaneously meet the above two requirements.

The integration of two-dimensional van der Waals materials into 
heterostructures not only amalgamates the functionalities of compo-
nent materials, but also engenders novel electronic phases, thereby 
allowing for the design of artificial structures with predetermined 
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Fig. 1 | Crystal symmetry and SOT of the WTe2 layer. a, Schematic of a SOT 
device in a HM/FM with perpendicular magnetic anisotropy. An in-plane 
charge current Je generates out-of-plane spin currents with y-polarized spins. 
The y-polarized spins exert an in-plane anti-damping torque m × y × m (τy) 
on the magnetization (M) in the FM layer. In this case, an external magnetic 
field along the current direction is required for deterministic switching of 
the FM. b, Schematic of a SOT device in a HM/FM bilayer, where the HM can 
create z-polarized spins. The in-plane charge current generates both y- and 
z-polarized spins. The z-polarized spins exert an out-of-plane anti-damping 
torque m × z × m (τz), which enables deterministic switching of the FM without 

any external magnetic field. c, Crystal structure of WTe2 (Pmn21) and the two 
mirror symmetries. One is pure mirror Mx and the other is a glide mirror My. The 
a, b and c arrows represent the crystal axes. d, Deterministic current-induced 
magnetization switching with currents along the a axis (top panel) and b axis 
(bottom panel) in the WTe2 (8 nm)/CoFeB sample. J is the current density.  
e,f, ST-FMR data from WTe2 (8 nm)/Py at 5 GHz with currents applied along  
the a axis (e) of the WTe2 layer and the b axis (f). The solid lines are fits with 
symmetric (VSFS; purple) and anti-symmetric (VAFA; green) Lorentzians. μ0 is  
the vacuum permeability.
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by reflection high-energy electron diffraction, atomic force microscopy 
and X-ray diffraction (Supplementary Note 1). The crystal axes of the 
WTe2 films can be distinguished by the polarized Raman, terahertz and 
transport measurements (Supplementary Notes 2−4). The subsequent 
growth is carried out in a magnetron sputtering chamber to form WTe2 
(t)/Ti (2)/Co0.2Fe0.6B0.2 (0.9)/MgO (2)/Ta (1.5) heterostructures (hence-
forth written as WTe2 (t)/CoFeB, where the thickness is in parentheses, 
in nanometres), where Ta is oxidized upon exposure to air. Then WTe2/
CoFeB heterostructures are fabricated into Hall bar devices by varying 
the angle (α) between the a axis of WTe2 and current injection direction, 
as depicted in the right panel of Fig. 1c. The CoFeB layer exhibits per-
pendicular magnetic anisotropy for all devices. We then apply a pulsed 
d.c. current and measure the Hall resistance at room temperature. The 
current-induced magnetization switching of the WTe2 (8 nm)/CoFeB 
sample with the current applied along the a axis is shown in the top 
panel of Fig. 1d. We observe a full magnetization switching (RS/RH ≈ 1, 
where RS and RH are the Hall resistance changes in response to the SOT 
and magnetic field, respectively) at zero magnetic field, which indicates 
the generation of z spins. However, when the current is applied along 
the b axis, an in-plane magnetic field along the current direction is 
required for a deterministic switching of the FM due to the absence of 
z spins, as shown in the bottom panel of Fig. 1d.

The y- and z-polarized spin currents generated from the WTe2 
spin source layer can be quantified by the spin-torque ferromagnetic 
resonance (ST-FMR) technique19,25 (Supplementary Note 5). The ST-FMR 
devices of WTe2 (t)/Ni81Fe19 (6)/SiO2 (2)/Ta (1.5) (abbreviated WTe2 (t)/Py),  
where the Py layer exhibits an in-plane magnetic anisotropy, are fab-
ricated with different α values relative to the a axis of the WTe2 layer. 
Figure 1e shows representative ST-FMR signals Vmix for the WTe2 (8 nm)/
Py sample with the current applied along the a axis. We note that Vmix 
is quite different in both shape and amplitude for the positive and 
negative external magnetic fields, which can be ascribed to additional 
z-spin-induced damping-like (m × z × m) and field-like (m × z) torques, 
where m and z are the unit vector along the magnetization and the z 
direction, respectively26. As a comparison, we also measure when the 
current is injected along the b axis, shown in Fig. 1f. The magnitude of 

Vmix is the same for the positive and negative external magnetic fields, 
indicating that torques are limited to y-spin-induced damping-like 
(m × y × m) and field-like (m × y) torques, where y is the unit vector 
along the y direction.

Following the established analysis method19, we extract the 
in-plane and out-of-plane effective spin-torque efficiencies to be 
θy = 0.15 and θz = −0.034, respectively. The negative θz indicates the 
generation of up (down) spins for a positive (negative) current in our 
experimental geometry, which is consistent with the current-induced 
magnetization switching and loop shift measurements (Supplemen-
tary Note 6). The room temperature resistivity ρxx of the 8 nm WTe2 
film is 1,123 μΩ cm and thus the in-plane and out-of-plane spin Hall 
conductivities are determined to be σs,y = 1.335 × 104 × ħ/2e Ω–1 m–1 and 
σs,z = −0.3 × 104 × ħ/2e Ω–1 m–1, respectively. Due to the highly resistive 
nature of semiconducting WTe2 (Supplementary Figs. 7 and 8), σs,y is 
an order of magnitude smaller than those of other spin source materi-
als17–20. Therefore, enhancing the spin Hall conductivity of WTe2 while 
maintaining enough z spins is highly desirable.

The full space group notation of PtTe2 is P ̄3m1, which has a hex-
agonal crystal structure. As shown in Fig. 2a, there is a three-fold rota-
tion axis about the c axis; such symmetries forbid the presence of z 
spins in PtTe2 (ref. 6). We grow the PtTe2 layer with different thicknesses 
(d) by MBE on sapphire substrates to be followed by a FM layer using 
magnetron sputtering to form PtTe2 (d)/FM heterostructures (Meth-
ods). Figure 2b shows the current-induced switching in the PtTe2 
(8 nm)/CoFeB device. The switching loop disappears at zero magnetic 
field, indicating the absence of z spins in the PtTe2 layer. The switching 
behaviour is similar to that of a conventional HM/FM heterostructure 
in which an in-plane external magnetic field is required for determin-
istic switching of the FM with perpendicular magnetic anisotropy1,4. 
Upon reversing the direction of the external magnetic field, the polarity 
of the switching loops is reversed as well, which is consistent with the 
conventional SOT switching behaviour1,4. We also carry out ST-FMR 
measurements in PtTe2 (d)/Py devices. The representative ST-FMR 
spectrum of a PtTe2 (8 nm)/Py device is shown in Fig. 2c. In contrast to 
Fig. 1e, Vmix shows a nearly identical line shape and magnitude for the 
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Fig. 2 | Crystal symmetry and SOT in PtTe2. a, Crystal structure of PtTe2 (P ̄3m1). 
PtTe2 shows an in-plane three-fold symmetry. b, Deterministic current-induced 
magnetization switching under different in-plane fields in the PtTe2 (8 nm)/
CoFeB heterostructure. The arrows indicate the switching directions. The data 

are shifted vertically for clarity. c, ST-FMR spectra from the PtTe2 (8 nm)/Py 
sample at 5 GHz. The solid lines are fits that show the symmetry (VSFS; purple) and 
anti-symmetry (VAFA; green) Lorentzian contributions. d, PtTe2 thickness-
dependent in-plane spin Hall conductivity σs,y, where d is thickness.
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positive and negative magnetic fields, confirming the absence of z spins 
in the PtTe2 layer. This is consistent with the two-fold rotational sym-
metry in PtTe2/Py samples, where the torques change the sign by revers-
ing the external magnetic field. We extract the in-plane spin Hall 
conductivity σs,y as a function of d in Fig. 2d. The σs,y increases in a thicker 
PtTe2 layer and saturates for d ≥ 12 nm with σs,y ≈ 3.5 × 105 × ħ/2e Ω–1 m–1,  
comparable to the value of previous reports27. Moreover, at a fixed 
thickness of d = 8.0 nm, σs,y ≈ 2.1 × 105 × ħ/2e Ω–1 m–1 is 16 times larger 
than that of WTe2, indicating a high σs,y of the PtTe2 layer.

As confirmed above, WTe2 exhibits z spins but with a small spin 
Hall conductivity. PtTe2 shows a large spin Hall conductivity with-
out z spins. In order to synthesize a spin source material with both 
high spin Hall conductivity and z spins, we combine WTe2 and PtTe2 
in the form of bilayer heterostructures. The sharp interface of the 
PtTe2/WTe2 bilayer is confirmed by transmission electron microscopy 
(Supplementary Note 1). For ease of comparison, we fix the total 
thickness of PtTe2/WTe2 heterostructures at 8 nm, while changing 
the thickness of individual PtTe2 and WTe2 layers. Figure 3 shows the 
current-induced switching of PtTe2 (d)/WTe2 (8 – d)/CoFeB samples 
with the current along the a axis of WTe2 without any magnetic field. 
For d = 0, 0.5 and 2.0 nm, a complete field-free switching is observed 
(that is RS/RH ≈ 1). The critical switching current density (Jc) of WTe2 
(d = 0) is 2.25 × 106 A cm–2, which is one order smaller than that of 
the conventional HM Pt source (Jc ≈ 2.6 × 107 A cm–2; Supplementary 
Note 7). With d increasing from 0 to 2 nm, Jc increases slightly to 
2.6 × 106 A cm–2. With further increasing d, RS/RH decreases, and the 
switching loop vanishes for d ≥ 5 nm.

Figure 4a summarizes the d dependence of θy and θz obtained from 
ST-FMR measurements of the PtTe2 (d)/WTe2 (8 – d)/Py samples. The 
magnitude of both θy and θz decreases with increasing d, in agreement 
with the trend of the Jc and RS/RH from the current-induced magneti-
zation switching measurements in Fig. 3. The out-of-plane spin cant-
ing angle β, defined as β = arctan(θz/θy), is calculated to be −12.8° for 
d = 0 nm, −12.1° for d = 0.5 nm and −3.5° for d = 2.0 nm, which indicates 
that y spins become more dominant with a thicker PtTe2 layer.

We further extract σs,y and σs,z of PtTe2 (d)/WTe2 (8 – d) as shown in 
Fig. 4b. The σs,y first increases with increasing d, and then saturates at 
σs,y ≈ 2.32 × 105 × ħ/2e Ω–1 m–1 for d > 2 nm. Moreover, a significant mag-
nitude of σs,z ≈ 0.17−0.25 × 105 × ħ/2e Ω–1 m–1 is observed only when the 
thickness of WTe2 is greater than 4.5 nm. We also compare the power 
consumption based on a two-current model28 (Supplementary Note 8) 
in Fig. 4c. With the introduction of PtTe2, the power consumption sig-
nificantly decreases and reaches a minimum at d = 2.0 nm. The power 
consumption of the sample of d = 2.0 nm is 33 times smaller than its 
parent material WTe2 and 67 times smaller than that of the Pt-based 
control sample (Supplementary Table 2).

An important experimental observation is that the σs,z of the PtTe2/
WTe2 bilayer is an order of magnitude larger than that of the WTe2 single 
layer. This value contrasts with the σs,y value of the bilayer, which is only 
slightly larger than that of the PtTe2 single layer. This large increase of 
σs,z for the bilayer cannot be described by a simple weighted average 
of the σs,z of the PtTe2 single layer and that of the WTe2 single layer. 
Therefore, it requires an additional conversion process beyond the 
established charge-to-spin conversion or spin swapping effect29–32 
(Supplementary Note 9). In the bilayer, owing to the low resistance 
of PtTe2, a significant portion of the current, over 68%, is channelled 
through the PtTe2 layer (Supplementary Table 3). It generates y spins 
that are subsequently injected into the WTe2 layer. If the WTe2 layer can 
convert these y spins to z spins, it may explain the large increase in the 
σs,z of the PtTe2/WTe2 bilayer. As shown below, our theory describes 
how such spin-to-spin conversion, realized by the crystal asymmetry 
of WTe2, accounts for our experimental results.

First, we examine general symmetry properties of the spin-to-spin 
conversion, which is described as a linear response of spin density to 
an externally injected spin current, that is, δSi = ηk

ijQ
k
s, j where δSi is the 

generated spin density with spin i; Qk
s, j is an input spin current flowing 

along the j direction with spin k; and ηk
ij is the tensor consisting of 27 

components (for i, j, k = x, y, z) that relate Qk
s, j  and Si. For an 

inversion-symmetric crystal, all 27 components of ηk
ij should be zero 

since Qk
s, j → −Qk

s, j  under the inversion operation, while δSi → δSi. How-

ever, the crystal symmetry breaking allows some of the ηk
ij values to be 

non-zero. We characterize the symmetry breakings required for 
non-zero ηk

ij values of all 27 components (Supplementary Table 4). In 

WTe2, the inversion symmetry and the mirror symmetry with respect 
to the z–x plane are broken. According to Supplementary Table 4, seven 
coefficients (ηy

ii,η
i
iy,η

i
yi for i = x, y, z) are allowed to be non-zero in WTe2. 

Focusing on spin currents flowing along the z direction, which is rele-
vant to the SOT, two coefficients ηy

zz  and ηz
yz  turn out to be non-zero. 

The former, ηy
zz , corresponds to the spin-to-spin conversion in our 

experiment; a y-polarized spin current Qy
s,z, generated in PtTe2, is con-

verted to z spin Sz in WTe2. The latter, ηz
yz, corresponds to the inverse 

process. Our symmetry argument shows that, therefore, the desired 
spin-to-spin conversion process describing our experiment is allowed 
in WTe2.

To illustrate the spin-to-spin conversion within linear response 
theory, we solve the quantum Liouville equation (Supplementary  
Note 10) for a model Hamiltonian ℋ (k) with a Rashba-like spin–orbit 
coupling that describes the mirror symmetry breaking with respect to 
the z–x plane as in WTe2: ℋ (k) = ϵ (k) + αRσσσ ⋅ (k × y)  where ε(k) is a 
mirror symmetric dispersion, αR is the Rashba parameter and k is the 
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crystal momentum of electrons, which differs from the conventional 
Rashba Hamiltonian. The non-equilibrium spin density obtained from 
the quantum Liouville equation up to the first order in αR becomes 
(Supplementary Note 10)

δS = ∑
k
[δS0

k + 2αRτ (k × y) × δS0
k] (1)

where δS is the non-equilibrium spin density that is injected externally, 
and δS0

k refers to its k-resolved contribution. τ is the relaxation time. 
In our experiment, an externally injected y spin flows along the z direc-
tion (that is, the spin Hall current generated from PtTe2) so that 
δS0

k ∝ kzy . Then the second term in equation (1) gives an additional 
spin density proportional to ∑k2αRτk2zz, which is the z-spin accumula-
tion owing to the spin-to-spin conversion. This explains the non-zero 
ηy
zz. A similar consideration explains the non-zero ηz

yz  as well.
To qualitatively explain the key experimental observation  

(Fig. 4b), we calculate the d dependence of the y- and z-spin accumu-
lations at the surface of the WTe2 side in the PtTe2 (d)/WTe2 (8 – d) 
bilayers using the spin drift-diffusion formalism33,34, including the 
spin-to-spin conversion contribution (Supplementary Note 11 for 
details of the drift-diffusion model and calculation). Figure 4d shows 
the computed d dependence of the y- and z-spin accumulations, which 

is in qualitative agreement with the experimental result of Fig. 4b, sug-
gesting that the spin-to-spin conversion by the crystal asymmetry of 
WTe2 is responsible for the large increase in σs,z for the bilayer. We also 
carry out first-principles calculations for three different PtTe2 (6 – n)/
WTe2 (n) structures for n = 0, 3 and 6, where n is the number of van der 
Waals layers, and the results are consistent with the spin-to-spin con-
version by the crystal asymmetry of WTe2 (Supplementary Note 12). 
Therefore, our theoretical and numerical results collectively establish 
that the spin-to-spin conversion by the crystal asymmetry of WTe2 is 
present in the PtTe2/WTe2 bilayer and is the dominant contributor to 
our experimental observations.

Now, we explain our experimental results based on the spin-to-spin 
conversion mechanism. The spin-torque efficiency and field-free 
switching of the perpendicular magnetization are determined by the 
y and z spins. While y spins are generated through charge-to-spin con-
version in both the PtTe2 and WTe2 layers, the z spins are mostly a result 
of charge-to-spin and spin-to-spin conversions solely within the WTe2 
layer. The introduction of PtTe2 diverts a substantial portion of the 
current (over 68 percent) through the PtTe2 layer (Supplementary 
Table 3), leading to a weakened charge-to-spin conversion within the 
WTe2, manifested as a decrease in θy and θz with increasing d (Fig. 4a). 
The higher current flowing through PtTe2, combined with its high spin 
Hall conductivity, generates significant y spins within the PtTe2 layer,  
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Fig. 4 | Spin Hall conductivity of PtTe2/WTe2 bilayers. a, The d dependence of 
in-plane and out-of-plane effective spin-torque efficiencies (θy and θz) in PtTe2 
(d)/WTe2 (8 – d)/Py heterostructures. The effective spin-torque efficiencies are 
obtained from ST-FMR measurements. b, The d dependence of σs,y and 
out-of-plane spin Hall conductivity σs,z in PtTe2 (d)/WTe2 (8 – d)/Py 
heterostructures. The shaded areas in a and b are guidelines and the dashed black 
line in b corresponds to 2.0 of σs,y. c, Comparison of the normalized power 
consumption based on PtTe2 (d)/WTe2 (8 – d)/CoFeB heterostructures (d = 0, 0.5, 
2.0 and 3.5 nm). The dashed red line corresponds to 0.03 of normalized power 

consumption. d, The d dependence of spin chemical potential μs,y for the y spin 
and μs,z for the z spin in PtTe2 (d)/WTe2 (8 – d) heterostructures calculated from 
the drift-diffusion formalism. Here we use 4.3 nm and 5.1 nm for the spin diffusion 
lengths of WTe2 and PtTe2, respectively (Supplementary Figs. 16a and 18); inverse 
of the spin-to-spin conversion length κ = 0.33 nm–1; and the electrical 
conductivity ratio between WTe2 and PtTe2 σWTe2 /σPtTe2 = 0.01. e, Comparison of 
the in-plane and out-of-plane spin Hall conductivity values with those of other 
spin source materials; 2D, two-dimensional.
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a considerable proportion of which are subsequently injected into the 
WTe2 layer. These injected y spins turn into z-polarized spins due to 
the spin-to-spin conversion within the symmetry-broken WTe2 layer, 
thereby contributing to the observed increase in σs,z (Fig. 4b). Since the 
z spins generated by charge-to-spin conversion in WTe2 are minimal, 
the conversion from z to y spins within the PtTe2 layer is negligible. 
Consequently, in samples with d = 0.5 and 2.0, a full, field-free switch-
ing of perpendicular magnetization can be achieved (Fig. 3), due to an 
ample supply of z spins.

However, for samples with d > 3.5 nm, the WTe2 is too thin com-
pared to its spin precession length, which is the relevant length scale for 
spin-to-spin conversion due to the lateral symmetry breaking of WTe2 
(Supplementary Note 11). As a result, for thin WTe2, the injected y spins 
from the PtTe2 layer do not convert efficiently to z spins but instead 
tend to maintain their original orientation, leading to a decrease in 
σs,z approaching zero. Consequently, field-free switching cannot be 
achieved in samples with d = 5.0 and 6.5 nm due to insufficient z spins. 
Meanwhile, a field-assisted switching can be observed with the assis-
tance of a 10 mT magnetic field (Supplementary Fig. 37).

Finally, we discuss the merits of the heterostructure design intro-
duced in this work. The combination of the generation of z spins and 
high spin Hall conductivity, which is desirable for SOT applications, is 
hard to achieve in a single material system. These challenges are due to 
the low spin Hall conductivity of typical low-symmetry materials, and 
the trade-off between the electrical conductivity and effective spin Hall 
angle35,36. For example, as summarized in Supplementary Table 1, vari-
ous WTe2 samples fabricated by different methods, such as mechani-
cal exfoliation11,13, chemical vapour deposition14 and MBE, exhibit a 
similar value of the spin Hall conductivity, σs,y ≈ 1 × 104 × ħ/2e Ω–1 m–1, 
even though their electrical conductivities are different. The above 
limitation can be mitigated by heterostructure engineering. The σs,y 
value (≈ 2.35 × 105 × ħ/2e Ω–1 m–1) of the PtTe2/WTe2 bilayers is higher 
than many two-dimensional van der Waals materials7,11–14,27,37,38 and 
is even comparable to that of topological insulators17,18 and HMs19,20. 
More importantly, the spin-to-spin conversion in symmetry-broken 
WTe2 leads to the highest value of σs,z (≈ 0.25 × 105 × ħ/2e Ω–1 m–1) in the 
PtTe2/WTe2 bilayers, surpassing that of other low-symmetry materi-
als7,11,14 and antiferromagnets39,40 (Fig. 4e). Note that it is not possible 
to maintain the required symmetry of WTe2 on top of a conventional 
HM, such as Pt; therefore, the combination of the PtTe2/WTe2 bilayer 
is unique. The high σs,z value guarantees an all-electric manipulation of 
the perpendicular magnetization at low power consumption without 
any external magnetic field. The significance of the z-spin generation 
is further exemplified by the symmetry-dependent SOT measurements 
performed on the PtTe2 (2 nm)/WTe2 (6 nm)/CoFeB sample (Supple-
mentary Note 13). The realization of two-dimensional heterostructures 
with both high spin Hall conductivity and z spins significantly enhances 
the SOT performance, and thus, we anticipate SOT heterostructure 
engineering may expand to other materials systems.
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Methods
MBE growth of PtTe2/WTe2 heterostructures
WTe2, PtTe2 and PtTe2/WTe2 films were grown on sapphire Al2O3(001) 
substrates using a MBE system with a base pressure of 1 × 10–9 mbar. The 
Al2O3 substrates were first soaked in deionized water at 90 °C for 2 h and 
thermally annealed at 1,000 °C for 3 h in a tube furnace with flowing 
oxygen gas. The heat-treated Al2O3 substrates were then degassed at 
∼800 °C for 1 h in the MBE chamber. High-purity W (4N) and Pt (4N) were 
evaporated from electron-beam evaporators, and Te (5N) was evapo-
rated from a Knudsen cell. During the growth of the films, the substrate 
was maintained at ∼250 °C. The growth process was monitored by reflec-
tion high-energy electron diffraction. The flux ratio of Te/(Pt or W) was 
set to be >30 to avoid a possible Te deficiency in the samples. The growth 
rate of the PtTe2 and WTe2 was around 0.05 nm min–1. When the growth 
was finished, the samples were slowly cooled to room temperature.

Magnetron sputtering growth of ferromagnetic layers
The MBE-grown films were immediately transferred into a magnetron 
sputtering chamber in the standard clean room environment with a 
well-controlled level of constant temperature and low humidity. The 
transfer time was strictly controlled to be under 3 min before pumping 
down the sputtering chamber. The perpendicularly magnetized fer-
romagnetic layer Ti (2)/Co0.2Fe0.6B0.2 (0.9)/MgO (2)/Ta (1.5) (numbers 
in parentheses are in nanometres) was subsequently sputtered on the 
top of the MBE films at room temperature. For the ST-FMR devices, 
the ferromagnetic layer of Ni81Fe19 (6)/SiO2 (2)/Ta (1.5) (numbers in 
parentheses are in nanometres) with in-plane magnetic anisotropy was 
grown on the top of the MBE films at room temperature.

Device fabrication
The films were patterned into a 40 μm × 20 μm Hall bar by optical 
lithography and Ar ion milling. Ta (5 nm)/Cu (120 nm)/Ta (5 nm) elec-
trodes were deposited by magnetron sputtering.

Current-induced switching measurements
A Keithley 6221 was used as the current source for d.c. and pulse meas-
urements. For the pulse measurements, a 100 μs pulse was first applied, 
and then a small d.c. current of 50 μA was applied to measure the Hall 
resistance. The Hall voltage was measured using a Keithley 2182A 
nanovoltmeter.
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