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Topological quantum materials have 
attracted significant attention in con-
densed matter physics and spintronic 
technology because of their unique elec-
tronic bands with topologically  protected 
spin textures.[1] After the realization of 
graphene, topological insulators (TIs), and 
semimetals with Dirac fermions, Weyl 
semimetals (WSMs) where the electrons 
behave as Weyl fermions have been dis-
covered.[2] The WSMs constitute topo-
logically secured Weyl nodes, which exist 
with opposite chirality in bulk with linear 
band dispersions in 3D momentum space 
forming the Weyl cones.[3] The fascinating 
revelation in a WSM is the presence of 
nontrivial Fermi-arc surface states that 
connect the projections of Weyl nodes on 
the surface Brillouin zone. In a recent 
breakthrough, WSMs of type-I and type-II 
are realized in TaAs and WTe2 family of 
materials with symmetric and tilted Weyl 
cones, respectively.[4,5]

WTe2 hosts unique transport pheno mena such as chiral 
anomaly,[6,7] unconventional quantum oscillations,[8] colossal 
magnetoresistance,[9] spin–orbit torque,[10,11] substantial spin Hall 
effect[12] and quantum spin Hall states in monolayers,[13] which 
opens a new era for physics experiments. Most importantly, 
novel spin textures have been discovered in WSMs by photoemis-
sion experiments, showing spin polarization of Fermi pockets 
in bulk bands and Fermi arc surface states.[14,15] In such WSMs, 
the application of an electric field is expected to induce a macro-
scopic spin polarization, known as the Edelstein effect,[16] that 
can be utilized to generate and detect spin currents efficiently. 
Moreover, in crystals with lower or broken symmetry compared 
to conventional metals,[17] unconventional spin conductivity com-
ponents can be existent.[18] Additionally, in the search for spin-
polarized current sources in topological quantum materials, 
various experiments have been reported on TIs.[19] However, a 
reliable nonlocal measurement for spin polarization in TIs and 
its utilization for spin injection into non-magnetic materials 
are so far limited to cryogenic temperatures (below 20 K),[20,21] 
because of the interference from nontrivial bulk bands.[19] There-
fore, finding a highly efficient spin-polarized topological material 
at room temperature is indispensable for practical applications 
in spintronics and quantum technologies.

Here, we report a highly efficient and unconventional 
charge-to-spin conversion (CSC) and its inverse phenomena 
(ICSC), in the type-II Weyl semimetal candidate WTe2 up to 

An outstanding feature of topological quantum materials is their novel spin 
topology in the electronic band structures with an expected large charge-to-
spin conversion efficiency. Here, a charge-current-induced spin polarization 
in the type-II Weyl semimetal candidate WTe2 and efficient spin injection and 
detection in a graphene channel up to room temperature are reported. Contrary 
to the conventional spin Hall and Rashba–Edelstein effects, the measure-
ments indicate an unconventional charge-to-spin conversion in WTe2, which 
is primarily forbidden by the crystal symmetry of the system. Such a large 
spin polarization can be possible in WTe2 due to a reduced crystal symmetry 
combined with its large spin Berry curvature, spin–orbit interaction with a novel 
spin-texture of the Fermi states. A robust and practical method is demonstrated 
for electrical creation and detection of such a spin polarization using both 
charge-to-spin conversion and its inverse phenomenon and utilized it for effi-
cient spin injection and detection in the graphene channel up to room tempera-
ture. These findings open opportunities for utilizing topological Weyl materials 
as nonmagnetic spin sources in all-electrical van der Waals spintronic circuits 
and for low-power and high-performance nonvolatile spintronic technologies.

© 2020 The Authors. Published by Wiley-VCH GmbH. This is an open 
access article under the terms of the Creative Commons Attribution  
License, which permits use, distribution and reproduction in any  
medium, provided the original work is properly cited.
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room temperature. Importantly, the detected spin polarization 
in WTe2 is found to be different from the conventional spin 
Hall effect (SHE) and 2D Rashba–Edelstein effect (REE).[12] Fur-
thermore, the detection of both the unconventional CSC and 
ICSC prove the robustness of spin polarization in WTe2 obeying 
Onsager reciprocity relation and provides a new method for uti-
lization of spin current in graphene for an all-electrical van der 
Waals spintronic device at room temperature.

The measurements of unconventional charge–spin conversion 
phenomena have been possible by employing a hybrid device 
structure of WTe2 with graphene channel and ferromagnetic 
tunnel contacts (FM) in a reliable nonlocal (NL) device geometry. 
We fabricated van der Waals heterostructures of WTe2 with gra-
phene taking advantage of its layered structure. The schematics 
and the nanofabricated device picture are shown in Figure  1d, 

which consists of WTe2–graphene heterostructure with ferromag-
netic tunnel contacts (Co/TiO2) (see the Experimental Section for 
details). The graphene (CVD monolayer[22] and exfoliated few 
layers) and the WTe2 (20–70 nm in thickness) are exfoliated from 
single crystals (from Hq Graphene). The Raman spectroscopy 
characterization shows the Td-bulk phase of WTe2 at room tem-
perature (see Figure S1a, Supporting Information). The crystal 
structure of WTe2 has a nonsymmorphic symmetry, with the 
space group Pmn21 for bulk WTe2 crystals with only one mirror 
plane Ma (bc plane), a glide mirror plane Mb  (ac plane with trans-
lation of (a+c)/2), and a screw axis || c (Figure 1a–c). Neither two-
fold rotational invariance nor inversion symmetry is present in 
this system.[17] In the measured devices, the heterostructures of 
WTe2 with graphene show good contact properties with interface 
resistance in the range of 1–3 kΩ (see Figure S1b, Supporting 

Figure 1. Unconventional charge-to-spin conversion in WTe2 and efficient spin injection into graphene at room temperature. a–c) Crystal structure of Td 
phase bulk WTe2 with a mirror plane Ma (blue dot–dash line) and a glide mirror plane Mb with the translation of (a+b)/2 in the unit cell. d) Schematic 
of measurement geometry and colored device picture (the scale bar is 5 µm) for electrical detection of unconventional charge–spin conversion in WTe2. 
The investigated device structure consists of a flake of WTe2 (green) with a graphene channel (gray). The ferromagnetic tunnel contact (yellow) on 
graphene is used to detect the current-induced spin polarization of WTe2. The insets in the schematics show the spin polarization due to perpendicular 
current component Kz, the simplified type-II Weyl semimetal band structure, and the Dirac band diagram of graphene. The upper inset is the optical 
microscopy image of the hybrid WTe2/graphene van der Waals heterostructure device with a ferromagnetic Co detector contact. The contacts (1234) 
are used as I12(34) and V34(12) for the (I)CSC measurements. e,f) The nonlocal spin-valve measurement (RCSC = VCSC/I, I is the bias current across the 
WTe2–graphene junction) and corresponding Hanle spin precession signal observed for parallel and anti-parallel orientation of the injected spin (s) 
from WTe2 and magnetization of ferromagnet (M) with positive and negative magnetic field B sweep directions at I = +50 µA and 300 K in Device 1.
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Information), which is an order of magnitude higher than used 
for detection of conventional CSC in WTe2.[12] The standard spin 
injection and  detection behavior of ferromagnetic tunnel contacts 
and spin transport properties of graphene was confirmed, as 
shown in Figure S2 (Supporting Information).

For the measurement of the unconventional charge–spin con-
version effects, an electric current is applied vertically through 
the WTe2 flake, which generates and injects a spin current into 
the graphene channel (Figure 1d). To be noted, here, we used a 
bias current across the WTe2–graphene junction, which is dif-
ferent from the conventional CSC measurement configuration 
reported earlier[12] (see details in Note S1, Supporting Infor-
mation). The injected spin polarization from WTe2 is detected 
by a ferromagnetic contact (FM) after transport in a graphene 
channel by a NL measurement method. Figure 1d shows the NL  
spin-valve resistance (RCSC = VCSC/I) for bias current of I = +50 µA  
with an in-plane magnetic field (By) sweep at room tempera-
ture. The spin resistance RCSC changes upon reversing the mag-
netization M direction of the FM detector with respect to the 
directions of the injected spins (s) from the WTe2 (Figure 1e).

To prove that the origin of the signal is purely due to a spin 
current, the Hanle measurements were performed with a per-
pendicular magnetic field Bz sweep along the z-axis (Figure 1f). 
The Hanle effect induces precession of the spins injected from 
WTe2 and transported in the graphene channel about the Bz field 
with Larmor frequency of ωL = gμBBz/ℏ (where g is the Landé 

factor = 2, and μB is the Bohr magneton) as the  projection of the 
spin current onto the magnetization of the detector ferromagnet 
change. The spin injection signal from WTe2 into  graphene is 
reproducibly observed in several devices (six devices were inves-
tigated) consisting of both monolayer and few-layer graphene 
channel with 20–70 nm thick WTe2 flakes (Figures S3 and S4, 
Supporting Information). From these devices, we extracted spin 
parameters (with spin diffusion length 0.8–2.4 µm, spin lifetime 
in the range 100–400 ps) by fitting the Hanle signals (see Table S1,  
Supporting Information). The observation of both the spin 
valve and Hanle signal provide the direct and unambiguous 
evidence of the creation of current-induced spin polarization in 
WTe2 and subsequent spin current injection and transport in 
the graphene channel at room temperature.

In a WTe2–graphene hybrid device, the source of the spin 
polarization can have several origins, such as the spin Hall 
effect (SHE) and Edelstein effect (EE) from the bulk WTe2, 
Rashba–Edelstein effect (REE) from the surface states,[12] and 
proximity-induced SHE and REE in graphene.[23–25] Moreover, 
some of these effects can induce the in-plane spin polariza-
tion and can be entangled with each other.[12] To distinguish 
different sources of the spin polarization, and to identify the 
origin of the induced spin current in our WTe2 device, control 
experiments with geometrical dependence were performed.

We first examine the bias current direction dependence of 
the unconventional CSC signal (Figure 2a), where the direction 

Figure 2. Geometrical dependence of the unconventional charge–spin conversion effect in WTe2. a) Schematics of the measurement geometry (solid 
and dash arrows show the applied bias current directions) and the corresponding CSC signal with reversal of bias current polarity in Dev 1. The arrows 
show the switching direction of the signals. The inset shows the spin polarization due to an out-of-plane charge current component jc. b) Schematics 
of the measurement with bias current applied at both sides of the WTe2 flake and corresponding spin valve signals measured in Dev 2. This measure-
ment creates a reversal of the component Kx of the bias current. c) Schematics of the measurement with bias current applied at both terminals of the 
WTe2 flake and the corresponding spin valve signals measured in Dev 3. This measurement creates a reversal of the component Ky of the bias current. 
A shift in the Y-axis is added for the sake of clarity.

Adv. Mater. 2020, 32, 2000818



www.advmat.dewww.advancedsciencenews.com

2000818 (4 of 8) © 2020 The Authors. Published by Wiley-VCH GmbH

of the generated spins s in WTe2 is found to be dependent on 
the polarity of the applied current bias. Reversing the bias cur-
rent direction (Idc = +/−50 µA) in WTe2 results in an opposite 
spin polarization and hence an inverted hysteretic behavior of 
the measured spin-valve signal. These measurements show 
that the direction of spin polarization can be controlled by 
electrical means, and the spin density is observed to scale lin-
early with the applied bias current (see Figure S3, Supporting 
Information). The observation of linear bias dependence and a 
sign reversal behavior with bias current directions rule out the 
thermal contributions in the measured signal[26,27] (see detail 
discussion in Note S4, Supporting Information).

The charge current (I) applied in WTe2 can have three com-
ponents, i.e., Kx, Ky, and Kz, that can possibly induce the spin 
polarization (see schematics in Figure S5, Supporting Infor-
mation). We performed control experiments by reversing the 
bias current polarity along different directions to check the 
polarity of unconventional CSC signals. As shown in Figure 2b, 
the switching directions of unconventional CSC signal (RCSC) 
remain the same with the reversal of bias currents along both 
sides of the WTe2 flake, i.e., the Kx and −Kx directions. There-
fore, the bias current component in Kx direction is not the 
source for the current-induced spin polarization. Consequently, 
we can rule out the origins of spin polarizations entangled 
to Kx-direction, like SHE and REE effect in WTe2;

[12] and also 
proximity-induced SHE and REE in graphene.[24,28–30] Second, 
when the bias current was applied either to one or the oppo-
site terminal (Ky and −Ky directions) of WTe2 (Figure  2c), the 
Rcsc signal switching directions remain the same. This rules 
out the contribution to the spin polarization from the current 
 component in Ky direction. Both the control experiments in Kx 
and Ky directions were reproduced in other batches of devices 
(see Figures S6 and S7, Supporting Information). To be noted, 
the switching direction of the spin-switch signal is observed to 
be different for different devices (Dev 2 and 3 in Figure 2b,c). 
This can be due to the uncertainty in different crystal orienta-
tions (±a, ±b axis) of the exfoliated WTe2 flakes relative to the 
detector FM.

All these control experiments indicate that the current com-
ponent in Kz direction in WTe2 is the primary source for the 
generation of spin polarization in the measurement geometry 
of WTe2–graphene devices. Therefore, the origin of the spin 
signal can be attributed to the out-of-plane current-induced 
spin momentum locking of the spin-polarized Fermi states at 
room temperature.[14,15] Moreover, the out-of-plane current com-
ponent along Kz can have two contributions: one (Kz,B) through 
the bulk states; and the other (Kz,S) via the surface states (see 
Figure 5c, Supporting Information). From the recent ARPES 
measurement on WTe2,[31] it is clear that the surface states 
barely disperse with kz over an entire Brillouin zone and can 
thus be considered fully 2D in the kx–kz plane, i.e., the Fermi 
lines are straight lines at the edge of the bulk electron and hole 
pockets. Therefore, the current in Kz direction is not accom-
panied by any significant transport originating from the sur-
face states: nearly no surface states would contribute to the 
observed unconventional CSC signal (see details in Note S5, 
Supporting Information). Moreover, according to our control 
experiments (Figure 2), we know that it is the current along the 
z-axis that induces the spin polarization s, which are parallel 

to FM  magnetic moments M, i.e., s//M//y. We also know that 
the spin current js is along the z-axis in our measurement geo    -
metry, i.e., js //z//Kz, which is also the direction of the charge 
current. However, in the conventional SHE measurements, 
charge current, spin current, and spin polarization should be 
mutually perpendicular, following the right-hand rule, i.e.,  
js⊥Kz⊥s.[12,32] Therefore, the measured data in the present 
experimental  configuration do not follow the conventional 
SHE rules (see Note S1, Supporting Information). Further, the 
unconventional CSC signal in this geometry can also neither 
originate from an unconventional spin conductivity nor the 
Edelstein effect of the spin-polarized Fermi states for symmetry 
reasons, as long as the symmetry operations of the space group 
Pmn21, in particular mirror and glide mirror symmetries, are 
present (see Note S5, Supporting Information). However, if 
the symmetry of WTe2 is reduced, e.g., by strain,[33–35] mag-
netic field[36,37] or the interfaces[38] between WTe2 and graphene, 
both unconventional spin Hall effect and Edelstein effect can 
give rise to the observed spin polarization (see details in Note 
S5, Supporting Information). However, our observation sug-
gests that a magnetic field is less likely to be the origin of the 
unconventional CSC signal (see details in Note S3, Supporting 
Information). Strain can arise in the WTe2 flakes due to fabrica-
tion of contacts and interfaces with different materials in the 
device, breaking both mirror Ma and glide mirror Mb  symmetry. 
Furthermore, the interface between WTe2 and graphene can 
as well break glide mirror and screw symmetries locally. This 
symmetry breaking leads to the occurrence of a y-polarized spin 
current and (or) a homogeneous spin density in the y direction, 
leading to a spin current js  || Kz (here we name it js

y). Thus, 
although the symmetries of space group Pmn21 prohibit the 
generation of a spin current js

y by the spin Hall and Edelstein 
effects, breaking the crystal symmetries by strain or the occur-
ring interface allows the emergence of the observed spin current.

To further confirm the orientation of spin polarization from 
WTe2, we also performed angle-dependent measurements of 
the unconventional CSC signals both with in-plane and out- 
of-plane B field sweeps in Dev 4 (see Figure S8, Supporting 
Information). The measured unconventional CSC signal is 
observed to evolve from a step-like spin valve signal to a Hanle 
signal with changing the angle from 0° to 90°. Considering the 
direction of the spin current js, the spin polarization s, and bias 
current Kz, the contribution of the conventional CSC from WTe2 
can also be ruled out. These systematic measurements again 
support the observation of the unconventional CSC in bulk 
WTe2. The unconventional CSC measurements in WTe2 using 
both the spin valve and Hanle geometry were also  performed 
as a function of gate voltage (Vg) in Dev 4 (see Figure S9, Sup-
porting Information), where an enhancement of the uncon-
ventional CSC signal magnitude is observed close to the Dirac 
point of graphene. As the metallic WTe2 channel resistance 
does not show any noticeable modulation with Vg (Figure S10, 
Supporting Information), the increase of unconventional CSC 
signal can be attributed to the increase in the graphene channel 
resistance in the heterostructure and conductivity matching 
issues at the interface (Figure S9c, Supporting Information). 
However, in the conventional spin valve signals with both FM 
injector and detector contacts on graphene, a small modulation 
of spin signal magnitude is observed (Figure S10, Supporting 
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Information).[39] This increasing trend of CSC signal with Vg 
suggests a possible enhancement of the spin injection effi-
ciency from WTe2 to graphene near the graphene Dirac point.

In comparison to the symmetric Hanle curves in other 
devices, Device 2 shows an in-plane asymmetric characteristic 
in the Hanle spin precession signal (Figure  3a). By decom-
posing the measured raw data mathematically, we obtained the 
symmetric and the anti-symmetric spin components, i.e., the 
spins along FM and the spins perpendicular to FM, respec-
tively. Specifically, the magnitude of the symmetric (R1) and 
the anti-symmetric (R2) components are extracted by fitting the 
Hanle curves. Thus, the out-of-plane charge current generates 
a net spin polarization and/or a spin current, which is polar-
ized with an angle of 76.4° ( = arctan(R1/R2)) with respect to 
the FM. Such an asymmetric Hanle curve can be caused by the 
coexistence of spin polarization components parallel and per-
pendicular to the ferromagnet.[40] This can be explained by con-
sidering the simultaneously broken mirror symmetry Ma and 
glide symmetry Mb  (see the symmetry analysis in Note S5, Sup-
porting Information). We cannot distinguish the orientation of 
the samples in the present case, however, considering the ran-
domly distributed a(b)-axis in the exfoliated WTe2 flakes relative 
to the crystal boundary and presence of strain as well as the 
glide-symmetry (Mb ) -breaking interface in the devices, such an 
unconventional and asymmetric signal due to charge-to-spin 
convention is observed.

Next, the temperature-dependent measurements of the 
unconventional CSC in WTe2 were carried out to corre-
late the basic characteristics of the Weyl materials and their 
spin polarization. The WTe2 has been experimentally veri-
fied to be a  type-II Weyl semimetal by observing the negative 

 magnetoresistance[8,41] and the anomalous-quantum oscilla-
tion[8] at low temperatures. However, the verification of WTe2 
to be a type-II Weyl semimetal at room temperature is still 
under debate,[31,42,43] because the momentum difference for 
Weyl points (WPs) is beyond the resolution of ARPES meas-
urement.[7,31,44] Hence, it is intriguing to check the tempera-
ture dependence of the signal and its relationship with the 
possible Weyl phase transition at a lower temperature.[8,41] 
Figure  3a shows the temperature dependence of the uncon-
ventional CSC signals from WTe2, measured in Dev 2 in the 
temperature range of 10–300 K at a fixed bias current I = −50 
µA. The switching direction of the measured unconventional 
CSC signal in WTe2 remains the same throughout the tem-
perature range, indicating that the origin of the spin polariza-
tion remains the same. The apparent slightly larger switching 
field observed for the signal at lower temperatures is due to an 
increase in the coercive field of the FM detector contact. The 
modulation of the magnitude of the unconventional CSC signal 
of WTe2 is plotted with temperature in Figure 3b (lower panel), 
where two different regimes were observed. The signal magni-
tude is weakly temperature-dependent in the range 175–300 K,  
whereas a notable decrease is observed below 175 K. As spin 
transport parameters in graphene are known to weakly 
dependent on temperature,[45] we identified that the decrease in 
unconventional CSC magnitude could be due to the increase 
in WTe2–graphene contact resistance at lower temperatures 
(Figure 3b upper panel). The increase in WTe2–graphene con-
tact resistance could cause a decrease in spin injection effi-
ciency form WTe2 into graphene, while the other parameters 
were very stable with temperature (see Figure S11, Supporting 
Information). The increased noise level in the unconventional 

Figure 3. Observation of the in-plane asymmetric Hanle signal and temperature dependence of the unconventional charge–spin conversion in WTe2. 
a) The measured asymmetric Hanle raw data (bottom panel) of the unconventional CSC signal in Device 2. The symmetric (top panel) and anti-
symmetric (middle panel) components of the Hanle signal and the corresponding fittings. The inset shows the measurement geometry with charge 
current-induced spin polarization s in WTe2 can be with an angle relative to the detector FM. b) Temperature dependence spin-switch signal of the 
unconventional CSC effect in WTe2 for Device 2 (RCSC = VCSC/I, with I = −50 µA in the range of 10–300 K. c) Top panel: Temperature dependence of 
the WTe2–graphene interface resistance. Bottom panel: Temperature dependence of the CSC signal magnitude. The error bars are estimated from the 
noise in the measured CSC signal.
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CSC signal at the lower temperature can also be due to the 
larger WTe2–graphene contact resistances. All these measure-
ments suggest that the observed unconventional CSC effect is 
robust from 10 K to room temperature, and the spin-polarized 
bulk Fermi states in WTe2 should be present through all the 
measured temperature range.

To check the reciprocity[46] of the unconventional charge–spin 
conversion effect in WTe2, the inverse charge–spin conver-
sion (ICSC)[47,48] measurements were also performed at room 
temperature (see Figure 4a). Here, the spin current is injected 
from an FM tunnel contact into a graphene channel and sub-
sequently detected by the WTe2 due to the ICSC effect in a NL 
measurement geometry. The spin current with spin polari-
zation s along the y-axis is absorbed into the WTe2, resulting 
in a net charge current in the Kz direction due to the inverse 
charge–spin conversion. By reversing the FM magnetic 
moments by an external in-plane magnetic field sweep, the 
opposite spins −s are injected into the graphene channel and 
subsequently absorbed by the WTe2, which induces a charge 
current −Kz. An apparent hysteric switching behavior of the 
measured voltage signal is observed with By magnetic field 
sweep, with the switching fields corresponding to the magneti-
zation switching of the spin injector FM electrode (Figure 4b). 
Importantly, both the ICSC and CSC signals measured in the 
same device show a good Onsager reciprocity with compa-
rable signal magnitude and opposite switching directions, i.e., 
RCSC(B) = RICSC(−B) (Figure 4b). The ICSC effect is reproducibly 
observed in different devices and the magnitude of the signal is 
also found to scale linearly with spin injection bias current and 
changes sign with the bias polarity (see Figure S12 in the Sup-
porting Information for data on Dev 2). As a confirmatory test 
for the observed ICSC effect, corresponding Hanle spin preces-
sion measurements were also performed with application of an 

out-of-plane magnetic field Bz in the same NL measurement 
geometry. Figure 4c shows the measured modulation of signal 
RICSC = VICSC/I as detected by ICSC in WTe2 due to spin diffu-
sion and precession in the graphene channel.

We estimate the unconventional CSC efficiency αCSC  
(= js/jc) in WTe2 to be up to 9% at room temperature by fitting 
the Hanle curves of (I)CSC signals (see details in Note S2, Sup-
porting Information). The calculated lower limit of Edelstein 
length is λEE = αCSCλWTe2

 ≈ 0.72 nm (considering spin diffusion 
length of WTe2 λWTe2

 = 8 nm[12]). The observed large charge–spin 
conversion efficiency in WTe2 is believed to be due to the spin 
polarization of Fermi states, broken space inversion symmetry, 
and a significant influence of SOI in WTe2 as known from the 
band structure calculations and spin-resolved ARPES results.[15] 
Interestingly, our measurements show that the charge–spin 
conversion is not restricted to the 2D surface but originates in 
the bulk Weyl semimetal WTe2. From our control experiments, 
we could rule out the origins of the observed spin polariza-
tion related to conventional SHE and REE in WTe2;

[12] and also 
proximity induced SHE and REE in graphene.[24,28–30] These 
observations of the unconventional CSC are fundamentally dif-
ferent from the conventional REE, which is an interface pheno-
menon where the spins and current density are confined in the 
2D plane[48,49] as measured in the heterostructures of metals[48] 
and oxides,[50] topological insulator,[51,52] Transition metal dichal-
cogenides (TMDCs)[53] and in graphene heterostructures with 
MoS2,[28] WS2,[23,30] TaS2,[25] MoTe2

[24] and topological insulator 
(Bi0.15Sb0.85)2Te3.[54] This unconventional charge–spin conver-
sion phenomenon in WTe2, however, is shown to be useful for 
injection and detection of spin polarization in graphene at room 
temperature, avoiding problems existing in topological insula-
tors,[20,21] and open ways for spintronic devices without the use 
of traditional ferromagnets. The WTe2 based van der Waals 

Figure 4. Inverse charge–spin conversion in WTe2 at room temperature. a) Schematics of the inverse charge–spin conversion (ICSC) measurement 
configuration with spin current injected into the WTe2 from the FM/graphene structure. b,c) Measured data of both spin valve and corresponding z 
Hanle signal with the fitting curve for both CSC and ICSC in Device 1 with an application of I = −70 µA at room temperature. The Hanle signal of the 
(I)CSC is defined by R(I)CSC = (V(I)CSC(P) − V(I)CSC (AP))/(2 × I).
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heterostructure devices also provide the advantage that their 
operating temperature is not restricted by a Curie temperature 
(Tc), such as recently discovered 2D ferromagnets have Tc much 
below the room temperature.[55] Other advantages are that the 
direction of spin polarization in WTe2 can be controlled by using 
an electric bias current, instead of using an external magnetic 
field in case of FMs to switch the magnetic moments. From the 
application point of view, spin–orbit torque (SOT) studies[10,11] 
show that WTe2 can be more efficient and energy-saving in SOT 
technologies compared to traditional heavy metals.

In summary, we demonstrated the electrical creation, detec-
tion, and control of the unconventional charge–spin conversion 
and its inverse phenomenon in type-II Weyl semimetal candi-
date WTe2 up to room temperature. Contrary to conventional 
bulk spin Hall effect and surface states dominated Rashba–
Edelstein effect, the charge–spin conversion is shown here to 
be created in WTe2 due to unconventional spin Hall effect or 
(and) Edelstein effect. The unconventional spin conductivi-
ties in WTe2 are allowed by considering strain as well as the 
WTe2/graphene interface to break the crystal symmetry. The 
spin polarization created in WTe2 is shown to be utilized for 
spin injection and detection in a graphene channel in an all-
electrical van der Waals heterostructure spintronic device at 
room temperature, which circumvents the problem existing in 
topological insulators for spin injection into graphene below 
20 K.[20,21] Such unique spin-polarized electronic states in Weyl 
semimetal candidates with novel spin topologies can be fur-
ther tuned by tailoring their electronic band structure through 
enhancing their spin–orbit interaction strength, increasing the 
separation between the Weyl nodes through Berry curvature 
design, and controlling strain to break the crystal symmetry. 
These findings in Weyl semimetal WTe2 for efficiently trans-
forming the electric current into a spin polarization at room 
temperature is highly desirable for energy-efficient spintronic 
memory and information processing technologies.[56]

After submission of our manuscript, we noticed two very 
recent papers on the multidirectional and unconventional 
charge–spin conversion in MoTe2.[35,38] Our results on Weyl 
semimetal candidate WTe2 show an efficient and unconven-
tional charge–spin conversion, which is different from conven-
tional SHE and REE and demonstrates a practical approach for 
efficient generation and injection of spin polarization into gra-
phene channel up to room temperature.

Experimental Section
The devices with monolayer CVD graphene on Si/SiO2 substrate (from 
Groltex) were patterned by electron beam lithography (EBL) followed 
by an O2 plasma etching. The WTe2 (from Hq Graphene) flakes were 
exfoliated and dry transferred on to the CVD graphene in the N2 
atmosphere inside a glovebox. The few layers graphene devices were 
mechanically transferred onto the n-doped Si substrate with 300 nm SiO2. 
The WTe2 flakes were exfoliated and dry transferred on to the few-layer 
graphene in by a transfer stage in a class 100 cleanroom environment. 
For the preparation of ferromagnetic tunnel contacts to graphene, 
a two-step deposition and oxidation process was adopted, 0.4 nm  
Ti was deposited, followed by a 30  Torr O2 oxidation for 10 min each, 
followed by 100 nm Co deposition. Measurements were performed inside 
a vacuum cryostat and a PPMS measurement system in the temperature 
range of 10–300 K with a magnetic field and a sample rotation stage. The 

electronic measurements were carried out using current source Keithley 
6221, nanometer 2182A, and dual-channel source meter Keithley 2612B.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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