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Coexistence of large conventional and planar spin
Hall effect with long spin diffusion length in a
low-symmetry semimetal at room temperature

Peng Song ®'2° Chuang-Han Hsu
Yujun Deng’, Wei Fu®'2, Yanpeng Liu
Kian Ping Loh®"2*

The spin Hall effect (SHE) is usually observed as a bulk effect
in high-symmetry crystals with substantial spin-orbit coupling
(SOC), where the symmetric spin-orbit field imposes a widely
encountered trade-off between spin Hall angle (6,,) and spin
diffusion length (L), and spin polarization, spin current and
charge current are constrained to be mutually orthogonal.
Here, we report a large 0, of 0.32 accompanied by a long L
of 2.2 um at room temperature in a low-symmetry few-layered
semimetal MoTe,, thus identifying it as an excellent candidate
for simultaneous spin generation, transport and detection. In
addition, we report that longitudinal spin current with out-of-
plane polarization can be generated by both transverse and
vertical charge current, due to the conventional and a newly
observed planar SHE, respectively. Our study suggests that
manipulation of crystalline symmetries and strong SOC opens
access to new charge-spin interconversion configurations and
spin-orbit torques for spintronic applications.

With the emergence of quantum materials whose properties are
closely related to their underlying symmetry and dimensionality,
tuning the interplay between spin-orbit coupling (SOC), crystal
symmetry and dimensionality is becoming an interesting route to
achieve new properties, such as topological insulating and super-
conducting ground states in monolayer WTe, (ref. '), nonlinear
electrical Hall effect under time-reversal symmetry in few-layered
WTe, (ref. °°), out-of-plane spin-orbit torque in low-symmetry
WTe,/ferromagnet bilayers’, out-of-plane spin texture in SrTiO,
two-dimensional (2D) electron gas’, or a new magnetic spin Hall
effect (SHE) arising in the non-collinear antiferromagnet Mn,Sn°.
One hitherto unexplored area is how the SHE can be controlled
by deliberately defining the interplay between SOC and crystal
symmetry. While the SHE allows spin currents to be generated
electrically without magnetic fields or ferromagnetic materials, it is
usually studied as a bulk effect in high-symmetry crystals, where it
encounters two widespread limitations: (1) the trade-off between
spin Hall angle (6y;) and spin diffusion length (L) (the latter being
small when the former is large), and (2) the stringent require-
ment of orthogonality between spin polarization, spin current and
charge current'*-".
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The key to obtain a large 6y, mostly relies on a strong
spin-orbit field, which is usually symmetric in high-symmetry
crystals and detrimental of spin coherence, thus yielding short L
(ref. '), irrespective of spin polarization and direction of propaga-
tion. For this reason, large g, in strong SOC heavy metals, such
as Pt, W and Ta'""*"" is accompanied with L at a length scale of
~10nm. Meanwhile, the high-mobility semiconductor GaAs has a
long L up to 8.5um, but g, is extremely small'®*". Thus, there is
great interest in finding new band structures that can generate spin
currents with high efficiency as well as long spin diffusion lengths.
On the other hand, because of the high space group symmetries
with at least two mirror symmetries, conventional SHE materials
are constrained to have only the spin Hall conductivity (SHC) term
oZ, where spin polarization, spin current and charge current are
mutually orthogonal. The two limitations have also manifested in a
recent observation of SHE in WTe, (ref. 2!).

It is well known that the orientation of the spin-orbit field,
regarded as an effective magnetic field acting on the spin, is highly
constrained by crystalline symmetry*” and that the allowed forms of
intrinsic SHC also depend on the crystal symmetry*>*. The essential
role of crystal symmetry on the spin—orbit field and allowed intrin-
sic SHC suggests the possibility to break the two limitations men-
tioned above through crystal symmetry manipulation. Inspired by
the prediction of a large SHE in bulk Weyl semimetals due to their
large spin Berry curvature (SBC)*, we studied the SHE in layered
type-II Weyl semimetal candidate T;-MoTe, (MoTe, for brevity)*>*.
The symmetry breaking in the 2D limit enables the coexistence of
a large spin Hall angle (64;~0.32) and robust spin diffusion over
long distances (Ly=2.2pum) in few-layered MoTe, at room tem-
perature. These features make MoTe, one of the most promising
candidates for spintronic applications. In addition, an unconven-
tional SHE (designated planar SHE) emerges in low-symmetry
few-layered MoTe,, characterized by the coplanar spin polarization,
charge current and spin current flow. Using symmetry engineering
to break the requirement of orthogonality and induce planar SHE
opens a route to accessing unconventional spin-orbit related
effects, as well as new device geometries and configurations for
spintronic applications.
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Fig. 1| Crystal symmetry of bulk and few-layered MoTe,. a, Crystal structure of bulk MoTe, (L, and L, as the bottom and top layer, respectively) and

the two mirror symmetries of space group Pmn2, (no. 31), one is a pure mirror M, and the other is a glide mirror IWy associated with a half translation by
(a+c¢)/2.x,y and z are directions along zig-zag, armchair and plane normal of the crystal, with g, b and ¢ being the dimensions of the unit cell in the three
directions. b, In the 2D system with broken translation symmetry, the crystalline symmetry is described by the layer group Pm11 that contains only one

mirror plane M,.

A simple basis for symmetry manipulation is that glide mir-
ror symmetries associated with fractional translations in certain
non-symmorphic space groups are broken in 2D realizations. We
examine this scenario in MoTe,. The space group of bulk MoTe, is
Pmn2, (no. 31) with two mirror symmetries (Fig. 1a), a pure mirror
M,, and a glide mirror M,= {M |7} with 7= 2*¢ relating the two
monolayers (L, and L;) in the unit cell. In the case of few-layered
MoTe,, the symmetry is reduced to the layer group (Pm11). The
original translation symmetry along z is no longer preserved, thus
]Wy is broken (Fig. 1b).

Guided by this reduction of symmetry in few-layered MoTe,,
we investigated its SHE using non-local magneto-transport mea-
surements. Rather than performing a direct measurement of
non-local signal in a H-bar structure, where substantial non-spin-
related behaviour routinely contributes to the non-local signal
and causes overestimation of 6, and L (ref. ¥~*°), we included
a magnetic Co electrode as a passive spin valve to reliably extract
the spin-related signal (Fig. 2a). This procedure is inspired by the
demonstrated interface spin transfer torque (STT)* and its use
in a recent observation of the spin Nernst effect’. In general, an
external magnetic field along z (B,) rotates the Co magnetization
on demand from its easy axis (y, defined by shape anisotropy)
towards z, modulating the interface STT between Co and MoTe,
(as detailed below), thus regulating the amount of spin current
that is detected by the non-local contacts. For our subsequent
discussion, we note that the introduction of Co does not cause
shunting of charge current™ through MoTe, because Co electrode
does not overlap with charge flow in MoTe,. In all devices, exfo-
liated few-layered MoTe, flakes were covered by bilayer h-BN
(Supplementary Fig. 1a shows an atomic force microscopy (AFM)
image of a bilayer h-BN/5L MoTe, heterostructure), which serves
as a tunnel barrier to suppress direct spin relaxation into Co so
that most spin accumulation can be non-locally probed. Due
to the much smaller spin resistance (Rg) of ferromagnetic (FM)
compared with normal metal (Rg™/Rg™ ~1072)***, direct ohmic
contact between Co and MoTe, would lead to strong spin absorp-
tion at the Co-MoTe, interface®, which results in substantial sup-
pression of the spin current available for non-local detection. This
effect was evidenced by the substantially reduced non-local signal
in devices without bilayer h-BN (Supplementary Fig. 4). We note
that few-layered MoTe, exists as orthorhombic T, phase at room
temperature due to a dimensionality-driven phase transition®,
which is also confirmed in our samples by Raman spectroscopy
(Supplementary Fig. 1b). All contacts were fabricated along the

armchair direction (y) of MoTe, (polarized Raman spectroscopy
in Supplementary Fig. 1c) and show a typical nonlinear current-
voltage behaviour (Supplementary Fig. 2) that is consistent with
charge tunnelling promoted by the h-BN barrier””. Tunnelling
charge current through bilayer h-BN is non-zero as long as volt-
age is applied, suggesting the capability of the spin current to
tunnel through the h-BN junction as long as the spin chemical
potential is present.

We first explored the conventional SHE, which is governed by
the 57, component of the SHC tensor, using the configuration of
Fig. 2a with corresponding AFM image in Fig. 2b. Figure 2c shows
the B, -dependent non-local voltage (V) at room temperature. In
contrast to the antisymmetric inverse SHE (ISHE) signal induced
by ferromagnet-injected spin current®, we observed Vi to be a
symmetric function of B, which is consistent with an intrinsic,
SHE-generated spin current with spin polarization independent
of the sign of B,. Vy; gradually increases with the increase of field
and saturates when |B,|>1.6T. The two curves in Fig. 2c show
that switching the current direction inverts Vy,, a manifestation of
intrinsic SHE'**?, which is further confirmed by the weak tempera-
ture dependence of ARy, (=|AVgy/I|) (Supplementary Fig. 3a) and
by the fact that ARy, is independent of the amplitude of the injected
current (1-50 pA) (Supplementary Fig. 3b)'°. The slight increase of
ARy, between 2 and 300K is attributed to the semimetallic nature
of MoTe, with very small electronic pockets. Therefore, both elec-
tron and hole densities are sensitive to thermal broadening of the
Fermi-Dirac distribution, which translates into more carriers with
rising temperature. This is another feature in line with the intrinsic
nature of the observed SHE'.

The field dependence of Vy in Fig. 2c is understood as follows.
B, modulates the ISHE by controlling the interface spin absorp-
tion, which results from a STT that depends on the relative ori-
entation of the Co magnetization (M) and the spin polarization
(o, constant and parallel to z)*>*"*. Spin current with ¢ perpendicu-
lar to M is absorbed by the Co electrode due to STT. When B, =0,
M is parallel to y and perpendicular to 6 (upper panel of Fig. 2d),
the degradation of the spin current by the STT effect is maximal,
leading to minimal spin current detection by non-local Au contacts.
Increasing B, gradually rotates M from the y to the z direction. As M
and ¢ become increasingly collinear, the STT-induced spin absorp-
tion is gradually reduced, ultimately vanishing when M is fully
aligned along z for |B,|>1.6T (consistent with the saturation field
of Co derived from anisotropic magnetoresistance in Supplementary
Fig. 4). As illustrated in the lower panel of Fig. 2d, this leaves the
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Fig. 2 | Conventional SHE in MoTe,. a, Device configuration of bilayer h-BN covered few-layered MoTe, used to measure SHE. Charge current (/) along

y generates JXS@ (spin current along x with spin polarization along z, indicated by the red ball with arrow) that diffuses towards the non-local voltage
probes, where the ISHE converts it back to a charge current and detected as V|, under open-circuit conditions. The Co nanowire is used to separate the
spin-related non-local signal from other contributions. b, AFM image of a typical device with dashed lines indicating the channel region. Scale bar is Tpm.
The ratio between channel length and channel width is >3, to ensure negligible ohmic contribution to the non-local signal. ¢, V, as a function of out-of-
plane magnetic field (B,) for opposite directions of the charge current /, at room temperature. d, Schematic illustrations of the interface STT between Co
and MoTe, with M L ¢ (top) and M // 6 (bottom), M denotes the magnetization of Co and ¢ denotes spin polarization of the spin current diffusing along
the x direction (J)(S(Z)). e, Length-dependent AR, (=|AV,/I]) in configuration a with a fit to equation (1) (solid line) at room temperature, L is the centre-to-

centre distance between current injectors and voltage probes.

maximum spin current to be detected by the non-local contacts when
M and ¢ are collinear (either parallel or antiparallel). In summary,
the absorption of J3*) by the Co electrode is gradually suppressed
by increasing |B,| and, accordingly, the Vy; gradually increases with
increasing |B, | and saturates when |B,|> 1.6 T. That the Co electrode
acts here as a valve to regulate the amount of spin current that reaches
the non-local contacts is further confirmed by the observation that
the field dependence vanishes once Co is removed (Supplementary
Fig. 6a). To confirm the effect of bilayer h-BN, we performed the
same measurement with Co directly deposited on MoTe,, where we
observed the same field dependence but the value of ARy, decreases
to 0.27Q (Supplementary Fig. 4). This result supports the fact that
most of the spin current is directly relaxed into Co and only a small
portion is able to reach the non-local contacts.

Measurements of ARg; with non-local contacts placed at dif-
ferent centre-to-centre distances L from the charge injection point
were performed to derive Og; and L, ARg; measured in such an
H-shaped device due to the combined SHE and ISHE is given by*

1 w _
ARgy = EQSZH/)L_S{e L/

(1)

where p is the 2D resistivity of the MoTe, sheet (5.7 x10°Q)
along the direction of charge flow, and W and L are the width and
length of the channel, respectively. Figure 2e shows the length-
dependent ARy, and a fit to equation (1), which yields Ly=1.5pm
and 6, =0.32. The coexistence of long diffusion length and a large
spin Hall angle is encouraging and suggests few-layered MoTe, to
be a promising candidate for both spln §eneration and transport.

In addition to a spin current J3*) induced by charge flow-
ing along y, we show below that charge injection defined by two
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tunnel contacts parallel to y is also able to generate J**) with a simi-
lar magnitude as that discussed above. This configuration is illus-
trated in Fig. 3a (AFM image in Fig. 3b), from which the data in
Fig. 3 were collected. We first note that the Co electrode here serves
the same purpose as in the setup of Fig. 2a, which is a passive spin
regulator tuneable by varying B, rather than a spin injector, as we
demonstrate below. Figure 3¢ shows V, versus B, at room tempera-
ture, where behaviour similar to that in Fig. 2c is observed, and estab-
lishing that a spin current J* is produced without charge injection
along y, that is without contribution from ¢Z,. The out-of-plane spin
polarization was confirmed by the angular dependence of ARy
(Fig. 3d), which tracks the angular dependence of M. Furthermore,
we observed spin precession under an in-plane field, which sup-
presses the out-of-plane component of the diffusing spins and thus
reduces the non-local signal generated by the ISHE (Supplementary
Fig. 7). Before we discuss in detail the possible origin of this
current-induced J*), we designate it planar SHE to emphasize that,
in contrast to the usual SHE scenario, the spin polarization, the
direction of flow of the spin current and the charge current all lie in
the same plane (xz plane).

We performed length-dependence measurements (Fig. 3e) simi-
lar to the ones described above to extract L for the planar SHE by
fitting to the following equation

ARg = Ae /L )

where A is a constant. The fitting gives L of 2.2 pm at room tem-
perature, proving that the long L is robust in MoTe,, irrespective of
whether the spin current arises from the conventional or the planar
SHE. Figure 3f further demonstrates that AR, only slightly increases
with increasing temperature, for the same reason mentioned above.
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Fig. 3 | Charge-induced out-of-plane spin current. a, Device configuration with non-transverse charge injection. b, AFM image of a few-layered MoTe,
device with dashed lines indicating the channel region. Scale bar is Tum. ¢, Non-local voltage as a function of out-of-plane magnetic field for opposite
current injections at room temperature. Switching the current direction only reverses the sign of the non-local signal. d, Angular-dependent ARy, when

B is rotated in the yz plane at room temperature. e, Semilog plot of length-dependent AR, at room temperature and a fit to equation (2). f, Non-local
resistance (Ry, =|Vy./I]) as a function of out-of-plane field at different temperatures. The dashed line is a guide to the eyes to show that there is only weak

temperature dependence between 2-300K.

Other behaviour consistent with an intrinsic SHE, including sign
reversal of Vi, with current reversal (Fig. 3c) and independence
of ARg; on the magnitude of the charge current (Supplementary
Fig. 8), have been observed as well for the planar SHE. These
observations exclude possible contributions by thermal or Nernst
effects to ARy, and was further validated by second harmonic mea-
surements (Supplementary Fig. 9).

To further confirm that the ARy, is dominated by the SHE-
induced spin current, and that the Co electrode acts only as a pas-
sive spin valve, we performed additional measurements based on the
configuration shown in Fig. 4a at room temperature, with discon-
nected Co electrodes resting between the Au injectors and detectors
(AFM image in Fig. 4b). Being clear now that Co can play no role in
the generation of the spin current, we observe the same non-local
behaviour (Fig. 4d) as in Fig. 3c. Exchanging the current injectors
and voltage detectors produced the same result (Fig. 4e), in line with
Onsager’s reciprocity between SHE and ISHE'. The effect of Co as a
spin valve was also corroborated by the field independent Ry, after

removing the Co electrode (Supplementary Fig. 6b). Besides, the
similar magnitude of ARy in Figs. 2c and 4d suggests that the 6,
of the conventional and planar SHE should be numerically close,
considering that L is also close for both SHE components.

Figure 4f compares L;and 6, of MoTe, with those of other typi-
cal SHE materials. Heavy metals (Pt, W, Ta)'"*"' with strong SOC
possess large 6, but extremely short L. On the other hand, high-
mobility semiconductors (GaAs, Si)"**° show long L up to 10 um,
while 6, is small due to weak SOC. Light metals (Ag, Cu)'® and
recently emerged 2D electron gas (LAO/STO"*?) show consider-
ably larger 6, and long L in the submicrometre region. In the case
of 2D semimetal MoTe,, large SBC and reduced charge conductivity
give rise to g, values as large as 0.32. The long L extracted from
our measurements of J 5% arises from the unique band structure
of few-layered MoTe,, in which the spin-orbit field is not only
large, but also asymmetric, as evidenced by the recent observation
of Ising superconductivity and first-principle calculations®. The
breaking of the M , symmetry in the few-layered MoTe, leads to the

NATURE MATERIALS | www.nature.com/naturematerials


http://www.nature.com/naturematerials

NATURE MATERIALS

LETTERS

Ry (@)

~18.3Q

Ry (@)

~18.3Q

[
5
e A BN
SR g~ AN < oy “v‘%\-ﬂy‘»:'}'_\-‘
R, B S
PO RICAR N
¢ 4
J <
Jj((—z) JXS(Z)
f
1 GaAs (4.2K
1074 H% | This work
£osi
10° 4 ? > *
ou A8
ERIRR LAO/STO
- Pt
1072 "
-
107 4 -
Ta
1074 4 : : ‘
1072 107 10° 10’ 10?
1 Og | (%)

Fig. 4 | Planar SHE and performance benchmark. a, Device configuration where current is injected between two Au contacts. b, AFM image of a

typical device with dashed lines indicating the channel region. Scale bar is Tum. €, Schematics of interface charge injection and the planar SHE.

d, The corresponding Ry, as a function of out-of-plane field at room temperature. e, Measurement in the same device a but swapping the contact pairs
used for the charge injection and voltage detection. f, Ashby plot of L and 6, of typical SHE materials. Semimetal MoTe, offers a promising combination
of large 65, and long L, compared with most other materials that are normally limited by a trade-off between the two parameters.

large spin-orbit field along z, which results in a dominant out-of-
plane spin polarization for the electron pockets*. In addition, the
large spin splitting at the bottom of conduction band (as calculated
in a previous study**), and its enhancement in the 2D limit, contrib-
utes to further stabilize the spin current against dephasing. Finally,
our observation of a long L is consistent with previous optical
measurements of spin lifetime up to 0.4ns*. More detailed dis-
cussion of the possible origin of a long Ly is provided in the
Supplementary Information.

To trace the microscopic origin of the charge-induced 75 in
Figs. 3 and 4, we present below a symmetry analysis consider-
ing the symmetry breaking in few-layered MoTe,. The results are
summarized in Supplementary Table 1, which shows that several
unconventional SHC forms can be induced by deliberately break-
ing crystal symmetries in compounds that would otherwise be
limited to the conventional form (that is, 67 ). While the two mir-
ror symmetries M, and M, make the bulk compatible with only
the conventional SHC forms (¢, and ¢7), the loss of M, allows a
number of unconventional SHC forms, in addition to ¢7. Among
the new symmetry-allowed forms, we believe that o7, is the pri-
mary contributor to the J3®). At the interface, we have the injec-
tion of charge current along the —z direction ( ]ZC), as guaranteed
by the fact that this current enters MoTe, by tunnelling through
the h-BN spacer (Fig. 4c). A finite planar spin Hall component o7,
generates J2©) 67 JC # 0, which diffuses along +x with spin polar-
ization along +z. As the right-moving (+x) spin current travels,
the conventional SHC 62, converts it to the transverse voltage
(along y) measured between the non-local contacts depicted in the
far-right region of Fig. 4a. Note that the spin current that reaches
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the non-local probes is dominated by the J 5 generated by J¢ from
the injector at the right side, because the distance between the two
injectors is usually about 5 pm (see device images in Figs. 3b and 4b),
substantially longer than the L, obtained above. We rule out the
contribution from the other non-conventional SHC forms as
discussed in the Supplementary Information.

In addition to the symmetry considerations presented above,
which are general and can be potentially realized across many mate-
rials, we further theoretically quantified both the conventional and
the planar SHE in few-layered MoTe,. Supplementary Fig. 10 shows
the band structure of a five-layer (5L) slab, on top of which we super-
impose the SBC that enters the computation of 67, and ¢,. Our
calculations show substantial SBC hotspots associated with band
crossings in the vicinity of the Fermi level, which are directly related
to the large SHC*. Figure 5a-d shows the k-resolved SHC in both
bulk and a 5L thin film. While ¢7, is finite and large in both bulk and
thin films, ¢Z, is absent in the bulk but acquires a substantial mag-
nitude in the thin films. This proves that the planar SHE is unique
to the 2D realizations due to the broken M,. Figure 5e,f shows the
calculated chemical potential-dependent SHC and Ogp» which are
large and comparable for both SHC forms. On the other hand, the
charge conductivity of MoTe, is modest due to the small electron
and hole pockets that define its Fermi surface (Supplementary
Fig. 10), as well as to the quantum confinement to 2D. This com-
bination of large SHC and small charge conductivity leads to 6y
as high as 0.40 near charge neutrality, which is among the highest
known. The magnitudes of SHC and 6 do not have a strong thick-
ness dependence for the 3-6L slabs we studied (Supplementary
Fig. 13), which is particularly important for the planar SHE,


http://www.nature.com/naturematerials

LETTERS

0.5
0.5
o)
§
e 0
X
-05
-0.5 “
-0.2 0 0.2
€ 05
0.5
g
a 0
XA
///’\\ -0.5
05 AN
-0.2 0 0.2
Ky (2n/a)
€ 100 60
~ 80 -
T 40
§ 60
g g
= 20
= 40 - Z
A
§ 20 0
01 ; ; ; ; ; —20
-015 -01 -005 0 005 01 0.15

u(eVv)

NATURE MATERIALS
b os T
Bulk U
z
Ty ’ ; 0.1
s V g/ 5
& o (O
< N -
-0.1
A
05 A
0.2 0 0.2
K, (2n/a)
d o5 T
5L
0.1
g
& 0
¥>~
,’ -0.1
05 (A
0.2 0 0.2
K (2n/a)
f
75 -
5L 80
e 60 —>
© 160
I oy
g
= 451 %Ao
2 H40 &
Sy 30
v 120
15
! ! ! ! ! 0
-015 -01 -005 0 005 01 0.15

u(ev)

Fig. 5 | DFT calculations of the SHE of MoTe,. a,b, Calculated k-resolved SHC of szy (@) and o, (b) in bulk MoTe,, where the magnitude is integrated
with respect to k,. The grey lines are the Fermi surface contours (at k,c/IT = 0, 0.4, 0.6, 1.0 for bulk) and the colour code represents the magnitude of the
SHC. ¢,d, The same calculation as in g, (¢) and gy, (d) in 5L MoTe,. e f, Calculated SHC of gy, (e) and oy, (f) for 5L MoTe, and their corresponding 6y, as
a function of chemical potential. All the calculations were done at T=300K. We obtain ¢Z,# 0 only in the few-layer slabs, in direct agreement with the
symmetry constraints that require reducing the symmetry of bulk MoTe, to generate the planar SHE.

suggesting its robustness is not dependent on a precise number of
layers. However, we note the existence of an even-odd effect in ¢,
(Supplementary Fig. 13b) that arises from an approximate cancella-
tion of the SBC in even-layered slabs (in bulk, neighbouring mono-
layers have exactly opposite curvature). The close agreement in the
magnitude of Oy derived from experiments and theory confirms
that the spin current in Figs. 3 and 4 is primarily generated by the
planar o7, and supports the physical picture illustrated in Fig. 2d.
Both our experiments and theoretical analysis demonstrate
that lowering the symmetry by simply thinning down semimetal
MoTe, to the few-layer limit is an effective route to access uncon-
ventional—yet intrinsic—SHEs, which have not been accessed
before, especially in non-magnetic materials. While spin-orbit
torques recently observed in a WTe,/ferromagnet bilayer” and some
antiferromagnets*" also suggest coplanar arrangements of charge
current, spin current and spin polarization, their relationship with
unconventional SHE has not been clearly established. Previous
authors’ excluded SHE (both conventional and unconventional) as

the possible microscopic origin of torques observed in WTe,/ferro-
magnet bilayers because their symmetry analysis was based on bulk
WTe,, instead of the few-layered WTe, used in their measurements.
The spin-orbit torques in antiferromagnets have been ascribed to
spin polarization caused by a Dresselhaus-like spin-orbit field in
which the antiferromagnetic domains play a main role**~*’, instead
of a pure spin current generated by SHE, as we observed here.

In conclusion, we have shown that deliberately lowering the
symmetry of the Weyl semimetal candidate MoTe, leads to a rarely
observed coexistence of a large 6, of 0.32 and a long L of 2.2um
at room temperature. The similarity of Weyl semimetals in terms
of their band structure and symmetry reduction in 2D form sug-
gests that they can be promising candidates as both source and con-
duit of spin current, with the potential to outperform most other
spintronic materials. We have also established that engineering the
crystalline symmetry is an effective route to achieve new forms of
intrinsic SHE, such as the planar SHE reported and quantified here.
The realization of planar SHE, and possibly other unconventional
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forms, greatly enriches the family of SHEs and we anticipate the
same principle may be used to expand the range and flexibility of
other spin-orbit related effects.
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Methods

Device fabrication and transport measurements. MoTe, flakes were exfoliated
in inert atmosphere from bulk crystals obtained from HQgraphene. Ultrathin
exfoliated h-BN flakes were then transferred on MoTe, flakes in inert atmosphere
to avoid degradation. The heterostructure was annealed at 250 °C for 5h under
high-vacuum conditions to form intimate and clean interfaces. AFM was used to
determine the thickness of both flakes and the interface of the heterostructures.
Raman spectroscopy was used to probe the crystal orientation of MoTe,. E-beam
lithography was used to define the electrode pattern. Co (30 nm) was deposited
using molecular beam epitaxy under ultrahigh vacuum (~2 x 10-*mbar) and
capped with 6 nm of MgO. Cr/Au (2/80nm) was deposited using thermal
evaporator. Transport studies were performed in an Oxford Teslatron system.

Non-local measurements were carried out using a phase-sensitive lock-in amplifier.

Calculation of the intrinsic SHC and spin Hall angle. The linear response that
underlies the intrinsic SHE is expressed as

%=X ot
j

which means that a pure spin current | f(k) propagating along i with spin
polarization along k can be generated by an electric field along j (E). The
proportionality is established by the SHC tensor, whose Cartesian components are
(;xf In Kubo’s formalism?, these can be computed as an integral of the SBC,

=0 X [, S e

where the SBC is given by
2s(a)
nk| J; " |n'ky(n'k| ¥, |nk
of,0=—21m ) (nk| [n'k) (n'k| 9 |nk)
n'#n (Enk_En’k)
Here, J: 9 and 9 are operators for the spin current ]5“”) LIPLS v} and the

velocity, respectively, E, is the band energy of the band indexed by n, and fis the
Fermi-Dirac distribution. As described in the main text, the SHC is calculated
using a Wannier basis tight-binding model derived from density functional theory
(DFT). In a tight-binding Hamiltonian with hopping amplitudes f;, the current
operator’’ is expressed as

J=- ZZ(R R)tv e

i

R, is the position vector of site i.
Finally, the charge-to-spin conversion efficiency SHE is dictated by the spin
Hall angle, which is defined as

2e ] _ 20w
h]® h oo

where J and oy represent the magnitudes of the pure spin current and
SHC, and J* and o, represent the magnitudes of the charge current and charge
conductivity, J'=¢, E.

Symmetry-imposed shape of linear response tensors. Consider the linear
response with three observables,
& —iwt 4 in . A .
O oy = / de f AAA B, (14 ihA) €, (t+ihd)
! 0 0
where A, B, and C, are three observables, and the response function consists
of one combined observable (B,C)) and a single observable A Following previous

studies®>*, one can obtain the transformation of ¢ under a unltary symmetry
operation u={R|t},

(B) (©)
O (Bilydje) = z 0 (B,,C) A (@) Dlj (”)D (WD, ()

Imn

where R can be any symmetry operation in the point group of the crystal

and t s a fractional translation. D* is the matrix representation of the symmetry
operation X. In general, the observable operator can be either a polar (spatial) P or
axial (pseudo) A vector. For example, the charge current density is a polar vector
and the spin current density is an axial vector. Accordingly, the transformation
matrices have different forms,

D" (u)

D’ (w) =D (R), —det(R)D(R)

NATURE MATERIALS

The SHE response function a" corresponds to replacing the charge current ]

spin current J;” kfor A and (BkC ) respectively, in the above expressions. To
show that the unconventional SHE is forbidden when the system includes two
orthogonal mirror symmetries, consider for example the two mirrors M, and M,,
perpendicular to the x and y directions. The components of the SHC where the
spin points along z are related by

z z z z

R=M,=> 6 = axy, 0 =0 0, =0,
z__ 2 z _ _z
R=M,= 6 o‘xy, O ==0y 0,=0,.

this leaves ¢, as the only non-zero term allowed by symmetry in the SHC,
which is associated with the conventional SHE. In the current study, one of
the mirror symmetries is a glide mirror, M, (Fig. 1), which is broken when the
translation symmetry along z is lifted in quasi-2D systems. As a result, only the
first of the previous set of relations (involving the remaining symmetry M,) applies,
therefore allowing the new, and unconventional, component ¢, that we designate
planar SHE.

Wannier basis tight-binding Hamiltonian of few-layered T;-MoTe,. The first-
principles tight-binding Hamiltonian of bulk T;-MoTe, is built on the basis

of the Wannier basis with resort to the VASP ab initio simulation package'*-*’
and Wannier90 (ref. **). The latter is used to obtain the bulk tight-binding
model, which is truncated at the surfaces to describe T;-MoTe, flakes with
different thickness. Having such a tight-binding formulation allows a
straightforward computation of any component of the SHC tensor and g, in
linear response.

Current-driven non-equilibrium spin accumulation in T;-MoTe,. In addition
to the SHE, spin currents can intrinsically arise from current-induced spin
accumulation (8S) through the inverse spin galvanic effect (ISGE) (refs. **°).
In linear response, the spin accumulation averaged over the Fermi surface is
given by”’

(08) =" 3 (k| o |nk) (k| E- V,H, [nk)5 (e, —e,,)
n k

where Tys and V are the quasiparticle relaxation time, Fermi level and the 2D
volume. Hk is tlge tight-binding Hamiltonian in the Wannier basis, (nk| o |nk) is
the spin texture of band #, o is the vector of Pauli matrices and (nk| E - V. H, |nk)
is the group velocity in band # projected onto the external electric field E. The
symbol (5S) stands for the accumulation of spin pointing along Cartesian
direction a under an external field along i. This spin accumulation creates a spin
diffusion current, J {0 pg, (5SS, where D is the spin diffusion constant. The
efficiency in convertmg a charge current along j into a current of spins polarized
along a that diffuses along i is therefore defined as

ﬁ[Ze] D 948S]) [Ze] (88 [ A [Ze)
Ji \h J; h Jio %)\

where 22 = Dz incorporates the spin diffusion length, 4, and time, 7. In the
calculations of O shown in Supplementary Fig. 15, we used the experimentally
realistic values of momentum relaxation time z,=2.74fs (obtained from the
photoemission experiments) and z,,=0.4ns (from measurements of the relaxation
of photoexcited spins ref. *).

Finally, calculations of the charge conductivity were performed in the

relaxation time approximation, where the longitudinal conductivity (along
direction X,) reads

o ﬁ 2z, E;

T howv

HISGE

3> (nk| 0, Hy Ink)?S(e; —e,)
n k

where 7, is the transport relaxation time that we obtain by comparing the
experimental and theoretical charge conductivities. Our calculations used the
so-obtained values of 7, along the three crystal axes: r"(“) =105fs, 7) O=123fs
and rz(‘)— 0.96 fs.

Data availability
The datasets generated by the present study are available from the corresponding
author on request.
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