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Spin-charge interconversion (SCI) is a central phenomenon to the development of spintronic devices
from materials with strong spin-orbit coupling (SOC). In the case of materials with high crystal symmetry,
the only allowed SCI processes are those where the spin-current, charge-current, and spin-polarization
directions are orthogonal to each other. Consequently, standard SCI experiments are designed to maximize
the signals arising from the SCI processes with conventional mutually orthogonal geometry. However, in
low-symmetry materials, certain nonorthogonal SCI processes are also allowed. Since the standard SCI
experiment is limited to charge current flowing only in one direction in the SOC material, certain allowed
SCI configurations remain unexplored. Here, we perform a thorough SCI study in a graphene-based lateral
spin valve combined with low-symmetry MoTe,. Due to a very low contact resistance between the two
materials, we can detect SCI signals using both a standard configuration, where the charge current is
applied along MoTe;,, and a recently introduced [three-dimensional- (3D) current] configuration, where
the charge-current flow can be controlled in three directions within the heterostructure. As a result, we
observe three different SCI components, one orthogonal and two nonorthogonal, adding valuable insight
into the SCI processes in low-symmetry materials. The large SCI signals obtained at room temperature,
along with the versatility of the 3D-current configuration, provide feasibility and flexibility to the design
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of the next generation of spin-based devices.
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I. INTRODUCTION

Since its discovery in 2004, graphene has become a plat-
form to investigate physical phenomena [1,2]. Its isolation
opened the door to the discovery and study of a huge
family of two-dimensional (2D) materials that can host
a plethora of properties [3—10]. In the field of spintron-
ics, graphene proves to be an ideal candidate to transport
spin currents over long distances, due to its low spin-orbit
coupling (SOC) [11-14], which, in turn, limits its capabil-
ity for the manipulation of spin currents. However, SOC
can be enhanced in graphene by proximity to another 2D
material in van der Waals heterostructures [15-20], leading
to weak antilocalization [21-25], spin-lifetime anisotropy
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[26-28], and enabling electrical control of spin currents
[29,30] and of the SOC-induced spin precession [31].
Spin-orbit proximity in graphene also causes the spin Hall
effect (SHE) [32—35] and the Edelstein effect (EE) [34—39],
giving rise to electrically controllable spin-charge inter-
conversion (SCI). This is a crucial ingredient to achieve
magnetic-field-free switching [40] and read-out [41,42] of
magnetic elements in memory and logic devices.

The spin Hall conductivity tensor, o, relates the elec-
tric field (£), associated with the applied charge current, to
the generated spin-current density by j* = al.j‘?Ej, where i
corresponds to the spin-current direction, j to the charge-
current direction, and & to the spin-polarization direc-
tion. The nonzero components of the tensor determine
the allowed geometrical configurations of the SCI due to
the SHE. In materials with high crystal symmetry, where
at least two mirror planes are present, the only nonzero
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elements of ok

; fulfill i#j #k, ie., charge-current,
spin-current, and spin-polarization directions are mutually
orthogonal. However, in low-symmetry materials, addi-
tional nonorthogonal components are allowed [43—46].
That is the case for the transition-metal dichalcogenide
(TMD) MoTe; in the 17 -crystal phase, which is charac-
terized by only one mirror plane (M,), perpendicular to
the Mo chain, which lies along the y direction in the exper-
imental configuration, and a screw axis parallel to it [47].
In this case, when the spin polarization is in plane and per-
pendicular to the mirror plane (k along the y direction),
the U§ components for which the spin current is parallel to
the applied charge current (i =) are also allowed, giv-
ing 05 # 0 (see Refs. [46,48]). In addition to the SHE,
the EE can also lead to SCI. In SOC materials with bro-
ken inversion symmetry, the flow of charge current is
expected to generate spin accumulation in the system. In
a graphene-based van der Waals heterostructure, this effect
can also occur in proximitized graphene [34—37,39]. The
symmetries that govern the permitted SCI processes via
the EE depend on the mirror alignment between graphene
and the SOC material [49-54]. In twisted heterostruc-
tures, besides the conventional EE, where the charge
current induces a perpendicular spin polarization, the bro-
ken mirror symmetry leads to an unconventional EE with
parallel spin polarization. Experimentally, such an uncon-
ventional EE was recently observed in graphene/MoTe,
[55], graphene/WTe; [56], and graphene/NbSe, [57] het-
erostructures.

So far, 17-MoTe, has been studied as a SCI mate-
rial using nonlocal lateral-spin-valve (LSV) [39,55] and
spin-orbit-torque experiments [58,59]. While most arti-
facts induced by the local charge current are avoided in
nonlocal LSVs, the injection of the charge current in the
SOC material is limited to one direction, leaving cer-
tain SCI configurations unexplored. For SCI experiments
using nonlocal LSVs, based on the spin-absorption phe-
nomenon, a versatile measurement geometry is required to
study unexplored SCI components. Recently, an alterna-
tive measurement configuration, where the charge current
propagates in three dimensions (3D) was implemented,
leading to the observation of different SCI components
in graphene/WTe, [60] and graphene/BiTeBr [61] het-
erostructures. In these studies, the charge current is applied
between the SOC material and the graphene channel.
These experiments, however, only return a measurable sig-
nal when the interface resistance is high enough and spin
absorption in the SOC material is suppressed, implying
that the simultaneous detection of SCI in the standard and
the recently introduced 3D-current configuration cannot be
achieved.

Here, we combine the conventional configuration with
the recently introduced 3D-current configuration to mea-
sure and characterize SCI in a graphene/MoTe, van
der Waals heterostructure. The low interface resistance

between graphene and MoTe; allows us to measure SCI in
both configurations in the same device up to room temper-
ature. We discover that spin generation occurs when charge
current flows through the MoTe, flake in any direction,
gaining deeper insights into the multidirectional SCI pro-
cesses in graphene/MoTe,. Whereas the SCI component
due to a nonorthogonal arrangement of spin polarization
and charge current was measured before [55], additional
components due to both orthogonal and nonorthogonal SCI
geometries are measured here. Specifically, we detect SCI
signals corresponding to the cases where a charge cur-
rent propagating along the mirror plane [b-crystal axis in
Fig. 1(a), which corresponds to the x direction in our space
coordinates] or along the vertical stacking (z direction)
generates a spin current with the same in-plane orthogo-
nal polarization [a-crystal axis in Fig. 1(a), corresponding
to the y direction]. The origin of the former contribu-
tion is compatible with the SHE in MoTe; or the EE in
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FIG. 1. (a) Sketch of the MoTe, crystal structure in the 17
phase. This phase is characterized by a tilt of 93.83° in the c-
crystal axis and a Mo chain along the a-crystal axis (pink zigzag
line). a axis corresponds to the preferential cleaving direction
during mechanical exfoliation, giving rise to elongated flakes
suitable for the LSV devices. 17" phase hosts a mirror in the b-c
plane (M,) and a screw axis along the b-crystal axis (not rep-
resented). (b) Optical microscope image of the device. Barely
visible narrow graphene flake along x, represented by the dashed
rectangle, is under the MoTe, flake (blue). Ti/Au electrodes
are labeled with letters and FM TiO, /Co electrodes with num-
bers. Relationship between the crystal axis and space coordinates
is as follows: b =x and a = y. It should be noted that the c-
crystal axis is not along the z direction. (¢) Two-point resistance
as a function of temperature of the MoTe, flake when cool-
ing down (orange open circles) and warming up (blue filled
circles), as measured in the Vgl p configuration. Four-point
resistance of the few-layer graphene flake as a function of tem-
perature, as measured in the V5, /cp configuration, is also shown
(gray circles). Green circles correspond to the interface resis-
tance between graphene and MoTe,, as measured in the Vyc/lpp
configuration.
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proximitized graphene, while the SHE in MoTe; is the
only allowed mechanism that explains the unexplored o7,
SHE component in MoTe,, additionally confirmed using
density-functional theory (DFT) calculations. The large
SCI signals measured here at room temperature, together
with the versatility in the 3D-current configurations, makes
MoTe,/graphene heterostructures ideal candidates to be
integrated into functional 2D spintronic devices.

II. EXPERIMENTAL DETAILS

The LSV device used for our measurement is shown
in Fig. 1(b). The device is similar to those used in a
related work by some of the authors [55]. First, an elon-
gated MoTe, flake of about 20 nm thick—MoTe, tends
to cleave along the Mo chain [55] [pink zigzag line along
the a-crystal axis in Fig. 1(a)l—is mechanically exfoli-
ated under an inert atmosphere and stamped on top of
an exfoliated few-layer graphene flake using the dry-
viscoelastic technique [62]. In this way, MoTe; is not
exposed to air, preventing oxidation, and keeping a clean
interface between MoTe, and graphene. The width of the
MoTe, flake on top of the graphene channel is about
1 pum. After stamping, metallic Ti(5 nm)/Au(100 nm)
electrodes [labeled with letters in Fig. 1(b)] contacting
MoTe, and graphene are fabricated via e-beam lithog-
raphy, thermal evaporation, and lift-off. Subsequently,
ferromagnetic (FM) electrodes [labeled with numbers in
Fig. 1(b)], TiO4(0.3 nm)/Co(35 nm), are fabricated on top
of graphene, using the same technique. TiO, is prepared
by air exposure of a Ti layer, as described elsewhere [55].
The width of TiO, /Co electrodes is approximately 300 and
400 nm on the left and right sides of the MoTe, flake,
respectively.

To characterize our MoTe, flake, we measure its resis-
tance (R) by applying a current between contacts 4 and
B (I4) and measuring the voltage between the same
electrodes (V45). We label this geometry as Vyplyp. As
shown in Fig. 1(c), the resistance of the MoTe, flake
(R4p =Vyp/l4p) has a temperature dependence compati-
ble with semimetallic behavior [63]. Resistance curves
for cooling and heating sweeps perfectly overlap, show-
ing no fingerprint of the structural transition from 177 to
1T, phases [58,64] otherwise reported for the bulk mate-
rial [65]. This is confirmed by the temperature evolution
of polarized Raman spectra (see Ref. [48]). The graphene
flake resistance, measured in a four-point configuration
(Va21lcp), is also plotted in Fig. 1(c). The quality of the
interface can be inferred by measuring the interface resis-
tance between graphene and MoTe,. By applying a charge
current between one side of MoTe; and graphene (/zp) and
measuring the voltage between the other sides (V4¢), the
interface resistance (Riy = V4¢/Ipp) is probed. As shown
in Fig. 1(c), Rin shows very low values, even negative at
room temperature, and increasing up to 100 € at 10 K,

meaning that the interface resistance is smaller than the
graphene square resistance [55].

ITI. RESULTS AND DISCUSSION

SCI has been observed in graphene due to the spin-orbit
proximity effect. Most of these reported experiments use a
LSV based on graphene and a semiconducting high-SOC
van der Waals material, in which graphene is shaped into
a Hall bar and contacted to probe SCI voltage from the
proximitized region [32—39]. However, if graphene is com-
bined with a conducting (metallic or semimetallic) van der
Waals material, SCI can be measured by directly probing
the voltage across both materials. In this case, disentan-
gling the origin of each SCI process remains challenging,
as it can either occur via the EE or the SHE in proximitized
graphene [36,39,56,57,66] or in the high-SOC material
itself via the SHE [38,55,67,68]. In the standard nonlo-
cal SCI measurement configuration [55,69,70], the charge
current (/.) is applied along the SOC material (y direc-
tion). In highly symmetric materials, /. generates a spin
current via the SHE in the vertical direction (z direction)
with spin polarization along the x direction (correspond-
ing to the spin Hall conductivity tensor component, o2}).

zy

The spin current flows into the graphene channel and is
detected with a FM electrode as a nonlocal voltage (¥nr).
To detect the spin current, the magnetization of the FM
has to be pulled in the same direction as spin polarization
and, thus, the magnetic field is applied along the in-plane
hard axis (x direction). When the SOC material has lower
crystal symmetry, spin polarization in other directions can
also be generated. In the 17"-crystal phase, nonorthogonal
components are allowed with spins polarized along the Mo
chain (y direction, see Ref. [48]). Hence, for this material,
it is also of interest to keep the magnetization of the FM
along its easy axis (y direction), while the charge current
is applied along different directions within the high-SOC
material.

A. Standard configuration

We first study SCI by applying the charge current along
the MoTe; flake [i.e., along the y direction, Fig. 2(a)] while
sweeping the magnetic field along the FM easy axis (/).
The nonlocal resistance (Ry. = V'ni/I.) dependence with
H, shows a hysteresis loop with two clear jumps at the
switching field of the FM when using contact 2 (on the
left side of the MoTe, flake) as a detector [Fig. 2(b)]. The
amplitude of the signal is given by ARnr, which, in this
case, can only arise from the charge current, /., that flows
along the —y direction, denoted as I.~, either along the
MoTe, flake or along the proximitized graphene. When
the magnetization of the FM is positive (negative), Rnp
takes a lower (higher) value. Hence, the injected spins are
polarized along the —y direction. Note that we assume
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FIG. 2. (a) Sketch of the standard SCI measurement config-

urations that can be performed in the heterostructure. Charge
current (/.) is applied along MoTe, and the voltage is probed
using the FM electrode on the left or right sides of the MoTe,
flake. (b) Nonlocal resistance (Rnp ) measured using left Co con-
tact 2 as a detector (V%;), while sweeping the magnetic field
along the in-plane easy axis (y- direction). (c) Similar measure-
ment using right Co electrode 1 as a detector (VX ). Baselines of
110 and 26 mS2 are removed, respectively. All the measurements
are performed at 300 K.

that the graphene/FM contact spin polarization is posi-
tive. We keep this convention throughout the manuscript.
Therefore, we can conclude that a y-spin polarization is
generated by applying /. along the same direction in the
MoTe, flake.

Three possible mechanisms could be behind this spin
generation: (i) the EE in proximitized graphene, (ii) the
SHE in MoTe, with a spin current along the z direction,
or (iii) the SHE in MoTe; with the spin current along the
x direction. Concerning case (i), spin accumulation polar-
ized along —y must be generated by a perpendicular charge
current (x or z direction) in the conventional EE. How-
ever, in this case, the charge current and spin polarization
are parallel, which is forbidden by the crystal symmetry
of graphene. If we consider cases (ii) and (iii), both SHE
components (03, or o3y, respectively) should be zero, since
they are forbidden by the crystal symmetries of MoTe; (see
Ref. [48]).

To further understand the possible mechanism, Ry is
measured using contact 1 as a detector (on the right side
of MoTe, flake), while the magnetic field is swept along
the FM easy axis, as represented in Fig. 2(c), a configu-
ration that probes the spin current flowing in the opposite
direction than that using contact 2. ARy shows the same
sign as the one detected on the left side. The absence of
a sign reversal further proves that the spin current along

the x direction does not play any role in SCI. Accord-
ingly, two mechanisms remain as possible origins of the
signal: an unconventional SHE in MoTe, with spin current
along the z direction (03,) or an unconventional EE at prox-
imitized graphene (that does not depend on spin-current
directions), where spin polarization and charge current are
parallel. Both scenarios are incompatible with the pro-
cesses allowed by the crystal symmetry of both MoTe, and
graphene.

Therefore, the symmetry of the system must be bro-
ken to allow such unconventional SCI. A possible ori-
gin for symmetry breaking is shear strain, which may
develop during the fabrication process, as suggested in
Ref. [58]. However, this signal is now reproduced in sev-
eral graphene/MoTe, samples (this work and Ref. [55])
and even in different graphene/TMD heterostructures [56,
57]. Shear strain is expected to be sample dependent [71],
making this hypothesis unlikely. Another possible mecha-
nism is that the misalignment between the mirror planes
of graphene and MoTe, creates a nonsymmetric inter-
face. This enables an unconventional EE in proximitized
graphene, for which spin polarization is parallel to the
charge-current direction [49—54].

B. 3D-current configuration

Up to this point, we have only explored SCI arising from
a current flowing along the —y direction (I~ ). To further
access other SCI processes, the current path in MoTe, must
include components along the three different space coor-
dinates. We implement a protocol [38,58,59,66] (which
we call 3D-current configuration), where /. is injected
from MoTe; into graphene through the interface using one
Ti/Au electrode on MoTe, (4 or B) and another one on
graphene (C or D). In this configuration, /. propagates
along x, y, and z, and spin currents arising from current
flowing in all three directions can be detected. To separate
their contributions to spin polarization, we test different
nonlocal measurement configurations by reversing each
x, y, or z component of /. independently. When one of
the components of /. is reversed, spin polarization and
the associated nonlocal voltage in the detector resulting
from the charge current must change sign, regardless of
the origin of SCIL.

The four possible charge-current paths within the
graphene/MoTe, heterostructure when contact 1 is used as
the FM detector are sketched in Fig. 3(a). The measured
Ry as a function of H, for each of these current paths
is plotted in Fig. 3(b), where hysteresis loops are repre-
sented by the same color as the respective current path. In
this specific measurement configuration, Ryy signals are
proportional to the number of y-polarized spins arriving at
the detector. In other words, our experimental configura-
tion detects SCI processes that generate y-polarized spins,
which may arise from any charge-current propagation
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FIG. 3. (a) Sketch of all 3D-current SCI measurement con-
figurations using contact 1 as a FM detector. Arrows across
MoTe,/graphene represent the four different current paths. (b)
Nonlocal resistance measured using contact 1 as a FM detec-
tor, while sweeping the magnetic field along the FM easy axis
(H,) for different current paths. Curves are vertically shifted for
clarity. Arrow represents an amplitude of 40 mS2. (c) Sketch of
all 3D-current SCI measurement configurations using contact 2
as a FM detector. (d) Nonlocal resistance measured using con-
tact 2 as the FM, while sweeping the magnetic field along the
FM easy axis (H,) for different current paths. Arrow represents
an amplitude of 20 m<2. All the measurements are performed at
300 K.

direction. To distinguish the charge-current direction creat-
ing spin polarization along y, each charge-current path can
be spatially decomposed as follows: dark-red path corre-
sponds to /. (—x, —y, —z), light red to /.. (+x, +y, +z), dark
blue to /. (—x, +y, —z), and light blue to 7. (+x, —y, +z).
As shown in Fig. 3(b), dark-red and dark-blue curves show
the same hysteresis-loop sign, while light-red and light-
blue curves also show the same sign but opposite to that of
the dark curves. Considering the correspondence between
the signs of the loops and the charge-current directions, we
can conclude that the sign change of the Ry signal may
arise from a reversal of the charge current along either the
x or z direction.

To shed further light on the SCI origin, another set of
measurements with the 3D-current configuration is imple-
mented using contact 2 as the FM detector, which allows
us to access four extra current paths [see Fig. 3(c)].
Figure 3(d) shows Ry as a function of H,, for the four extra
configurations. In this case, decomposition of the charge
current is as follows: dark-red path corresponds to 7. (+x,
—y, —z), light red to /. (—x, +y, +z), dark blue to /. (+ux,
+y, —z), and light blue to 1. (—x, —y, +z). If we apply
the same sign-comparison protocol used for measurements
shown in Fig. 3(b), we can again conclude that the Ryp
signal originates from the charge current along either the

x or z direction. To distinguish between these two possible
origins, we need to further compare the two sets of mea-
surements shown in Figs. 3(b) and 3(d). Table I contains
a summary of the different measurement configurations,
the respective spatial components of /., and the ampli-
tude of the resulting nonlocal signal loop (ARNL) at the
detector. It is important to notice that only the /. compo-
nent along the x direction is reversed when comparing the
two sets of data obtained from detectors 1 and 2. In other
words, in the configurations represented by the same color
in Figs. 3(a) and 3(c), the charge current follows the same
path, except for a reversal in the x direction. If their corre-
sponding same-color Ry signals in Figs. 3(b) and 3(d) are
compared, a reverse in the Ry signal is observed for each
of the four nonlocal resistance configurations. This implies
that it is the charge current along the x direction (/F*) that
dominates the generation of spin polarization along the Fy
direction. Hanle spin-precession measurements corrobo-
rate the spin origin of the nonlocal signals detected for both
the standard and 3D-current measurement configurations
[48].

C. Analysis of the signals and discussion of the
mechanisms

The possible mechanisms behind SCI with charge cur-
rent along x and spin polarization along y are the SHE in
MoTe; or the EE in proximitized graphene. For the for-
mer, a charge current along the x direction generates a spin
current along the z direction with spin polarization along
¥ (corresponding to oz,). For the latter, a charge current
along x generates a spin accumulation with spin polariza-
tion along y. In contrast to the signal measured using the
standard SCI configuration (Fig. 2), and regardless of the
SHE or EE origin, this signal is allowed by symmetry [48]
and has not been detected before.

Using both the standard [Figs. 2(a) and 2(b)] and 3D-
current [Figs. 3(a) and 3(c)] SCI measurement configura-
tions in the graphene/MoTe, heterostructure, we observe
how both x- and y-charge-current directions (/** and I,
respectively) induce spins polarized along the y direction.
To quantitatively compare them, the amplitude of the SCI
signal (ARny), which is defined as the difference between
the mean value of the nonlocal resistance at the two satu-
rating states, is extracted for each configuration and shown
in Table I. For each FM detector, two configurations result
in positive ARy, while the other two show the opposite
sign. It is remarkable that the absolute value of the ampli-
tude for the signals with the same sign are not the same.
The difference in ARnp between the two signals with pos-
itive (negative) amplitudes, that is, approximately 10 m2
in both cases, must arise from SCI of the charge current
along the y direction, as discussed next.

From the standard SCI measurement configuration
(Fig. 2), we know that there is a SCI signal with spin
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TABLE L

Summary of the different measurement configurations carried out in the graphene/MoTe, heterostructure. For each

configuration, the components of /. with the corresponding symbol in the plot, and the respective amplitude of the signals are detailed.

Standard Contact 1
configuration Contact 2
Contact 1
3D-current
configuration
Contact 2

e (0,—y,0) —13.6
o (0,-y0) -9.1
o (—x,—y,—2) 22.2
® (+x,+y,+2) —21.8
® (—x,+y,—2z) 324

-30.7
o (+x,—y,—2) —-21.4
O (—x,+y, +2) 24.1
O (+x,+y,—2) -13.1

10.6

polarization along y when the charge current is applied
along the —y direction (/. ) and ARy of this contribu-
tion is negative, being positive when the current flows in
the +y direction (];r ?). In the 3D-current experiments, this
contribution to SCI is measured together with the signal
coming from the charge current flowing in the x direction.
If we compare the dark-blue and dark-red configurations
in Fig. 3(a) or Fig. 3(c), the only difference in the charge-
current path between them is the direction of the charge
current along the y direction. For example, in the case
of contact 1 working as a detector [Figs. 3(a) and 3(b)],
the dark-blue configuration corresponds to 1. (—x, +,
—z), while the dark-red case corresponds to /. (—x, —y,
—z). Since ARyL is positive, we conclude that a charge
current along the —x direction (I ¥)generates spin polar-
ization along the +y axis. In contrast, a charge current
along the —y direction (I;”)generates spin polarization
along the —y direction, and LY generates spin polariza-
tion along +y. A similar scenario can be applied to explain
the difference between the two negative values of ARnL
for the light-colored curves. In other words, for each pair
of dark or light curves measured at detector 1, the contri-
butions to ARy arising from /" and I have the same
sign for the blue curves; therefore, they add up. In con-
trast, for the red curves, the contributions to ARy arising
from /" and Vi present the opposite sign, subtracting
their values (Fig. 4). By considering the contribution to
the amplitude of each hysteresis loop coming from /F*
and 1.7, that is, ARN.(IE*) and ARx (I27), respectively,
the ratio of the absolute values of the SCI signal ampli-
tudes, ARny (IF)/ARNL(I2), can be obtained. A similar

analysis is also shown in Fig. 4 for measurements using
FM detector 2, as explained in Figs. 3(c) and 3(d).

In another comparison, the amplitude of the signal mea-
sured in the standard configuration and using contact 1 as

40 . : . . .
ARy, (1% + 17 + 177) o
Q
—~ 20F ARy (1% + 177 + 137) J
= BRI + 177 +157) [ g
é TAI\‘H‘ (7% + I + 127)
-0 _ :
Q:Z ARNL(Ic_y) ARNL(IC y)i
AR 1+x+l+y 177
< o NL( @ c c )
20 ARy (IEF + 17 +1F7) ARy (IF* + 177 +177) -
- S 2
ARyL(IF* + /"“ + 1} \’)
*
_40 | 1 1 . 1 . L

AE AP AP AP AR AR P AR AP AW
AR L0 Q0 GO QARG Q@ Qa0 QP Qe

FIG. 4. Amplitude of the SCI signals (ARny) for each of the
eight different current paths in the 3D-current configurations and
for the standard configuration. Each arrow is labeled with the
charge current involved in the SCI process for each measure-
ment. Contact 1 is used as a detector for the five configurations
on the left side (light-yellow background), while contact 2 is the
detector for the five combinations on the right side (light-orange
background). Error bars are smaller than the dots.
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the detector is approximately 1.5 times larger than that
detected using contact 2 (see Table I). This difference
can be attributed to the different degrees of polarization
of the two FM electrodes or to the different distances
between the detector and the MoTe, flake. However, in
the 3D configuration, we also observe large differences
between signals measured with the left and right detectors,
which cannot be solely attributed to the different degrees
of polarization or different distances to the Co electrodes.
If we consider that only x- and y-flowing currents con-
tribute to spin generation, and the difference arises just
from polarization or the distance to the FM leads, the ratio
ARNL(IEY)/ARNL (I should be the same for both detec-
tion schemes. However, this ratio is significantly smaller
for detector 2 than for detector 1. Interestingly, and even
if we cannot fully discard contributions from geometri-
cal factors or from inhomogeneities in the spin absorption
of the MoTe,/graphene interface, the pattern on the dif-
ferences between detector 1 and detector 2 for the signals
can be naturally explained by considering the presence of
SCI from I*. If we now consider that the amplitude of
each hysteresis loop comes from the presence of SCI of the
spins polarized along y for three charge-current directions,
the SCI signal coming from /X can be extracted and is
comparable to that of ARNp (IfE ”), being both smaller than
ARNLUF). ARNL(IF?) and ARnp(I}) show the same
sign, opposite to the one of ARy (I:”) (Table I and Fig. 4).
In this scenario, when using contact 1 as a detector, the
contributions of ARNL(ICix) and ARNL(ICiZ) present the
same sign for each situation, enlarging the total amplitude
of the hysteresis loop. However, in the case of contact
2, the two contributions present opposite sign, reducing
the total amplitude of the SCI signal. The origin of this
SCI component arising from 77 can only be attributed to
the SHE in MoTe,, where the charge current is along the
z direction, parallel to the spin-current direction, and the
injected spins are polarized along the y direction. This con-
figuration corresponds to the o -tensor element, which is
allowed by the crystal symmetry of 177-MoTe, [48].

By comparing the amplitudes and signs of the differ-
ent SCI components in our device and assuming the three
processes occur via the SHE in MoTe;, we conclude that
oz presents the same sign as that of 02, and opposite to
that of o;., and that o7, is larger in magnitude than o2,
and oryyz. This hierarchy of components can be compared
with that obtained from DFT calculations of the spin Hall
conductivity (SHC) tensor, which is one of the effects con-
tributing to SCI. These calculations output zero values for
tensor components not allowed by symmetry, such as o3,
while all components allowed by symmetry are nonzero
[48]. Our DFT calculations yield a finite value for the
nonorthogonal SHC component, ¢, which is symmetry
allowed but predicted to be negligible in previous works
[65]. Our calculations show that o2, is not negligible but
does remain smaller than the other dominant components

around the Fermi energy, such as o3,. Our experimental
observation that |o2,| > |o2.| is therefore consistent with
a spin Hall contribution to these effects. Our calculations,
however, predict opposite signs for these two components.
Given the small value of ¢, a sign change is not implau-
sible due to contributions from extrinsic effects, such as
skew-scattering and/or EE SCI mechanisms, which can
never be excluded from our observations and preclude

quantitative comparisons with intrinsic SHC calculations.

IV. CONCLUSIONS

We perform SCI experiments in a graphene/MoTe, van
der Waals heterostructure—based LSV, in both the standard
and 3D-current configurations. Our measurement config-
urations allow access to three different SCI components
enabled by the low resistance of the graphene/MoTe,
interface. First, we confirm an unconventional SCI pro-
cess, where a charge current applied along y generates spin
polarization parallel to it, which can neither be explained
by the SHE in MoTe, nor by the EE in proximitized
graphene without further lowering the system’s symme-
try by shear strain or twisting between the layers. Also in
the same device, we detect an orthogonal SCI component
not experimentally observed before using LSVs, where the
charge current applied along x generates spin polarization
along y. As both the SHE in MoTe, and the EE in proximi-
tized graphene allow this SCI configuration, either or both
of them are plausible origins. Finally, we observe a third
component of SCI, where charge current along z is paral-
lel to the spin-current direction, with the spins polarized
along y. This nonorthogonal component is allowed by the
crystal symmetry of 177-MoTe, and can only be attributed
to the SHE in MoTe,. To further confirm its origin, we
perform DFT calculations, showing that this component is
not only allowed by symmetry, but the intrinsic o7, is also
nonzero. Considering all the above, a charge current in any
direction within the graphene/MoTe, heterostructure gen-
erates spins polarized along the long axis of MoTe,, which
corresponds to the direction along the Mo-atom chain. Fur-
thermore, when contributions from all three charge-current
directions add up, the spin-polarization signal doubles
the best value obtained for current flowing in only one
direction. The rich spin-charge interconversion configu-
rations in this system, with remarkable amplitude signals
at room temperature, add flexibility to the architecture of
next-generation spin-based devices.
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