SUPPLEMENTARY INFORMATION

Supplementary Note 1

A 2D spin field-effect switch

The spin switching effect is robust and reproducible upon multiple gate sweeps and
temperature cycles. Supplementary Fig. 1 shows non-local resistance measurements at
different gate voltages performed before the ones shown in the main text (Fig. 2 and 3) in
a different cryostat. Furthermore, to rule out charging effects as the origin of the spin
transistor effect when sweeping the gate voltage, the measurements were performed in a
random order: -30 V, 50 V, 0V, 20 V, -10 V and 10V. Same to that observed in Fig. 3 of
the main text, at large positive gate voltage the spin transport channel is completely
turned OFF and no spin signal is measured, confirming the robustness and reproducibility

of the effect.
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Supplementary Figure 1. Spin transport in the graphene/MoS, lateral spin valve at 50 K.
(a), Non-local resistance R, measured at different V; at 50 K using 10 yA current bias and for a

centre-to-centre distance between ferromagnetic electrodes (L) of 1.8 uym. Individual sweeps are
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offset in Ry, for clarity. (b), Gate modulation of the spin signal AR (blue circles). The black solid
line is the sheet conductivity of the MoS, as a function of V. The insets show schematically the
spin current path (green arrow) in the off state (left inset) and the on state (right inset) of MoS..
The measurements were performed in a different cryostat to the one used in the main text and
taken in the following order of gate voltage: -30 V, 50 V, 0 V, 20 V, -10 V, 10 V, confirming the

robustness and reproducibility of the effect.

Supplementary Figure 2 shows the spin transport measurements at 200 K for the devices
shown in the main text. The spin signal of the reference graphene LSV at 200 K is similar
to that at 50 K (compare Supplementary Fig. 2a and Fig. 2a in the main text), as expected
from the results in Supplementary Fig. 3a and the literature'? thus providing a

fundamental building block on which room temperature spin switch can be built.

The comparison between Supplementary Fig. 2a and Supplementary Fig. 2b demonstrates
the operation of the 2D spin switch at 200 K. While AR, in the reference graphene LSV
varies slightly with V, (Suppelmentary Fig. 2a), gate modulation of spin signal between
ON and OFF states is clearly observed in the graphene/MoS, LSV (Supplementary Fig.
2b), evidencing that the spin absorption of MoS; does not depend on the temperature.
This experimental fact rules out the scenario of spin dephasing in trap states at the
graphene/MoS, interface, because it is incompatible with the exponential temperature
dependence expected for capture and escape in trap states, and suggests a weak
temperature dependence of the spin relaxation time of few-layer MoS,, as predicted by

our calculations (see Supplementary Note 2 below).
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Supplementary Figure 2. Spin transport in reference graphene and graphene/MoS, lateral
spin valves at 200 K. Non-local resistance R, measured at different V; using 10 pA current bias
and for (a) the reference graphene LSV, in which the centre-to-centre distance between
ferromagnetic electrodes (L) is 1 um. (b) the graphene/MoS, LSV, in which the centre-to-centre
distance between ferromagnetic electrodes (L) is 1.8 ym. Individual sweeps are offset in Ry for

clarity.

Supplementary Note 2

Spin transport properties of graphene

The spin transport properties of graphene are studied in a typical graphene lateral spin
valve as a function of temperature from 10 K to 300 K. The spin signal is weakly
dependent on temperature, see Supplementary Fig. 3 and Ref. '

The spin relaxation in the graphene channel was studied using Hanle precession. The
experiment is done by first setting the injecting and detecting Co/TiO; electrodes in the
parallel or antiparallel magnetisation state along the length of the electrodes by applying
an in-plane magnetic field B. The device is then rotated by 90° and the non-local
resistance Ry is measured while sweeping the magnetic field out-of-plane (B, ).

Supplementary Figure 3b shows the typical Hanle precession curve in the parallel (red



circles) and antiparallel (blue circles) magnetization configurations of the electrodes,
after removing the background signal arising from the out-of-plane tilting of the

electrodes magnetization at high fields by subtracting the antiparallel from the parallel

data’.
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Supplementary Figure 3: Spin transport in a graphene lateral spin valve. (a) Non-local
resistance R, measured with in-plane magnetic field sweep along the length of the electrodes at
different temperatures. (b) Non-local resistance R, is measured under out-of-plane magnetic field
B, while the injecting and detecting Co/TiO, electrodes are parallel (red) and antiparallel (blue).
The contribution from the out-of-plane rotation of the electrodes under B, is removed by
subtraction the antiparallel curve from the parallel curve. Spin diffusion length (A), interface spin
polarisation (P)) and spin diffusion coefficient (D) are extracted by fitting Supplementary Equation

1 to the experimental data (black solid lines).

In order to fit the experimental data, we follow Ref. 4, which considers (i) spin precession
and (ii) anisotropic spin absorption under the Co/TiO, injector contact. The following

. . 4
expression is used
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where Ry, = ppAp/Aj, are the spin resistances of the K™ FM contact (k=1 1is the injector

and k = 2 is the detector), with resistivity pg, spin diffusion length A and contact area of

]
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A , Ry = —Rsvr €I is the spin resistance of graphene calculated with its sheet resistance
Gr

(R&,), its spin diffusion length (A¢,) and width (wg,); Ry, = 1/Gyy is the resistance of the
k™ interface, where Gy, = G}, + Gy is the conductance of the k™ interface that considers
both spin up and down channels; Py, = (GITk — Gllk) / (GITk + Gllk) describes the interfacial
spin polarization; and C), and det()? ) are defined as:
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where A, = 1,/Ay with A, = Ay/ /i +iw Ty and the Larmor frequency
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For the fitting in Supplementary Fig. 3b, we assume the injecting and detecting electrodes
have (i) the same spin polarisations (Pg; = Pp, = Pp and P;; = P;; = P)), (ii) the same
interface resistances with the graphene channel, and following Ref. 4 (iii) an isotropic
spin absorption, hence GIT,i = 1/(2Ryx + 2Rp;). We fix the following experimental
parameters: P = 0.12 (Ref. 5), Ry = Rpp= 10000 Q, L = 2.26 um, wg,= 0.73 um, wg; =
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340 nm, wg, = 230 nm, R, = 1317 Q, pr= 19 pQcm (Ref. 5), = 40 nm (Ref. [6,7]),
Gt = Gly = 5x107° Q71 and obtain P; = 0.06, D = 0.01 m’/s, A, = 1.2 um.

Spin transport properties of MoS;

We have made the following analysis and estimated the intrinsic spin relaxation time in
bulk MoS; (Tuos,) is between ~10 ps and ~30 ps at 50 K. The relaxation was calculated
via interaction of electrons with flexural phonons, which are long wavelength out-of-
plane undulations. These phonons are far more populated than in-plane acoustic phonons
(sound waves) since the interlayer van der Waals (vdW) interactions render the out-of-
plane long wavelength undulations to be nearly “resistance-free” compared with in-
plane motion of atoms (since atoms are held by strong chemical bonds in the plane). As
important, the flexural phonons are strongly coupled to spin-flips®. It is also important to
note that the analysis ignores extrinsic spin relaxation due to interaction with impurities

and, therefore, if the MoS; is impurity-rich the Ty,s, value can be somewhat smaller. In

addition, we ignore intervalley spin-flip scattering between K and K’ valleys due to time-

reversal symmetry (which applies to both monolayer and bulk MoS,)".

Due to the fact that vdW interactions lead to weak interlayer coupling, the scattering is
essentially a two-dimensional problem; that is, the electron motion before and after the
scattering are mainly in-plane. Next, we assume that flexural phonons obey a quadratic
dispersion law as often found in unstrained vdW materials™'®. Specifically, Eyn =

\JKpm@q?, where Epy, is the flexural phonon energy, k is the bending rigidity (~10 eV in

12,13

MoS,)", pm is the area mass density (~3-107 gr/em” in MoS,)'*", and ¢ is the phonon

wavevector.



Next, we use symmetry arguments to estimate the spin-flip matrix element of electrons
due to scattering with flexural phonons in bulk MoS,. Due to space inversion, the
wavevector dependence of the spin-flip matrix element is quadratic, My, = Dsoq?,
where Dy, is a scattering constant (units of energy-cm) coming from the spin-orbit
coupling part of the deformation potential. In monolayers, where space inversion
symmetry is not respected, the spin-flip matrix element follows a linear relation with the
phonon wavevector, My,ono = Esoq, Where Eg, is a spin-orbit coupling deformation
potential, which for monolayer MoS; is E5,~0.2 eV'*. Given the spin-orbit coupling is
non-vanishing only in the vicinity of the atomic cores, Eg, (monolayer) and D, (bulk)
are related by Dg,~a E,,, where a is the lattice constant (~3 A). Therefore, Dg,~ 0.6

eV-A.

Using the dispersion of phonons and the spin-flip matrix element, the electron-phonon

interaction that leads to intrinsic spin relation in the bulk is:

2 kgT kgT (Dso)?
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where kgT is the thermal energy, being kg the Boltzmann constant and T the
temperature, and A4 is the area of the flake. This area is cancelled when we turn the sum
over all possible final scattered states into integral form. The interaction amplitude in the
expression above is wavevector-independent due to cancelling effects between the

phonon dispersion and spin-flip matrix element. This makes the summation over final



states trivial, where the Fermi golden rule yields the following spin relaxation rate:

1 mkgT (Dso)?

= h3k ’ (5)

TMOSZ

where m is the electron mass. In the case of bulk MoS,, m is approximately the free

electron mass. Plugging the numbers above, we get Tyos,~30 ps. As shown in the

expression, the spin relaxation rate dependence on T is linear, being much weaker than
the exponential dependence found in monolayers'”. The reason is that the bands are spin-
degenerate in bulk MoS,. In monolayers, on the other hand, the bands are spin-split and
since spin-flips are largely elastic, the top spin-split band should be populated to have a
non-negligible spin-flip amplitude.

Next, we consider that the dispersion of flexural phonons is renormalized due to the
coupling between bending and stretching degrees of freedom’. This coupling prevents

violent undulations and crumpling. In this case, the dispersion of flexural phonons
follows is Epp = 3/ksT/pmr/V0q®/?, where v, is the effective sound velocity (5-10°

cm/s). Repeating the analysis above, a renormalized electron-phonon interaction that

leads to spin flips in the bulk is

— q+ kBT/Pm(Dso)2

|< k; T |Hrenorm.electron—phonon|k + q, ']’>|2 24v,

Since close to thermal equilibrium g~/ 2mkgT /h, the summation over final states in the

Fermi golden rule yields the following spin relaxation rate
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Therefore, the relaxation remains linear in 7. Plugging numbers we get Tys,=10 ps.

Next, we convert Ty,s, into Ayes, by using the diffusion coefficient Dyos, as Amos, =

/ PMos, T™os, - Dmos, depends on the mobility of the charge carriers in the MoS,, uyos,

UMos, kBT

as Dyos, = S

In order to calculate pys,, We use the 01\7[052 (V) data shown in Fig. 3b of the main text,

which is representative of a typical MoS; flake transferred with the viscoelastic PDMS
stamping (see methods) on a SiO, substrate. The results are reproducible from sample to
sample because this transfer technique minimises the residues between the MoS, and the
Si0; substrate and therefore enables an effective and repeatable field effect.

The oyes,(Vg) data in Fig. 3b has been measured for a fixed source-drain voltage of
Vsp = 0.26 V and sweeping the gate voltage V; while measuring the current passing
between source and drain, Isp. From this data, we can calculate the mobility fiyes, in the
linear regime (V; = —15 V)'e: UMos, = 84.6 cm?/(V-s). Therefore, Dyos, = 3.6 - 107°
m?/s. Finally, we obtain AMos, = 20 nm.

Spin resistances in two dimensional materials

Spin resistance is a term that describes the resistance spins experience in its volume of
interaction V. The general expression for spin resistance Rg in any material is expressed

as:

A%p

Re = —
STy



In the case of graphene, spin diffuses along a length of Ag, through a cross section area of
WGrXtGI"

2
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In the case of 2D material like graphene, the resistivity is normally expressed in terms of

sheet resistance R, and R, = tL. Therefore, one gets:
Gr

2 pm [
RS — AGrRGrtcr — RGrAGr (8)
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In the case of spin absorption by a thick MoS; flake, the spin diffuses along the thickness
of MoS, through a cross section area of wgWus,- Its spin resistance is defined as the
following equation'’:

pMOSZA%/[OSZ (9)

Ryos, = :
MoS, WGrWMosS, AMOSZtanh(tMOSZ/AMOSZ)
where tanh(tlv[os2 /AMOSZ) terms is a geometrical factor that considers the length scale of

the thickness of MoS; and Ayes,. This hyperbolic tangent term comes from the boundary

condition where the spin current /s = 0 at the substrate, as detailed in Ref. 17.

In the case where the Ayos, > tmos,» the above equation reduces to:

[ ] 2
S __ RMosz2(AMos,)
Rpgs, = oszimos, )" (10)
WGrWMosS,

where Ryj,s, = 1/0y,s, is the sheet resistance of MoS, which results in RE/{osz ~ 2.7Q.
However, considering in our case Ayqs, is of the order of the thickness of MoS; (20 nm
and 7 nm, respectively, see previous sessions and Supplementary Fig. 4), one can get a

more accurate estimation for RE/IOSZ by taking into account the length scale of the

thickness of MoS; and Ays, using Supplementary Equation 9. The resistivity of MoS; is
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PMos, = tMos,/OMos, = 6.4 107> Q- mis the resistivity of MoS,. Eq. S9 results in
Rf,los2 = 2.8 Q). Because Supplementary Equation 9 and 10 result in very similar values,

we consider the simplified expression of Supplementary Equation 10 for the rough

analysis in this work.
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Supplementary Figure 4: Atomic force microscopy measurement on the devices. (a) Area
scan showing the topography of the device, where graphene edge is traced by black dotted line
and it is approximately 3 um wide. The MoS; flake intercepting the graphene flake is around 0.4
pm wide. Distances between the Co/TiO, electrodes in the reference LSV and graphene/MoS,
LSV are 1 wm and 1.8 um, respectively. Length of the scale bar is 1 um. (b) Line profile taken
from (a) across the MoS; flake along the marked line, where the thickness of the MoS; flake is

extracted to be ~7 nm.

Supplementary Note 3
Spin signal ratio calculation

This section explains the details about the calculation for the spin signal ratio AR2PS

AR, being AR2PS(AR,)) the signal with (without) spin absorption by the MoS,. We

recall Eq. (1) from the main text for convenience'”:
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with Qmos, = RI%IOSZ/R(S}r and Q; = RIS/R(S;r, being RIS =R;/(1— PIZ) the spin resistance
of the Co/TiO,/graphene contact and P its spin polarization. Using all the parameters
mentioned in the previous sections, we calculate AR2PS /AR, ~ 0.017, predicting that the
spin current traveling through the graphene channel is almost fully shunted by the MoS,
flake in the on state of MoS,. While Supplementary Equation 11 gives good enough
qualitative understanding of the mechanism, it is assuming an approximate/simplified
picture. A recent publication by Laczkowski et al. found the width of the absorber
material is of paramount importance for the validity of Supplementary Equation 11'®. The
authors observe that, when this width becomes comparable to A of the material where the
spins propagate, Supplementary Equation 11 is not accurate anymore. This is due to the
fact that Supplementary Equation 11 describes spin absorption through a point-like
contact between the two materials, and therefore ignores the spin accumulation profile
under the spin absorber. The authors account for this by considering an effective 4 in the
spin absorption area. Doing so, they calculate AR3PS /AR, values smaller than those

obtained by Supplementary Equation 11.

In our particular case, Wy,s,is comparable to Ag,, and therefore the correction proposed
by Laczkowski ez al. should be taken into account. This leads us to AR3PS /AR, < 0.017,
which further reinforces the fact that the MoS, acts as an extremely efficient spin
absorber.
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