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Supplementary Note 1: Spin transport properties of graphene 

The spin transport properties of graphene are obtained from the fitting of the Hanle 

measurement. The decoherence of the spin during precession causes the decay of an oscillating 

signal, which can be fitted using the following equation
1
:
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where 𝑅F𝑘 = 𝜌F𝜆F/𝐴I𝑘 are the spin resistances of the k
th

 FM contact (k = 1 is the injector and k

= 2 is the detector), with resistivity 𝜌F, spin diffusion length 𝜆F and contact area 𝐴I𝑘; 𝑃Fk are 

the spin polarizations of the k
th

 FM contact; 𝑅N =
𝑅Gr
∎ 𝜆Gr

𝑤Gr
 is the spin resistance of graphene 

calculated with its sheet resistance (𝑅Gr
∎ ), spin diffusion length (𝜆Gr) and width (𝑤Gr);  𝑅I𝑘 =

1/𝐺I𝑘 is the resistance of the k
th

 interface, where 𝐺I𝑘 = 𝐺I𝑘
↑ + 𝐺I𝑘

↓ is the conductance of the k
th

interface that considers both spin up and down channels; 𝑃I𝑘 = (𝐺I𝑘
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↓ )/(𝐺I𝑘
↑ + 𝐺I𝑘

↓ )

describes the interfacial spin polarization; and 𝐶12 and det(𝑋̌) are defined as
1
:
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where 𝜆̅𝜔 = 𝜆̃𝜔/𝜆N  with 𝜆̃𝜔 =
𝜆N
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); L is the center-to-center distance between FM electrodes; and 

𝑟𝑘⊥ =
1

𝑅N𝐺I𝑘
↑↓ with 𝐺I𝑘

↑↓ being the spin mixing interface conductance. 

The Hanle measurement of the reference graphene LSV (Fig. 2c of the main text) also contains 

the effect of the rotation of the Co magnetizations with the external magnetic field (By), which 

tends to align the spin polarization with By, restoring the 𝑅NL  signal to its zero-field value 

𝑅NL(0) for parallel Co magnetizations. When this effect is taken into account, 𝑅NL  can be

expressed as
2,3

:

𝑅NL
P(AP)(𝐵𝑦, 𝜃) = ±𝑅NL

P (𝐵𝑦)cos
2(𝜃) + |𝑅NL(0)|sin

2(𝜃) , (4) 

where 𝑅NL
P(AP)

 is the non-local resistance measured as a function of By when the two Co 

electrodes are parallel (P) or antiparallel (AP) and θ is the angle of the Co magnetization with 

respect to the easy axis of the electrode (x axis). Note that the sign “+” corresponds to the P 

curve and “” to the AP curve, and that 𝑅NL
P (𝐵𝑦) = −𝑅NL

AP(𝐵𝑦) for the pure spin precession and
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decoherence. By the proper combination of the measured P and AP curves, we can obtain the 

rotation of the Co magnetization (Fig. 2d of the main text): 

sin2(𝜃) =
𝑅NL
P (𝐵𝑦,𝜃)+𝑅NL

AP(𝐵𝑦,𝜃)

2|𝑅NL(0)|
 ,     (5) 

and the pure spin precession and decoherence (Fig.2e of the main text): 

𝑅NL
P (𝐵𝑦) = |𝑅NL(0)|

𝑅NL
P (𝐵𝑦,𝜃)−𝑅NL

AP(𝐵𝑦,𝜃)

2|𝑅NL(0)|−𝑅NL
P (𝐵𝑦,𝜃)−𝑅NL

AP(𝐵𝑦,𝜃)
 .       (6) 

For the fitting of the pure spin precession and decoherence curve of the reference graphene 

LSV in Fig. 2e, we assume the injecting and detecting electrodes have the same spin 

polarizations (𝑃Co1 = 𝑃Co2 = 𝑃Co and 𝑃ICo1 = 𝑃ICo2 = 𝑃ICo) and, following ref. 1, we assume 

an isotropic spin absorption, hence 𝐺I𝑘
↑↓ = 1/(2𝑅I𝑘 + 2𝑅F𝑘). We fix the following experimental

parameters: 𝑃Co = 0.12
 
(ref. 4), 𝑅ICo1 = 42 kΩ, 𝑅ICo2 = 10 kΩ, L = 2.7 μm, 𝑤Gr = 250 nm, 𝑤Co1

= 344 nm, 𝑤Co2 = 315 nm, 𝑅Gr
∎  = 1085 Ω, 𝜌Co = 19 μΩcm (ref. 4), 𝜆Co = 40 nm (ref. 5,6), and

obtain 𝑃ICo = 0.068 ± 0.001, D = 0.005 m
2
s

-1
, and 𝜆Gr = 1.20 ± 0.02 μm. Because the spin

signal is constant across the temperature range from 10 K to 300 K, we assume the spin 

diffusion length of graphene is independent of temperature. 

Supplementary Note 2: Control experiments 

In order to rule out any spurious magnetoresistance effect in graphene as the origin of the 

observed ISHE signal, we fabricated a control device where we substitute the Pt wire with a Cu 

wire, which has a weak spin-orbit coupling and, therefore, no spin-to-charge conversion signal 

is expected
7,8

. As the dimensions of the control device are very similar to those of the

Pt/graphene device in the main manuscript, any spurious effect other than the ISHE signal, such 

as magnetoresistive effects arising from the stray fields created by the Co injector, should also 

be present in the control measurement. First of all, we check that the Co electrode is of similar 

quality as the Pt/graphene sample by measuring a reference spin valve in a nonlocal 

configuration. The nice and clear nonlocal spin signal indicates that the Co electrode next to the 

Cu wire is an efficient spin injector. Next, we measure the voltage drop across the Cu wire 

while using the Co electrode for spin injection in the ISHE measurement configuration. The 

result is shown in Supplementary Fig. 1b. This measurement produces a flat nonlocal 

background much smaller than that of the ISHE signal measured in the device presented in the 

main text (Device #1), indicating there is no spurious contribution to the ISHE signal (compare 

black and blue curves in Supplementary Fig. 1b). The same control experiments were carried 

out in a total of five control devices and all of them showed a similar flat background. 



3 

 

 

 
Supplementary Figure 1 | Comparison between Device #1 and a control device using graphene 
lateral spin valves and Cu wire. (a) Nonlocal magnetoresistance as a function of Bx using a reference 
spin valve next to the non-magnetic metal wire shows similar spin signal in both the control sample and 
Device #1, indicating that Co electrode next to Cu wire in the control device is a spin injector as good as 
in Device #1. IC = 10 μA and T = 300 K in both measurements. (b) ISHE resistance as a function of By 
measured in both the control device and Device #1. IC = 10 μA and T = 300 K in both measurements. 

 

In order to rule out further spurious effects such as drift due to heating, we performed trace and 

retrace of the ISHE measurements by increasing and decreasing the applied magnetic field for 

each temperature. An example of this measurement from Device #1 at 300 K is shown in 

Supplementary Fig. 2. The overlapping of the trace and retrace curves rules out any drift due to 

heating. 

  

 
Supplementary Figure 2 | ISHE resistance for increasing and decreasing magnetic field. ISHE 
resistance as a function of By with IC = 10 μA and T = 300 K measured in Device #1. Red solid curve 
corresponds to the increasing field sweep and black solid curve to the decreasing field sweep. Note that 
the figure plots the raw data without any baseline subtraction.   
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Supplementary Note 3: Reproducibility 

  

The key results we presented in this manuscript, which is the SHE and ISHE effect in Pt and its 

temperature dependence, are fully reproducible among different samples. Here, we show a 

second device (#2), in which we measure the SHE and ISHE effects at 300 K by simply 

swapping the current and voltage probes, demonstrating that they are reciprocal to each other 

(see Supplementary Fig. 3a). The ∆𝑅SCC  signal increases with temperature, reaching the 

maximum value at 300 K (Supplementary Fig. 3b). 

 

 

 
Supplementary Figure 3 | Spin-to-charge conversion signal in another graphene/Pt lateral 
heterostructure. (a) SHE (black) and ISHE (blue) resistance as a function of By measured with IC = 10 
μA at 300 K in Device #2, demonstrating the reciprocity of these two effects. A baseline signal of 19 mΩ 
(18 mΩ) has been subtracted from the ISHE (SHE) curve. (b) Temperature dependence of the ∆𝑅SCC 
signal in Device #2. Error bars are calculated using the standard errors associated with the statistical 
average of the nonlocal resistance at positive and negative saturated magnetic fields. 

 

The magnitude of the ∆𝑅SCC signal measured in Device #2 is smaller than the device presented 

in the main text (#1) (compare Supplementary Fig. 3b with Fig. 4d), although the dimensions 

are very similar (the widths of the Co injector and the Pt wire in Device #2 are 336 nm and 193 

nm, respectively). This is due to the variation of the interface resistance between Co and 

graphene, i.e., 𝑅ICo1 in Device #2 is smaller (2 kΩ) than in Device #1 (14.7 kΩ). Despite this 

variation, both the ∆𝑅SCC signal and its temperature dependence can be fully explained with the 

spin diffusion model (Supplementary Equations 8 and 9), evidencing the robustness of the 

performance of the graphene/Pt lateral heterostructures.  

 

 

Supplementary Note 4: Spin absorption by Pt 

 

The Pt wire placed in between the two Co electrodes has a much smaller spin resistance than 

the graphene channel. Therefore, the presence of Pt will cause an additional relaxation to the 

spins transported in the graphene channel. This additional spin relaxation, which shows up as a 

decrease of measured spin signal, is called spin absorption. According to the standard one-

dimensional (1D) spin diffusion model
9
, the measured spin signal after spin absorption can be 

calculated using the following equation: 
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 𝛥𝑅NL
abs = 4𝑅N𝛼̂1𝛼̂2

(𝑟3−1)𝑒
−
𝐿
𝜆N

𝑟1𝑟2(𝑟3−𝑄I3)−𝑟1(1+𝑄I3)𝑒
−
2(𝐿−𝑑)
𝜆N −𝑟2(1−𝑄I3)𝑒

−
2𝑑
𝜆N−(𝑟3−𝑄I3)𝑒

−
2𝐿
𝜆N+2𝑒

−
2𝐿
𝜆N

,           (7)     

 

with 𝑟𝑘 = 2𝑄I𝑘 + 2𝑄F𝑘 + 1 , 𝛼̂𝑘 = 𝑃I𝑘𝑄I𝑘 + 𝑃F𝑘𝑄F𝑘 , 𝑄I𝑘 =
1

1−𝑃I𝑘
2

𝑅I𝑘

𝑅N
, and 𝑄F𝑘 =

1

1−𝑃F𝑘
2

𝑅F𝑘

𝑅N
, 

where 𝑘 = 1,2,3  refers to the FM injector (F1), the FM detector (F2) and middle metallic wire 

(M), respectively. d is the distance between the FM injector and the middle wire. The spin 

resistance of the middle wire is defined as 𝑅F3 = 𝑅M =
𝜌M𝜆M

𝑤M𝑤N 𝑡𝑎𝑛ℎ[𝑡M/𝜆M]
. The geometrical 

factors 𝑤M and 𝑡M are the width and thickness of the middle wire, being 𝜆M its spin diffusion 

length. When 𝑤M  becomes comparable to 𝜆N , Supplementary Equation 7 is not accurate 

anymore, as discussed in ref. 10). However, this is not the case in our samples, because the spin 

diffusion length of our graphene is much longer (𝜆Gr = 1.20 ± 0.02 μm) than the width of the Pt 

wire (𝑤Pt = 198 nm) and, thus, the use of the 1D model is valid. Experimentally, this validity 

has already been proven in devices with Pt spin absorber and Cu spin transport channel
11

. Table 

1 in ref. 11 shows that the obtained spin diffusion length and spin Hall angle using the 1D 

model have a very small deviation with respect to the 3D model, confirming the validity of our 

approach. 

 

We assume the FM injector and detector spin polarizations are identical (𝑃Co1 = 𝑃Co2 = 𝑃Co 

and 𝑃ICo1 = 𝑃ICo2 = 𝑃ICo), but we consider their different interface resistances. Therefore, we 

can write for our case: 

 

𝑟1 = 2𝑄ICo1 + 2𝑄Co1 + 1, 

𝑟2 = 2𝑄ICo2 + 2𝑄Co2 + 1, 

𝑟3 = 2𝑄IPt + 2𝑄Pt + 1, 

𝛼̂1 = 𝑃ICo𝑄ICo1 + 𝑃Co𝑄Co1, 
𝛼̂2 = 𝑃ICo𝑄ICo2 + 𝑃Co𝑄Co2 
 

where the subscripts ICo1 and ICo2 stand for the Co injector/graphene and Co 

detector/graphene interface, respectively, and the subscript IPt for the Pt/graphene interface.  

 

Taking into account that 𝑄Co1, 𝑄Co2 ≪ 𝑄ICo1, 𝑄ICo2, that 𝑄IPt, 𝑄Pt ≪ 1, and considering that L 

= 2d, Supplementary Equation 7 can be simplified to: 

 

∆𝑅NL
abs = 8𝑅Gr𝑄ICo1𝑄ICo2𝑃ICo

2 (𝑄IPt+𝑄Pt)𝑒
−
𝐿
𝜆Gr

(2𝑄ICo1+1)(2𝑄ICo2+1)−2(𝑄ICo1+𝑄ICo2+1)𝑒
−
𝐿
𝜆Gr+𝑒

−
2𝐿
𝜆Gr

 .           (8) 

 

We fix the following parameters in the above equation: 𝑃ICo  = 0.068, 𝜆Gr = 1.20 μm, 𝑅Gr
∎  = 

1085 Ω, L = 1.27 μm, 𝑤Gr = 250 nm, 𝑤Pt = 198 nm, 𝑅ICo1 = 14.7 kΩ, 𝑅ICo2 = 15 kΩ, 𝜌Pt = 99 

μΩ·cm (50 K) and 134 μΩ·cm (300 K) and 𝑡Pt = 21 nm. We are left with two parameters that 

are crucial for the spin absorption: 𝜆Pt and 𝑅IPt.  
 

We measured directly the interface resistance between Pt and graphene, 𝑅IPt by using a 4-point 

configuration in the graphene/Pt cross-shaped junction. The measured values are negative, 

ranging from -8.5 Ω (10 K) to -13 Ω (300 K). This is an artifact which occurs when the 

resistance of the channel is of the order or higher than the interface resistance due to an 

inhomogeneous current distribution in this geometry, which is expected due to the large sheet 
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resistance of graphene
12,13

. Its precise value can be determined when combining the results of 

the spin absorption described by Supplementary Equation 8 with the results of the ISHE 

experiments described by Supplementary Equation 9 (see Supplementary Note 5). 

 

 

Supplementary Note 5: Inverse spin Hall effect by Pt 

 

The spin-to-charge conversion signal 𝛥𝑅SCC of the ISHE experiment is given by the following 

expression 
7,14,15

:   

 

𝛥𝑅SCC =
2𝜃SH𝜌M𝑥M/N

𝑤M
(
𝐼S̅

𝐼C
) ,                                                    (9) 

 

where 𝜃SH is the spin Hall angle of the middle wire (M) and 𝑥M/N is the correction factor that 

considers the current in M shunted through the non-magnetic channel (N) (ref. 7). 𝐼S̅ is the 

effective spin current injected vertically into the M wire that contributes to the ISHE, because 

the spin current at the M/N interface 𝐼S(𝑧 = 0) is diluted into the M thickness. To calculate 𝐼S̅, 
we integrate the spin current injected into the M wire and then divide it by the M thickness 

7, 

14,15
: 

𝐼S̅

𝐼C
≡
∫ 𝐼S(𝑧)𝑑𝑧
𝑡M
0

𝑡M𝐼C
=
𝜆M

𝑡M

(1−𝑒
−
𝑡M
𝜆M)

2

1−𝑒
−
2𝑡M
𝜆M

𝐼S(𝑧=0)

𝐼C
,                                          (10) 

 

 where 𝐼S(𝑧 = 0) can be calculated using the following equation: 

       

𝐼S(𝑧=0)

𝐼C
=

2𝛼̂1[𝑟2(1−𝑄I3)𝑒
−
𝑑
𝜆N−(1+𝑄I3)𝑒

−
(2𝐿−𝑑)
𝜆N ]

𝑟1𝑟2(𝑟3−𝑄I3)−𝑟1(1+𝑄I3)𝑒
−
2(𝐿−𝑑)
𝜆N −𝑟2(1−𝑄I3)𝑒

−
2𝑑
𝜆N−(𝑟3−𝑄I3)𝑒

−
2𝐿
𝜆N+2𝑒

−
2𝐿
𝜆N

 .         (11) 

 

Taking into account that 𝑄Co1, 𝑄Co2 ≪ 𝑄ICo1, 𝑄ICo2, that 𝑄IPt, 𝑄Pt ≪ 1, and considering that L 

= 2d, Supplementary Equation 10 can be simplified to: 

 

𝐼S̅

𝐼C
=
𝜆Pt

𝑡Pt

(1−𝑒
−
𝑡Pt
𝜆Pt)

2

1−𝑒
−
2𝑡Pt
𝜆Pt

2𝑃ICo𝑄ICo1[(2𝑄ICo2+1)𝑒

𝐿
2𝜆Gr  −𝑒

−
𝐿

2𝜆Gr]

(2𝑄ICo1+1)(2𝑄ICo2+1)𝑒

𝐿
𝜆Gr−2(𝑄ICo1+𝑄ICo2+1)+𝑒

−
𝐿
𝜆Gr

 .                   (12) 

 

In the case of Pt/graphene cross junction, the equivalent sheet resistance of graphene and Pt is 

1085 Ω and 64 Ω at 300 K, respectively. Therefore, the shunting coefficient 𝑥Pt/Gr is expected 

to be very close to unity. Using 𝑥Pt/Gr = 1, 𝜃SH = 17.8 ± 2.0% (50 K) and 23.4 ± 2.5% (300 K) 

from ref. 14, and the parameters used for Supplementary Equation S8 (Supplementary Note 4), 

we are left with the same two parameters: 𝜆Pt and 𝑅IPt.  
 

By using the experimental results from the spin absorption [∆𝑅NL
abs = 24.5 ± 0.9 mΩ (50 K) and 

22 ± 1 mΩ (300 K)] and ISHE experiments [∆𝑅SCC = 5.9 ± 0.2 mΩ (50 K) and 11.2 ± 0.7 mΩ 

(300 K)], we can solve Supplementary Equations 8 and 9 simultaneously to extract the 

unknown values for 𝜆Pt and 𝑅IPt. We obtain 𝜆Pt = 2.1 ± 0.3 nm and 𝑅IPt = 10.6 ± 0.4 Ω at 50 K 

and 𝜆Pt = 2.1 ± 0.4 nm and 𝑅IPt = 8.4 ± 0.4 Ω at 300 K.  
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Supplementary Note 6: Efficiency of spin injection and detection using Pt wires: 

Experiments and discussion 

 

We prepared several samples (see, for instance, Supplementary Fig. 4a) with adjacent Pt 

electrodes to observe generation and detection of spin currents using SHE and ISHE. 

Unfortunately, a very small signal (~0.01 mΩ) is expected, due to the conductivity mismatch of 

the two Pt/graphene contacts (instead of one contact only in the cases of spin detection with 

ISHE or spin injection with SHE reported in the main text). In order to observe a spin signal 

from the Ohmic baseline in the non-local measurement, a magnetic field of 7 kOe is rotated in 

plane. In the x-direction, the dephasing of the Hanle precession would cancel the spin signal, 

while in the y-direction (the same as the spin polarization), no Hanle effect would occur. A cos
2
 

dependence would be expected, with an amplitude corresponding to the spin signal. The noise 

of the measurement (0.1-0.2 mΩ) is larger than the expected signal and, therefore, cannot be 

observed (Supplementary Fig. 4b). 

 

 
Supplementary Figure 4 | Simultaneous spin injection and detection in a graphene channel using 
Pt wires. (a) SEM image of a graphene/Pt lateral heterostructure with adjacent Pt electrodes (blue 
color) in a trilayer graphene channel (grey color). Ferromagnetic Co electrodes with TiO2 barrier (red 
color) placed adjacent to each Pt are used to confirm proper spin injection via SHE or detection via 
ISHE of the Pt wires following the measurements described in the main text. The measurement 
configuration shown allows full spin injection and detection using the Pt wires. (b) Non-local resistance 
as a function of the angle of the applied magnetic field, measured using the configuration shown in (a) 
at T=50 K and |B|=7 kOe with different applied currents. 
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These results show that a full spin injection and detection with Pt is not useful at this stage due 

to the low efficiency for spin injection. Nevertheless, in our proof-of-principle device, we 

showed not only that there is spin injection to graphene using Pt, but also that the overall spin-

to-charge conversion of the whole device is more efficient than in conventional lateral spin 

valves with metallic spin channel. One should be careful when directly comparing the non-local 

∆𝑅NL signal and the spin-to-charge conversion ∆𝑅SCC signal. The former only probes the spin 

accumulation in the channel (in this case graphene) through a tunnel barrier or high resistive 

interface leading to a large voltage drop, but it cannot be further utilized, for instance to convert 

it to charge current for cascading in a spin-based logic circuit or to directly switch a magnetic 

element via spin transfer torque of the pure spin current. This limitation is equivalent to that 

observed in the local magnetoresistance of a spin valve: a high resistive interface helps in the 

spin injection, but is detrimental for the spin detection, because the current cannot flow into the 

detector [see Fig. 3 in ref. 16]. On the other hand, the configuration of the spin-to-charge 

conversion consists of a transparent interface through which spins can be absorbed or injected. 

Here the transport is diffusive and the impedance mismatch plays a role. But the transparent 

interface is necessary to allow for absorption of the pure spin current in the spin Hall material, 

which is then converted to a charge current which can be potentially utilized. ∆𝑅SCC directly 

probes the charge current generated in the spin Hall metal. 

 

On the application side, the combination of spin injection from one ferromagnetic element 

where the non-volatile information is stored and subsequent spin-to-charge current conversion 

in a non-magnetic element is important for cascading in potential applications such as the spin-

orbit logic proposed by Intel
17

. Additionally, substituting a FM element by a NM electrode 

overcomes the necessity of controlling the relative magnetic orientation of a second 

ferromagnet when used as a detector. For instance, another potential application of our results 

would be in the spin-based magnetologic device proposed by H. Dery et al., where a graphene 

spin channel is connected with 5 ferromagnetic electrodes for input, operation and reading 

out
18,19

. If some of the ferromagnetic electrodes in the magnetologic device can be substituted 

by a spin Hall metal, this will lead to the control of spin currents by charge current instead of 

the magnetization of the ferromagnet, as well as to cascading output voltages from one logic 

element to the next.  
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