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ABSTRACT 

We report the discovery of a strong and tunable spin lifetime anisotropy with excellent out-of-plane spin 

lifetimes up to 7.8 ns at 100 K in dual-gated bilayer graphene. Remarkably, this realizes the manipulation 

of spins in graphene by electrically-controlled spin-orbit fields, which is unexpected due to graphene’s 

weak intrinsic spin-orbit coupling (~12 µeV). We utilize both the in-plane magnetic field Hanle 

precession and oblique Hanle precession measurements to directly compare the lifetimes of out-of-plane 

vs. in-plane spins. We find that near the charge neutrality point, the application of a perpendicular electric 

field opens a band gap and generates an out-of-plane spin-orbit field that stabilizes out-of-plane spins 

against spin relaxation, leading to a large spin lifetime anisotropy (defined as the ratio between out-of-

plane and in-plane spin lifetime) up to ~12 at 100 K.  This intriguing behavior occurs because of the 

unique spin-valley coupled band structure of bilayer graphene.  Our results demonstrate the potential for 

highly tunable spintronic devices based on dual-gated 2D materials. 
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Graphene is an outstanding material for spin transport because its low spin-orbit coupling (SOC) [1-

3] leads to record long spin diffusion lengths at room temperature [4-6]. However, such weak SOC makes 

it difficult to electrically control spins in graphene, which is highly desired for spintronic device operation 

[7-10]. Therefore, attention has focused on utilizing stacked heterostructures for graphene spintronics [11-

29]. For example, experiments have shown that adjacent ferromagnetic insulator layers can strongly 

modulate spin currents via proximity exchange fields [11-16], while adjacent transition metal 

dichalcogenide (TMDC) layers enable the optical injection of spin [17,18] and electrical modulation of 

spin currents via spin absorption [19,20]. More recently, groundbreaking measurements of large spin 

lifetime anisotropy (comparing lifetimes of out-of-plane vs. in-plane spins) in graphene-TMDC 

heterostructures have unambiguously identified the presence of proximity-induced SOC and its impact of 

spin transport in graphene [25,26]. While this holds great promise for the electrical control of spins in 

graphene, the observed spin lifetimes in these heterostructures are short (<50 ps) due to the relatively 

strong SOC in TMDCs. 

In this Letter, we report the remarkable observation of a strong and tunable spin lifetime anisotropy in 

dual-gated bilayer graphene (BLG) with spin lifetimes up to 7.8 ns. The strong spin lifetime anisotropy is 

unexpected due to graphene’s weak intrinsic SOC, but occurs because applying a perpendicular electric 

field breaks the inversion symmetry of Bernal-stacked BLG, which opens a band gap and dramatically 

alters the character of the SOC [30-33]. Our experiments are performed on BLG lateral spin valves with 

top and bottom gates to independently control the perpendicular electric field and carrier density. The spin 

lifetime anisotropy (𝜉 = 𝜏!/𝜏∥ where 𝜏! (𝜏∥) is the lifetime for spins oriented out-of-plane (in-plane)) is 

determined by means of both in-plane magnetic field Hanle and oblique Hanle measurements [25,26]. We 

observe strong anisotropy (ξ up to 12.2) near the charge neutrality point (CNP) when an electric field is 

applied. A detailed study shows that ξ increases with applied electric field. This behavior is observed in 

two samples, one of which saturates around 0.5 V nm-1 and eventually decreases. This intriguing behavior 

can be explained by the unique band structure of BLG [32,33] where an electric field tunes the gap, and 

the band edges have spin-orbit splitting (tens of µeV) and spin-valley coupling similar to TMDCs [34].  

This produces gate-tunable effective spin-orbit fields that protect out-of-plane spins from dephasing by 

Dyakonov-Perel spin relaxation. These results demonstrate strong and gate-tunable spin lifetime 

anisotropy with excellent spin lifetime in BLG, which provides a prototype 2D system for next generation 

spintronic devices based on electrical control of effective spin-orbit fields. 

Spin valve devices (Figure 1a) are fabricated by exfoliating and stacking layers of BLG and hexagonal 

boron nitride (h-BN) onto a Si wafer with 300 nm SiO2 overlayer. For the bottom gate, we utilize the 

highly p-doped Si wafer as a global backgate with the 300 nm SiO2 serving as the gate dielectric. For the 

top gate, we utilize a patterned Cr/Au electrode separated from the BLG by an h-BN dielectric layer. For 



	 3 

spin transport, non-magnetic Cr/Au electrodes (E1, E4, both ~ 1 kΩ) are used as reference contacts and 

Co electrodes with SrO tunneling barriers [35] (E2 ~ 22.8 kΩ, E3 ~3.7 kΩ) are used for spin injection and 

detection. Details of device fabrication are provided in the Supplemental Material (SM) section S1	[36-

38]. 

	  
FIG.	 1.	 (a)	 (Top)	Schematic	of	 the	device.	Yellow:	Cr/Au	electrode,	Brown:	Co	electrode,	Cyan:	h-BN,	Grey:	SiO2.	

(Bottom)	Optical	image	of	a	BLG	spin	valve.	The	scale	bar	is	10	µm.	(b)	Electric	field	and	carrier	density	dependent	

BLG	resistance.	(c)	Temperature	dependent	BLG	channel	peak	resistance	Rpeak	at	Dapp	=	0.8	V	nm
-1.	The	line	 is	an	

Arrhenius	 fitting	with	a	 slope	of	23	meV.	 (d)	 Electric	 field	dependent	BLG	band	gap	Egap.	 The	error	bars	 are	 the	

standard	errors	of	the	fitted	slopes	in	Figure	1c.	The	dashed	lines	indicate	the	linear	relationship	between	Egap	and	

the	electric	field,	and	the	deviation	near	zero	field	is	likely	due	to	resistance	contributions	unrelated	to	the	gap.	

First, we characterize the dependence of BLG channel resistance at 100 K as a function of top gate 

voltage (Vt) and bottom gate voltage (Vb) using four-point resistance measurements (current applied 

between E1 and E4 while measuring the voltage between E2 and E3). All measurements are performed at 

100 K unless otherwise noted. The result is plotted in Figure 1b as a function of carrier density (n, 

positive for electrons) and perpendicular electric field (Dapp), which are related to Vb and Vt, by 

𝑛 = !!!!
!!!

𝑉! − 𝑉!! + !!!!
!!!

𝑉! − 𝑉!!  and 𝐷!"" =
!
!
[− !!

!!
𝑉! − 𝑉!! + !!

!!
𝑉! − 𝑉!! ], where 𝜀! (𝜀!) is the 

relative dielectric constant of h-BN (SiO2), 𝜀! is the vacuum dielectric constant, 𝑑! (𝑑!) is the thickness of 

h-BN (SiO2), 𝑒 is the electron charge, 𝑉!! (𝑉!!) is the effective top (bottom) gate voltage offset due to 
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initial environmental doping [31]. Detailed calculations are shown in SM section S2 [36]. The key 

features of the data (Figure 1b) are a resistance maximum as a function of n, which occurs at the charge 

neutrality point (CNP) located at n = 0 cm-2. This resistance maximum, Rpeak, increases with electric field 

Dapp due to the opening of a band gap. In addition to this feature, there is also a broader resistance 

maximum that appears as a diagonal ridge. This is due to resistance contributions in the regions of BLG 

outside of the top gate (thus modulated only by the bottom gate), which is outside of our region of interest. 

Returning to the main peak features, by measuring the temperature dependence of Rpeak for a constant 

value of Dapp, we extract Egap by Arrhenius fitting (Figure 1c) [30]. By repeating this for different values 

of Dapp, we obtain the dependence of band gap on electric field (Figure 1d). The maximum Egap is about 

50 meV within the electric field applied, which is consistent with previous reports [31].		

 

FIG.	 2.	 (a)	 Electric	 field	 and	 carrier	 density	 dependence	 of	 non-local	 spin	 signal	 ΔRnl.	 (b)	 Non-local	

magnetoresistance	Rnl	as	a	function	of	By	at	Dapp	=	-0.7	V	nm
-1	for	various	carrier	densities	(dashed	line	in	Figure	2a).	

Measurements	are	performed	at	100	K.	

Turning our attention to spin transport, Figure 2 shows the spin transport signal ΔRnl as a function of n 

and Dapp. This is obtained using the non-local spin transport geometry: a current source Iinj applied 

between the electrodes E1 and E2 (spin injector) creates spins in the BLG beneath E2 which subsequently 

diffuse toward the spin detector E3, where it is measured as a voltage signal Vnl across electrodes E3 and 

E4. The four-terminal non-local resistance is defined as Rnl = Vnl/Iinj. Figure 2b shows a detailed scan of 

Rnl as a function of magnetic field By at Dapp = -0.7 V nm-1 for different n, corresponding to the five points 

in Figure 2a. A hysteretic jump is observed as Co electrode magnetizations switch between parallel (high 

Rnl) and antiparallel (low Rnl) configurations. The presence of these jumps indicates spin transport in the 

BLG, and the non-local spin signal is defined as ΔRnl = Rnl (parallel) – Rnl (antiparallel), as indicated by 

the arrow in Figure 2b. The detailed dependence of ΔRnl on n and Dapp is summarized in Figure 2a. The 
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main feature is that ΔRnl decreases while approaching the CNP and further decreases to zero with an 

applied Dapp. 

	  

FIG.	3.	(a)	and	(c)	In-plane	magnetic	field	Hanle	at	Dapp	=	-0.5	V	nm
-1	for	two	different	carrier	densities.	(b)	and	(d)	

Oblique	Hanle	at	Dapp	=	-0.5	V	nm
-1	for	two	different	carrier	densities.	Blue	dots	are	data,	the	magenta	curve	is	the	

fit	and	the	cyan	dashed	line	is	the	guideline	of	y	=	x	(no	anisotropy).	The	error	bars	are	standard	deviations	of	the	

measured	data	points.	Measurements	are	performed	at	100	K.	

To understand this strong tunability of ΔRnl, we perform both in-plane magnetic field Hanle and 

oblique Hanle measurements. The in-plane magnetic field Hanle measurement is done by applying a 

magnetic field Bx along x direction so that spins precess in the y-z plane as it transports across the BLG	

[25] (see Figure 3a inset). Oblique Hanle measurements are done by applying a magnetic field B = (By,Bz) 

in y-z plane with various angles 𝛽 between magnetic field B and Co electrode so that spins precess about 

a cone as it transports across the BLG [39-41] (see Figure 3b inset). Because the precession involves both 

in-plane and out-of-plane spin components, these spin precession measurements can be used to determine 

the spin lifetime anisotropy 𝜉. 
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Figures 3a and 3b show the results for in-plane magnetic field Hanle and oblique Hanle, respectively, 

for high electron density, n =10.1 × 1012 cm-2. In this regime, the Hanle curves are similar to those 

observed typically in graphene spin valves without substantial spin lifetime anisotropy [4,39]. For the in-

plane magnetic field Hanle (Figure 3a), the curve has a maximum spin signal at zero field which 

decreases with increasing Bx due to precessional dephasing. The small negative lobes are typical of Hanle 

curves when the channel length (here L = 7 µm) is longer than the spin diffusion length. For quantitative 

analysis of the data, we employ a one-dimensional spin diffusion model that allows for different values of 

in-plane (𝜏∥) and out-of-plane (𝜏!) spin lifetime (see SM section S3 for details [36]). The fitting (magneta 

curve) yields a spin lifetime anisotropy value of 𝜉 = 0.63, with corresponding spin lifetime values of 𝜏∥ = 

0.77 ns and 𝜏! = 0.49 ns. For anisotropy 𝜉 on the order of 1 or less, the oblique Hanle method yields more 

reliable values. Figure 3b summarizes the key data obtained from a series of oblique Hanle curves to 

determine 𝜉. Each data point comes from an oblique Hanle curve taken for a different value of 𝛽 (see SM 

section S4 for details	[36]). This plots the non-precessing component of spin signal (𝑅!"!") normalized by 

the in-plane spin signal (𝑅!"! ) as a function of 𝑐𝑜𝑠!𝛽. For 𝜉 = 1, the value of 𝑅!"!" will vary linearly with 

𝑐𝑜𝑠!𝛽 (specifically, 𝑅!"!"/𝑅!"! = 𝑐𝑜𝑠!𝛽 ), while the 𝑅!"!"/𝑅!"!  vs. 𝑐𝑜𝑠!𝛽 curve will lie below the linear 

curve for  𝜉 < 1, and the 𝑅!"!"/𝑅!"!  vs. 𝑐𝑜𝑠!𝛽 curve will lie above the linear curve for 𝜉 > 1. Figure 3b 

shows that the measured 𝑅!"!"/𝑅!"!  (blue dots) as a function of 𝑐𝑜𝑠!𝛽 lies slightly below the linear curve 

(dashed cyan line). A quantitative fit (magneta line) yields a value of 𝜉 = 0.93, with corresponding values 

of 𝜏∥ = 0.94 ns and 𝜏! = 0.87 ns. Comparing the results from in-plane magnetic field Hanle (𝜉 = 0.63) and 

oblique Hanle (𝜉  = 0.93), we consider the latter method as more reliable quantitatively, while the former 

method is more useful for rapidly identifying 𝜉 from a single spin-precession scan. As discussed in SM 

section S3, there are four fitting parameters (effective spin polarization P, spin diffusion coefficient Ds, 

in-plane spin lifetime 𝜏∥ and spin lifetime anisotropy 𝜉) using in-plane magnetic field Hanle while there is 

only one fitting parameter 𝜉 using oblique Hanle (P is cancelled by using the ratio 𝑅!"!"/𝑅!"! , while Ds and 

𝜏∥ are extracted from out-of-plane magnetic field Hanle). 

Moving closer to the CNP, we observe a dramatically different shape for the in-plane magnetic field 

Hanle curve, as shown in Figure 3c for n = 1.4 x 1012 cm-2 and Dapp = - 0.5 V nm-1. Here, the negative 

lobes become even larger than the peak at zero magnetic field and is very different from any Hanle curve 

without spin lifetime anisotropy. Such a curve was first reported by Ghiasi et al. [25] for graphene-MoSe2 

heterostructures and occurs when 𝜉 ≫ 1. Fitting this curve (magneta line) yields a large spin lifetime 

anisotropy value of 𝜉 = 4.6, with corresponding spin lifetime values of 𝜏∥ = 0.26 ns and 𝜏! = 1.20 ns. 

Figure 3d shows results for oblique Hanle measurements taken for n = 0.7 x 1012 cm-2 and Dapp = -0.5 V 

nm-1. Notably, the 𝑅!"!"/𝑅!"!  vs. 𝑐𝑜𝑠!𝛽 curve is substantially higher than the linear curve (dashed cyan 
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line), which is indicative of a large 𝜉. A quantitative fit yields a large spin lifetime anisotropy value of 𝜉 = 

12.2, with corresponding spin lifetime values of 𝜏∥ = 0.64 ns and 𝜏! = 7.8 ns. This strong spin lifetime 

anisotropy 𝜉 = 12.2 in BLG is comparable to monolayer graphene-TMDC heterostructures [25,26], but 

with a much longer spin lifetime. 

 
FIG.	 4.	 (a-c)	 Electric	 field	 and	 carrier	density	dependence	of	 spin	 lifetime	anisotropy,	 in-plane	 spin	 lifetime,	 and	

out-of-plane	 spin	 lifetime,	 respectively,	 extracted	 from	 in-plane	magnetic	 field	Hanle	measurements.	 (d,	 e)	 Spin	

lifetime	anisotropy	 as	 a	 function	of	 carrier	 density	 and	electric	 field,	 respectively,	 extracted	 from	oblique	Hanle	

measurements.	Measurements	are	performed	at	100	K.	
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To understand the detailed role of carrier density and electric field on spin lifetime anisotropy, we 

utilize in-plane magnetic field Hanle measurements to efficiently generate 2D maps of 𝜉, 𝜏∥ and 𝜏! as a 

function of n and Dapp (Figures 4a, 4b, and 4c), and then perform selective line cuts using oblique Hanle 

measurements to quantitatively assess the variations with n (Figure 4d) and Dapp (Figure 4e). A number of 

trends are observed. As shown in Figure 4a, it is clear the carrier density needs to be near charge 

neutrality (n = 0 cm-2) and an electric field must be applied in order to have a large 𝜉. To understand 

whether the large anisotropy is due to an increase of 𝜏! and/or a decrease of 𝜏∥, we consider the maps in 

Figures 4b and 4c. Starting at the CNP and Dapp = 0 V nm-1, increasing the magnitude of Dapp leads to both 

a reduction of 𝜏∥ (Figure 4b) and an enhancement of 𝜏! (Figure 4c). For the 𝜏∥ map, it is interesting to 

note that this resembles the map of the non-local spin signal in Figure 2a, which makes sense because the 

non-local spin transport is for spins oriented in-plane. For the 𝜏! map, we notice a diagonal ridge similar 

to that observed in Figure 1b. This is also likely to originate from regions of the graphene with only 

bottom gate and is thus outside the primary region of interest. Fortunately, similar features appear for 

both 𝜏∥ and 𝜏! so they have only minor impact on the 𝜉 map. Turning to the oblique Hanle line cuts, the 

dependence of 𝜉 on carrier density for different fixed electric fields shows a large value near charge 

neutrality with applied Dapp = -0.5 V nm-1 or 0.5 V nm-1 and a reduction to 𝜉 ~ 1 with increasing carrier 

density (Figure 4d). Figure 4e shows the dependence of 𝜉 on electric field Dapp for carrier densities n = 

−1.0 x 1012 cm-2 and 1.0 x 1012 cm-2. Toward negative Dapp, the 𝜉 first increases with magnitude of 

electric field, then saturates around 0.5 V nm-1 and eventually decreases. This is observed for both the 

electron and hole doping [42].  

This electric field and carrier density dependence of the spin lifetime anisotropy can be qualitatively 

understood using a simple phenomenological model. Since the low-energy physics is controlled by the 

electronic band structure of BLG near zone corner K and K’ [32,33], as schematically shown in Figure 5a, 

the out-of-plane spin lifetime 𝜏! should increase with the out-of-plane spin polarization 𝑆!  at K and K’. 

At finite temperature, based on the Fermi-Dirac distribution of carriers in the spin-split low energy bands 

of BLG close to the K and K’ points, we have 

 𝑆! ∝ ± − !

!"#
!!"#
! !!!!!!
!!!

!!

+ !

!"#
!!"#
! !!
!!!

!!

+ !

!"#
!
!!"#
! !!
!!!

!!

− !

!"#
!
!!"#
! !!!!!!
!!!

!!

         (1),  

where + (-) corresponds to K (K’) valley, 𝜆! is the intrinsic SOC, 𝜇 is the chemical potential (using the 

middle of the gap as zero potential), and T is temperature. Figure 5b is the plot of out-of-plane spin 

polarization 𝑆! , with Egap = 60 Dapp meV (Dapp in units of V nm-1) extracted from Figure 1d, 𝜆! = 12 µeV, 
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T = 100 K and 𝜇 = 1 meV. 𝑆!  first increases with electric field Dapp, then saturates and decreases 

eventually, implying a similar D-dependence for the out-of-plane spin lifetime 𝜏!.  This toy model 

without detailed calculation well explains the observed electric field dependence of the spin lifetime 

anisotropy (Figure 4e). In addition, 𝑆!  will decay quickly moving away from the K or K’ points in 

momentum space due to rapid decrease of 𝜆!, resulting in the decrease of spin lifetime anisotropy with 

increasing carrier density, as observed experimentally (Figure 4d). These results are consistent with 

Dyakonov-Perel spin relaxation in the presence of out-of-plane spin-orbit fields, which will reduce the in-

plane spin lifetime (Figure 4b) by inducing additional precessional dephasing, while also stabilizing the 

out-of-plane spins against precessional dephasing for enhanced spin lifetimes (Figure 4c). 

 

FIG.	5.	(a)	Schematic	drawing	of	the	BLG	band	structure	with	applied	electric	field.	Red	(blue)	curves	represent	spin	

up	(down)	bands.	(b)	Electric	field	dependence	of	normalized	<SZ>	with	Egap	=	60	Dapp	meV	(Dapp	in	units	of	V	nm
-1),	

𝜆!	=	12	µeV,	T	=	100	K	and	𝜇	=	1	meV.	

In conclusion, we have observed large and tunable spin lifetime anisotropy in dual-gated BLG spin 

valves. Investigating the dependence on electric field and carrier density, we find spin lifetime anisotropy 

as strong as 𝜉 = 12.2 with an out-of-plane spin lifetime up to 7.8 ns. Near the CNP, the spin lifetime 

anisotropy first increases with electric field, then saturates and eventually decreases, which is explained 

using a simple model of the spin-valley coupled band structure of BLG. Our results demonstrate the 

potential for highly tunable spintronic devices based on dual-gated 2D materials. 

Note. During preparation of this manuscript, we became aware of a similar result using single-gated 

BLG [43]. 
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