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We report the first observation of a large spin-lifetime anisotropy in bilayer graphene (BLG) fully
encapsulated between hexagonal boron nitride. We characterize the out-of-plane (z ;) and in-plane (7)) spin
lifetimes by oblique Hanle spin precession. At 75 K and the charge neutrality point (CNP), we observe a
strong anisotropy of 7, /7 = 8 4= 2. This value is comparable to graphene—transition-metal-dichalcoge-

nide heterostructures, whereas our high-quality BLG provides with 7, up to 9 ns, a spin lifetime more than

2 orders of magnitude larger. The anisotropy decreases to 3.5 + 1 at a carrier density of n = 6 x 10'! cm

-2

Temperature-dependent measurements show above 75 K a decrease of 7, /7 with increasing temperature,

reaching the isotropic case close to room temperature. We explain our findings with electric-field-induced
spin-valley coupling arising from the small intrinsic spin-orbit fields in BLG of 12 ueV at the CNP.

DOI: 10.1103/PhysRevLett.121.127702

Coupling between the electronic spin and valley degree
of freedom arises in materials without inversion symmetry
such as single layer transition-metal-dichalcogenides
(TMDs) [1,2] where the electronic bands are spin split
by the spin-orbit fields. Because of time-reversal symmetry,
the induced spin splitting is opposite for the K and K’
points of the Brillouin zone. This leads to a coupling
between the spin and valley degrees of freedom and enables
new functionalities such as the optical injection of spin
currents with circularly polarized light [3,4]. The spin-
valley coupling has been imprinted on the band structure
of monolayer graphene by placing it in proximity with a
transition-metal dichalcogenide (TMD) and measured
using spin [5-7] and charge transport [§—10]. However,
it remains a question if similar behavior can be observed in
pristine graphene devices.

Bilayer graphene (BLG) has an intrinsic spin-orbit
coupling (SOC) of A; ~12 ueV, which points out the
BLG plane. A perpendicular electric field induced by
asymmetric crystal alignment, gating, and/or doping breaks
the inversion symmetry, and, as a consequence, the intrinsic
SOC induces an out-of-plane spin splitting of 24; ~ 24 eV
at the K points [11]. The splitting has opposite sign in K
and K’ and, therefore, a valley dependence. Recent ab initio
calculations show that the encapsulation of BLG in
hexagonal boron nitride (4-BN) preserves the presence
of the spin splitting with a similar magnitude [12].

Thermal broadening and inhomogeneities due to doping
fluctuations [13] prevent the direct measurement of such
a small spin splitting in conventional charge transport
experiments. However, spin precession experiments can
resolve spin splittings much smaller than kgT if the
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splitting extends over a sufficiently large region in
reciprocal space and energy [14]. In the presence of an
out-of-plane spin splitting, the dephasing of spins follows
the Dyakonov-Perel mechanism [15]. The in-plane spin
lifetime 7 is inversely proportional to the intervalley
scattering time, 7| & /I%/riv [5]. Hence, 7| is sensitive to
the SOC strength.

Apart from the intrinsic SOC, breaking of the inversion
symmetry leads to Rashba spin-orbit fields in the graphene
plane [16,17] that affect both in-plane and out-of-plane (z | )
spin lifetimes. Therefore, spin relaxation in BLG is a result
of an interplay between intrinsic and Rashba SOC. The
Rashba SOC depends on the Fermi velocity, which
increases with the carrier density n, whereas the intrinsic
spin-orbit splitting decreases with n. As a consequence, the
spin-lifetime anisotropy (7, /7)) is expected to depend
strongly on n near the CNP [11,18], allowing the electrical
control of the spin-lifetime anisotropy.

Here, we study 7z, and 7 in fully #-BN encapsulated
BLG using oblique spin precession. Our results show that
in contrast with monolayer graphene [17,19-21], at temper-
atures below 300 K, the ratio 7, /7| is significantly above 1
over the full measured range of n. At 75 K, we observe a
dependence of 7, /7| on the carrier concentration, which
increases from3.5 + 1 atn = 6 x 10" cm™2 to 8 + 2 at the
CNP, confirming the role of the spin-valley coupling on the
spin transport. The anisotropy at the CNP is comparable
to graphene-TMD systems [6,7]. However, the spin life-
times in our BLG devices are 2 orders of magnitude larger
[22-27]. These results show that small spin-orbit fields can
induce sizable effects on the spin relaxation and indicate
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FIG. 1. (a) Schematic and (b) optical image of the device
geometry. BLG is encapsulated by a 1 nm thick 4-BN tunnel
barrier (+-h-BN) and a 5 nm bottom /-BN flake (b-h2-BN). A low-
frequency ac current (/,.) injects a spin accumulation into the
BLG. The nonlocal signal (V) is measured using standard lock-
in technique. The precession of injected in-plane spins around the
magnetic field (By) is illustrated in the encapsulated BLG
channel. Note that the outer reference contacts (R) are not
covered by the ~-BN tunnel barrier. The injector (/) and detector
contact (D) used for the measurements discussed in the main text
are labeled and have a spacing of L = 7 um. (c) Gate voltage and
carrier concentration dependence of the BLG square resistance.

that the spin relaxation in our devices is limited by 4; and
the Rashba SOC.

The device is shown in Fig. 1 where the BLG is protected
from contamination by a trilayer ~-BN tunnel barrier on top
and a 5 nm thick bottom /4-BN flake below [28]. The stack
is deposited on a 90 nm SiO,/Si wafer which is used as a
back gate. Ferromagnetic cobalt contacts are defined using
standard electron-beam lithography and election-beam
evaporation techniques and are used for spin injection and
detection. The contacts are noninvasive with a resistance-
area product of 2 MQ um?. With a back gate, we tune the
carrier concentration from the hole regime, slightly beyond
the CNP (2x 10" ecm™2) up to 6x 10" cm™2 in the electron
regime. The CNP is at Vgg = —2 V applied to the back
gate, indicating a small background doping. The electric
field at the CNP is estimated to be between 40 and
80 mV/nm [29]. Note that the application of large electric
fields (above 2 V/nm) to BLG can result in band gaps up
to 200 meV [32-34]. However, the small fields applied to
our sample lead to band gap openings significantly smaller
than kT and are neglected in our analysis.

The mobility x4 of the sample is 12000 cm?/Vs at
n=4x10" cm™? obtained using u = (1/e)(do/dn)
where ¢ is the conductivity and e the electron charge.
The charge diffusion coefficient is D, = 0.026 m?/s,

which is in agreement with the spin diffusion coefficient
D, = (0.021 +0.005) m?/s obtained from Hanle spin
precession. This indicates the consistency of the analysis.

To optimize the spin injection efficiency, we apply
additionally to the ac measurement current a dc bias current
of —0.6 pA to the trilayer ~-BN barrier [35,36]. Note that
the negative bias applied to the injector causes a sign
change in the spin polarization of the injector and, there-
fore, in R,. For comparison with conventional Hanle
curves, we have inverted the sign of R (see Ref. [29]).

Figures 2(a)-2(c) show the experimental results obtained
from oblique Hanle spin precession [see Fig. 1(a) for the
schematics of the measurement] at three different carrier
densities. The data shown in Figs. 2(a) and 2(d) are
measured at n = 6 x 10" cm™ and Figs. 2(b) and 2(e)
at n =4 x 10" cm™2, whereas the data in Figs. 2(c)
and 2(f) are measured at the CNP. R is defined as the
spin signal where the spin accumulation perpendicular to
the magnetic field By is fully dephased. We extract R,
from the experiment by averaging R, between 50 and
100 mT indicated by the gray area at low magnetic fields
in Figs. 2(a)-2(c).

The spins are injected collinear to the in-plane magneti-
zation of the ferromagnetic electrode with efficiency P.
Since only the component parallel to By is conserved, the
injection and detection efficiencies for the measured spins
become P x cos(f3). Consequently, R,4 is proportional to
cos?(f). Therefore, at # = 45°, one would expect Ry to be
reduced by 50% compared to R, in an isotropic system.
We find at 75 K that at all different carrier concentrations in
Figs. 2(a)-2(c), Ryjp/ Ry is clearly above 0.5 for = 45°,
which can only be the case if 7, /7 > 1. This can be seen
from Eq. (2), which can be used to quantify the degree of
anisotropy [20,37]:

Rnlﬂ o Tﬁ -L TH
Roo |7 7 (f - 1)]“’52”)’ v
Z—ﬁ = <cosz(ﬁ) + ;—lsinz(ﬂ)> _1. (2)

However, this model is only applicable for a channel
significantly longer than both the in-plane and out-of-plane
spin relaxation lengths. The out-of-plane spin relaxation
length (~12 pm) is longer than the closest spacing between
the sample edge and the injector (8 ym). Therefore, the
exact device geometry has to be taken into account for a
quantitative analysis.

To carefully account for the device geometry, we solve
the Bloch equations for anisotropic spin transport numeri-
cally. Furthermore, we include both the effect of B,; on the
contact magnetization direction using a Stoner-Wohlfarth
model and the influence of the finite resistances of the
reference contacts [29,38,39]. The Hanle precession curves
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FIG. 2. Oblique Hanle spin precession data for (a) n = 6 x 10" cm™2, (b) n = 4 x 10'' cm™2, and (c) the charge neutrality point
(CNP). R,y denotes the nonlocal resistance at zero field and Ry,; the nonlocal resistance where the perpendicular spin component has
fully dephased. Ry, is obtained by averaging Ry, over the shaded area (50-100 mT). The bottom panels (d)—(f) show the comparison
between the ratios R 3/ R0 and our model for different anisotropy values. The shaded area corresponds to the estimated error margin
with the denoted anisotropy values. Note that panels (a)—(c) have a small background in R of 9.3, 18, and 17.8 Q subtracted.

are simulated for different ratios 7, /7| and different angles
p. We obtain R,5/ Ry from the simulated curves using the
same procedure as used for the experimental data.

The resulting curves are shown in Figs. 2(d)-2(f) where
the red solid line represents the best fit to the data. The gray
areas correspond to the estimated error margin with the
annotated values. The case of an isotropic system is shown
by the dotted gray lines. We find 7, /7 to be 3.5+ 1
n=6x10"cm™2), 5+2 (n=4x10" cm™), and
8 £2 (CNP). We have measured and analyzed different
contact spacings and different injector or detector contact
pairs, which all showed a consistent behavior and are
discussed in the Supplemental Material [29].

When a large B, is applied, the Co magnetization
direction rotates out of the sample plane. As a consequence,
a perpendicular spin component is injected making R
sensitive to the spin-lifetime anisotropy [19]. The data
measured up to a large B are shown in Fig. 3 together with
the simulated Hanle curves. It should be noted that for
all carrier concentrations, R, (B, = 1.1 T) clearly exceeds
R, (B, =0 T), which is a direct consequence of 7, > 7.
The Hanle curves are simulated for different 7, /7 ratios,
where the gray lines represent the isotropic case. We
attribute the difference between the low- (Fig. 2) and
high-field analysis (Fig. 3) to two origins. First, our
simulations use a simple out-of-plane shape anisotropy
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FIG. 3. High-field Hanle spin precession curves measured at f=90° and T =75K for (a) n=06x 10" cm™2, (b)

n=4x10" cm2, (c) CNP. We simulate the spin precession using the parameters from Fig. 2. The gray line corresponds to the
isotropic case. The perpendicular saturation field of the cobalt contacts is 1.5 T. Note that the same background as in Fig. 2 has been

subtracted.
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model to describe the rotation of the electrode magnetiza-
tions under B, whereas the magnetization behavior can
deviate from the idealized system. Second, we observe
magnetoresistance of the BLG channel, which can reach up
to 50% at high fields and at the CNP. Its possible influence
on the measured data is discussed in the Supplemental
Material [29]. However, for magnetic fields below 0.1 T
at the CNP the magnetoresistance is below 1%. Hence,
magnetoresistance does not affect our low-field analysis.

We can estimate the intervalley scattering time z;, from
the extracted 7 and 7| by assuming a Dyakonov-Perel type
of spin relaxation as predicted theoretically [5,15],

1N\ 1
() = 3
2H+(h)rw . (3)

where 1/7, = (24g/h)*z, with the Rashba SOC Ag. The
relevant spin and charge transport parameters are shown in
Table I. We observe the shortest 7;, at the CNP, which we
attribute to two origins: First, 4; is 12 eV at the CNP but
decays quickly with increasing momentum from the CNP
[11]. As a consequence, the effective 4; is smaller than
12 pueV, and our extracted t;, should be seen as the lower
bound. Second, the spin splittings have opposite sign in
the conduction and valence bands. Hence, non-energy-
conserving scattering between both bands plays the same
role as intervalley scattering when both electrons and
holes contribute to the transport. 7;, becomes an effective
parameter (z},) determined by both intervalley and inter-
band scatting (zy), 75,1 = 73! + 73,0

Note that the values of A; from Table I are calculated in
pristine BLG with an applied electric field of 25 mV/nm
[11]. The accurate determination of 4; from first principles
requires the knowledge of the alignment between the
crystal planes of A-BN and BLG. However, preliminary
ab initio calculations support the presence of a spin
splitting in the range of 24 ueV at the K and K’ points
in h-BN encapsulated BLG under small electric fields [12].

It should be mentioned that our out-of-plane spin life-
times in BLG (up to 9 ns) are close to the largest measured

TABLE 1. Spin and charge transport parameters of the dis-
cussed device. t7;, is calculated using Eq. (3). The density
dependence of 4; is extracted from Ref. [11] at a constant electric
field of 25 mV/nm. The momentum scattering time 7, is
obtained assuming D, = D, = U%-Tp /2, where vy is the Fermi
velocity.

T VBG Ds T“ T j.] j’R Tiv Tp
K) (V) (m’/s) (ns) (ns) 7, /7) (ueV) (ueV) (ps) (ps)
75 -2 0010 1.1 88 8 12 ... 06 ..
75 0 0018 19 94 5 2 65 12 0.28

75 41 0021 1.7 6.1 3.5 1 9 45 022
300 0 003 12 14 12 2 13 4 040

lifetimes of 12 ns in monolayer graphene [40]. Therefore,
the spin relaxation length becomes comparable to the
device size, and uncertainties such as the spin lifetime in
the adjacent uncovered BLG regions can affect the analysis.
Moreover, it is not clear whether the spin relaxation follows
purely the Dyakonov-Perel mechanism and if other sources
of spin-orbit coupling become relevant for limiting 7| and
7, in BLG [41-43].

Lastly, we discuss the temperature dependence of the
spin-lifetime anisotropy. The carrier density dependence of
7./7y at T=5K is discussed in the Supplemental
Material [29] and gives comparable results to 7 =75 K
(zi /7y =2 at 6 x 10" cm™ and 7, /7| = 8 at the CNP).
Figure 4(a) shows the ratio Ry /R0 measured at an angle
of # = 45° and zero back gate voltage (n = 4 x 10'! cm™2
measured at 5 and 75 K). We observe a continuous decrease
of Ry13/ Ry as the temperature increases. At room temper-
ature, Ryj3/Ryy is close to 0.5, which corresponds to an
isotropic system where 7, /7 & 1. The full angular depend-
ence of Ryj3/Ry at T = 300 K is shown in Fig. 4(b). We
extract here 7,/ T = 1.2, where we estimate the error
margin to be between 1 and 1.4. Because of an increased
gate leakage current, we are unable to reach the CNP at
300 K. Therefore, we assume that the doping of the BLG
flake remains constant over the measured temperature
range, and, consequently, the carrier concentration at room
temperature is 4 x 10'" cm™. We calculate 7, ~ 0.4 ps ~
7;,/10 indicating that the decrease of anisotropy at 300 K
is caused by the decrease of 7;,. Note that the thermal
broadening at 300 K causes a sizable spread in momenta
that can lead to lower lifetime anisotropies because /;
diminishes fast with increasing n.

Theoretical calculations predict in contrast to our
results a maximum of the anisotropy around 175 K [18].
Additionally, the anisotropy is predicted to be below 1 at
low temperatures due to the suppression of intervalley
scattering induced by electron-phonon interaction. Both
predictions are not consistent with our observations, which
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FIG. 4. (a) Temperature dependence of the ratio Ry/Ryg
measured at = 45°. The trend towards Ryz/Ry0 = 0.5 with
increasing temperature implies that the anisotropy decreases.
(b) Extraction of the 7, /7 for T = 300 K analogous to Fig. 2.
We conclude that 7, ~ 7 at room temperature.
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we attribute to two main differences between theory and
experiment. First, the calculations are performed at
n =3 x 102 cm™2, which is significantly above n for
our device. As we have demonstrated in this Letter, the
anisotropy is strongly affected by Vg, which changes the
spin texture and the carrier density. Second, our device is
fully encapsulated in 4#-BN, which can affect the phonon
modes in BLG. At room temperature, these calculations
predict 7, /7 above 50 with 7 greater than 10 ns, whereas
we find an almost isotropic system and 7 = 1.2 ns.

In summary, we have studied the spin-lifetime
anisotropy in BLG by oblique spin precession. 7, is found
to be up to 8 times larger than 7 at the CNP. The anisotropy
is found to decrease with increasing carrier concentration.
An increase in the temperature above 75 K causes a
decrease of 7, /7, and around room temperature 7
approaches a similar value as zj, implying that BLG
becomes isotropic. We attribute this to the intrinsic out-
of-plane spin-orbit fields in BLG, which, despite their small
magnitude, induce a significant spin-valley coupling that
can be used to control spins in BLG [11,18].
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