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Chapter 1

Introduction

1.1 Semiconductor electronics

Since the development of the transistor [1], semiconductor electronics has entered
every aspect of our daily lives. The increase of computational power achieved by
electronic circuits is described by Moore’s law. It was formulated in 1965 and its form
revised in 1975 states that the number of components per chip doubles every two
years [2]. This evolution has been sustained over the years thanks to miniaturization
of the devices, that has lead to the 10 nm node, which is approximately the effective
channel length per transistor, enabled by the use of Si and Ge FinFET transistors [3].

However, this miniaturization is close to reach a fundamental limit, that is the
atomic scale [4]. In this scale, different physical processes come into play, preventing
the efficient performance of the currently used field-effect transistors. To keep on in-
creasing the computational power once this limit is reached, different approaches are
required that can achieve different operations. New computational methods include
quantum computing and neuromorphic computing. To realize such operations, a
common approach is to use the electronic spin instead of its charge.

1.2 Spin electronics

Apart from a charge, an electron also possesses a magnetic moment called spin. The
use of the electronic spin instead of the charge, like in standard transistors, has lead
to the opening of the field of spin electronics. Small magnetic domains are ideal
for information storage in hard drives. In the early days, the magnetic moments
were measured with magnetoresistive read heads, systems which change their resis-
tance under the presence of the small magnetic fields caused by magnetic domains.
However, magnetoresistive read heads had a limited magnetic field sensitivity that
represented an obstacle for further miniaturization. In this context, the discovery of
giant magnetoresistance in 1988 by the groups of Fert [5] and Grünberg [6], enabled
a strong increase of the capacity of conventional hard drives during the 90s. This
approach uses multilayers of ferromagnet and normal metal that have a resistance
which depends strongly on the relative orientation of the ferromagnet magnetiza-
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tions [7]. The efficiency has been enhanced with the use of insulating spacers in the
so-called tunnelling magnetoresistance approach [8].

The implementation of spins in the electronic industry is not limited to the hard
drives. In particular, magnetic random access memories (MRAM) allow for non-
volatile RAM operations [9], even though their memory capabilities are still lower
than those obtained in flash RAM and DRAM. Another proposal to achieve RAM
operations using magnetic moments is the use of racetrack memories. These devices
use the current-induced movement of magnetic domain walls in ferromagnets to
store the data in magnetic domains [10]. However, such devices are still not available
due to the high current densities required to realize such operation.

The use of spins as information carriers for transistor-like operations in non-
magnetic materials is also a promising route. The most famous proposal along these
lines is the Datta-Das spin transistor. This device works in 1D ballistic systems and
relies on the tuning of the so-called Rashba spin-orbit coupling with an electric field
which is perpendicular to the transport channel. In this case, the spin-orbit coupling
induces spin precession which depends on the electronic momentum, a process that
can be coherent in ballistic systems [11]. The requirements of a ballistic and 1D chan-
nel in a high spin-orbit coupling material are hard to achieve at room temperature
and alternative approaches are being explored.

To realize efficient computation using spin currents, there are still several obsta-
cles to overcome. In particular, long distance spin transport at room temperature is
a major requirement for the realization of efficient spin-based electronic (spintronic)
operations. To realize complex operations, it requires transport of the spin informa-
tion over several active devices, which is not possible if the spin accumulation drops
exponentially over lengths which are comparable to the actual device size.

1.3 Graphene spintronics

Graphene is a wonder material. Since its isolation in 2004 by Geim and Novoselov
[12], it has attracted a lot of interest for research in many different fields due to its
outstanding properties [13]. Apart from showing unprecedentedly large electronic
mobilities, a linear dispersion relation, and being the hardest known material, it does
possess a low intrinsic spin-orbit coupling which makes it a promising material for
spintronic applications [14, 15]. In this context, it shows a spin relaxation time of up
to 12 ns at room temperature [16]. These results are still lower than what has been
predicted theoretically [14, 15], indicating that even better properties can be achieved
with further fabrication improvements [14].

Moreover, the 2D nature of graphene allows for the modification of its charge and
spin transport properties via the proximity effect, allowing for very different func-
tionalities in a single material. Typical examples of that include spin-orbit coupling
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induced by transition metal dichalcogenides [17] or topological insulators, ferromag-
netic exchange from yttrium iron garnet [18], and inversion symmetry breaking in-
duced by boron nitride [19–21].

The introduction of spin-orbit coupling and exchange interaction in graphene
via proximity coupling opens the path for new ways of spin manipulation [22–
25], which is currently a very active research subject. Spin manipulation in semi-
conductor transition metal dichalcogenide/graphene heterostructures has also been
achieved by tuning the resistance of the semiconductor using electrostatic gating.
When the transition metal dichalcogenide (TMD) is conducting, it absorbs the spins
propagating in the graphene layer. However, when conductivity in the TMD is re-
duced, spins propagate in the graphene layer and can be detected [26, 27].

Another relevant requirement to achieve useful spintronic operations is the abil-
ity to inject spins in an efficient way. This can be achieved in graphene using dif-
ferent approaches. These include MgO tunnel barriers [28], amorphous carbon [29],
and few layer boron nitride amongst others [30].

1.4 Thesis outline

This thesis focuses on spintronics in graphene-based van der Waals heterostructures.
Chapters 2 and 3 introduce the background knowledge required to understand the
following chapters. Specific emphasis is put to the control of spin currents using spin
drift shown in Chapters 6 and 7. The first unambiguous evidence of spin lifetime an-
isotropy induced by proximity effect to a transition metal dichalcogenide is shown
in Chapter 8 and similar anisotropies with much longer spin lifetimes in bilayer gra-
phene are reported in Chapter 9.

Chapter 2 Electronic properties of two-dimensional materials is an introduction to the
properties of monolayer graphene, bilayer graphene, hexagonal boron nitride, and
transition metal dichalcogenides used in this thesis.

Chapter 3 Graphene spintronics is an introduction to the basic concepts of spin-
tronics, with a focus on the effect of drift in the spin transport and the nonlocal
measurement technique. The models used to account for the complex device geome-
tries in the following chapters are also shown there. The chapter ends with a short
overview of spin relaxation in graphene both from the experimental and theoretical
perspectives.

Chapter 4 Methods describes the fabrication procedures used in this thesis, to-
gether with the measurement techniques used to characterize the devices electrically.

Chapter 5 24 micrometer spin relaxation length in boron nitride-encapsulated bilayer
graphene describes spin transport in boron nitride-encapsulated bilayer graphene,
that shows spin relaxation lengths up to 13 µm at room temperature and 24 µm at
4 K.
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Chapter 6 88% directional guiding of spin currents with 90 micrometer relaxation
length in bilayer graphene using carrier drift describes spin drift experiments carried
out in high quality boron nitride encapsulated bilayer graphene devices. The results
from this experiment show that spin currents can be guided directionally with an
efficiency of 88% and propagate over 90 µm thanks to the good electronic quality of
our device.

Chapter 7 Drift control of spin currents in graphene-based spin current demultiplexers
shows that spin drift can be used to achieve efficient spin current demultiplexer and
multiplexer operations in Y-shaped graphene channels.

Chapter 8 Large proximity-induced spin lifetime anisotropy in TMD/graphene het-
erostructures describes the spin transport measurements carried out to determine the
spin lifetime anisotropy of monolayer graphene in proximity with a monolayer of
MoSe2 and WSe2. These measurements show that the out-of-plane spin lifetime in
the MoSe2/graphene device is 11 times longer than the in-plane lifetime. Similar
results are shown for the WSe2/graphene sample.

Chapter 9 Observation of spin-valley coupling induced large spin lifetime anisotropy in
bilayer graphene describes the spin transport measurements carried out to determine
the spin lifetime anisotropy of boron nitride-encapsulated bilayer graphene near the
charge neutrality point. These results show that the out-of-plane spin lifetime is 8
times longer than the in-plane lifetime at the charge neutrality point and decreases
with increasing density.

Chapter 10 Conclusions and outlook presents the conclusions of this thesis and
gives perspectives for the different topics addressed.
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2
Chapter 2

Electronic properties of two-dimensional
materials

Abstract

This chapter describes the two-dimensional materials studied in this thesis. The basic
electronic properties of monolayer and bilayer graphene are discussed, followed by the
diffusion coefficients and the field effect, used to characterize the electronic properties of
these materials. Hexagonal boron nitride and transition metal dichalcogenides are briefly
introduced here with a focus on their applications used in Chapters 5 to 9.

2.1 Monolayer graphene

Graphene is a monolayer of carbon atoms arranged in a honeycomb lattice. The
separation between carbon atoms is a ≈ 1.28 Å and its band structure was calculated
in 1947 by Wallace [1], who showed that its low energy spectrum is linear and follows
the relation:

E(k) = ±vF0~|k| (2.1)

Here the± accounts for the conduction and valence bands,E is the energy difference
to the so called Dirac point that is the point where the conduction and valence bands
cross. vF0 ≈ 1 × 106 m/s is the carrier velocity, also called Fermi velocity, ~ is the
reduced Plank constant and k is the wave vector, also defined with respect to the
valence-conduction band crossings (see Figure 2.1). These crossings do not occur at
the center of the Brillouin zone but at its six corners. These points are divided in
two nonequivalent groups; half of them are called K and the other ones K’ points.
Because electrons can be in both points (typically called valleys), The honeycomb
structure gives rise to the valley degree of freedom.

The low energy band structure shown in Equation 2.1 has a fundamental differ-
ence with that of usual semiconductors, which is E = (~k)2/2m∗, where m∗ is the
effective mass of the electrons. The difference is that the effective electronic mass in
graphene is zero. As a consequence, electrons behave as masless Dirac fermions that
move at a velocity vF0 which does not depend on the Fermi energy and allows one
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Figure 2.1: (a) Atomic structure of graphene. The carbon atoms are arranged in a honeycomb
lattice, that is described as a triangular lattice with two atoms per unit cell. Both atoms are
labeled as A and B and the unit cell is shown in grey. (b) Low energy band structure com-
monly called Dirac cone. The red and grey cones represent the conduction and valence bands
respectively. The Fermi level in pristine graphene is placed at the intersection between both
bands.

to study relativistic physics in a condensed matter system [2–4]. From the dispersion
relation one can obtain the density of states (see Reference [2] for more details):

ν(EF ) =
gsgv|E|
2π~2v2

F0

(2.2)

where gs = 2 and gv = 2 are the spin and valley degeneracies.

2.2 Bilayer graphene

Bilayer graphene consists of two graphene monolayers stacked as shown in Fig-
ure 2.2(a). Its band structure also has a honeycomb symmetry with K and K’ valleys
and its low energy electronic spectrum has significant differences with that of mono-
layer graphene. In particular, bilayer graphene has low energy parabolic bands that
cross at E = 0, making it a zero bandgap semiconductor with a non-zero effective
mass (Figure 2.2(b)). Breaking of the inversion symmetry with an electric field per-
pendicular to the plane leads to the opening of a bandgap (Figure 2.2(c)) [7–10]. This
gap increases up to 200 meV for perpendicular electric fields of 3 V/nm which leads
to pronounced changes in the resistivity above the MΩ range at 20 K [11].

When there is no perpendicular electric field, the low energy dispersion relation
at the K and K’ points is:

EF = ±~2v2
F0|k|2/γ1 (2.3)
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Figure 2.2: (a) Atomic structure of bilayer graphene. Low energy band structure of bilayer
graphene without (b) and with (c) a perpendicular electric field. In the first case the low
energy band structure is parabolic and in the latter a bandgap opens between the conduction
and valence bands.

where the energy is defined with respect to the charge neutrality point where con-
duction and valence bands cross and γ1 ≈ 0.4 meV is the coupling parameter be-
tween B1 and A2 atoms (see Figure 2.2(a)). Equation 2.3 shows that the effective
mass of bilayer graphene is mBLG = γ1/(2vF0). The density of states in bilayer
graphene is:

ν(E) =
gsgv

4π~2v2
F0

(2|E|+ γ1) (2.4)

2.3 Charge diffusion coefficient in monolayer and bi-
layer graphene

In this thesis, the density of states in monolayer and bilayer graphene is used to
obtain the diffusion coefficient from their square resistance Rsq and carrier density
n. This is achieved via the Einstein relation for degenerate conductors, which is [5]:

Dc = (ν(EF )e2Rsq)
−1 (2.5)

where e is the electron charge. Because in typical transport experiments n is a known
parameter, one needs to determine ν(EF ) as a function of n. To achieve this, an
expression for n is obtained calculating the integral of ν(EF ) from E = 0 until the
Fermi energy and, after performing the operation, isolating EF from the resulting
equation. Using this procedure the following expressions are obtained:

EGrF = ~vF0 sgn(n)
√
π|n| (2.6)

EBLGF = − sgn(n)

2

(
±γ1 ∓

√
γ2

1 +
4|n|
α

)
(2.7)
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Here sgn(n) is the sign of the carrier density, α = (π~2v2
f0)−1 using this expression

for monolayer graphene and the Einstein relation:

DGr
c =

~vF0

2e2Rsq

√
π

|n|
(2.8)

Note that this expression diverges at the charge neutrality point. This is because the
density of states at the Dirac point is zero and this expression assumes that there is no
broadening of the energy. As a consequence, the values obtained from this expres-
sion near the Dirac point are not accurate. This issue can be solved by including a
Gaussian broadening of the energy, which can be used to obtain an effective density
of states which does not drop down to zero at the Dirac point [6].

In the case of bilayer graphene:

DBLG
c =

π~2v2
F0

e2Rsq

1√
γ2

1 + 4π~2v2
F0|n|

(2.9)

In this case, because of its parabolic band structure, the density of states of bilayer
graphene does not diverge at n = 0. These expressions are used to obtain the diffu-
sivity of charge carriers that, as shown in Chapter 3, it is crucial to understand the
spin transport experiments.

2.4 Bilayer graphene field effect transistors

The carrier density of graphene can be controlled with a perpendicular electric field
using the standard field effect. It is enabled by its two-dimensional nature and low
density of states. The experiment with a single gate works as follows: The graphene
is deposited on a conductive, highly doped Si substrate which has an insulating
layer of SiO2. This allows for the application of an electric field between the gra-
phene channel and the substrate. When a positive voltage is applied to the substrate
(Vbg) (see Figure 2.3(a)) electrons in the grounded graphene contact fill the graphene
layer and the Fermi energy increases. When Vbg is negative then electrons are re-
pelled from the graphene channel and the Fermi energy decreases. The carrier den-
sity induced using this method is: n = Cbg(Vbg− V

(0)
bg )/e where Cbg = ε0εbg/dbg is

the capacitance of the back-gate per unit area, ε0 = 8.854 × 10−12 F/m is the vac-
uum permittivity, εbg = 3.9 is the relative dielectric permittivity of the SiO2

1 and
dbg is the oxide thickness. V (0)

bg is the voltage at which graphene is charge neutral,
that is zero in pristine graphene but may become non-zero due to doping caused by
fabrication residues. The electric field induced by the back-gate on the channel is:
E = εbg(Vbg − V

(0)
bg )/(2dbg) the factor 2 comes from the assumption that the layer

1The dielectric permittivity of boron nitride is approximately the same as the one of SiO2 and the
thickness in the device shown in Figure 2.3 is of 20 nm
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Figure 2.3: (a) Schematic of a bilayer graphene field effect transistor used to obtain the gra-
phene conductivity as a function of n. (b) Carrier density dependence of the channel conduc-
tivity in bilayer graphene. The black curve corresponds to the experimental data and the red
line is the linear fit assumming that σ(n = 0) = 0. The back-gate voltage is shown on the top
axis and a voltage Vcnp = −0.9 V has been subtracted. Electron and hole mobilities extracted
from the linear fits are µe = 2.1 m2/(Vs) and µh = 1.9 m2/(Vs) respectively. The low energy
band structure of bilayer graphene with the Fermi energy at the given carrier density regime
is shown at the inset.

which is closer to the gate screens the electric field for the second layer completely,
reducing the average field. The carrier density and electric field can be controlled
in an independent way using a double gate geometry. In this case, the carrier den-
sity is: n = ε0εbg(Vbg − V (0)

bg )/(edbg) + ε0εtg(Vtg − V (0)
tg )/(edtg) and the electric field:

E = εbg(Vbg − V (0)
bg )/(2dbg)− εtg(Vtg − V (0)

tg )/(2dtg) where tg refers to the top-gate.

Measurement of the conductivity as a function of n allows the determination of
the carrier mobility µ using the Drude formula:

σ = neµ (2.10)

µ is the most common figure of merit to determine the electronic quality of any con-
ductor. In Figure 2.3(b) The experimental results for the conductivity of a bilayer
graphene Hall bar as a function of the carrier density are shown together with fits
to Equation 2.10. There is a discrepancy between the fit and the data at low carrier
densities, and it can be separated in two regimes. At the charge neutrality point the
conductivity is not zero due to the finite density of states of bilayer graphene at this
energy. At higher carrier densities the conductivity is lower than the fit. This is at-
tributed to the fact that the Fermi velocity for bilayer graphene increases with n. This
makes the electronic mobility lower near the charge neutrality point than at higher
densities whereas the model assumes constant mobility.
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The conductivity at higher carrier densities in high mobility devices is limited by
short range scattering to a value (σmax = 1/ρs) which is a fit parameter [12, 13]. As a
consequence, it is common practice to fit the conductivity as a function of n data of
devices showing the saturation in σ to the following expression:

σ =
neµ+ σ0

1 + ρs(neµ+ σ0)
(2.11)

where σ0 accounts for the finite conductivity at the charge neutrality point. Note
that, at the neutrality point, σ = σ0/(1 + ρsσ0). This typically reduces to σ = σ0

because ρsσ0 is significantly smaller than one in most cases.

2.5 Hexagonal boron nitride

Hexagonal boron nitride (hBN) is a van der Waals material made out of boron and
nitrogen, that are arranged in a honeycomb lattice like graphene. It has an in-plane
lattice constant of a ≈ 2.5 Å and a bandgap of 5.97 eV [14] making hBN an insulator.
The high energy of its surface phonons and the lack of dangling bonds on its sur-
face present crucial advantages with respect to SiO2 as a substrate for high quality
graphene devices, as it has been shown experimentally [15, 16].

Because the atomic structure of hBN is very similar to that of graphene, gra-
phene and hBN constitute the simplest van der Waals heterostructure which is kept
together by relatively weak van der Waals interactions [17]. The small mismatch
between both lattice constants, that is lower than 2%, has been used to create com-
mensurated heterostructures where the effects of the Moiré superlattices have been
measured using transport experiments [18–20].

In graphene spintronics, hBN introduction has brought significant improvements
in the spin relaxation length [21] and time [22–25]. It has also been shown that in-
troduction of bilayer hBN as a tunnel barrier for spin polarized contacts allows for
very efficient injection [26]. This makes it a promising candidate for spin transport
experiments, as shown in Chapters 8 and 9.

2.6 Transition metal dichalcogenides

Transition metal dichalcogenides (TMDs) are 2D layered materials which are made
of two different atoms: A transition metal such as Mo or W and two chalcogen atoms
such as S or Se. When in the 2H phase, atoms are assembled in a trigonal prismatic
structure. Due to the large atomic mass of the transition metals and the broken in-
version symmetry in the monolayers, the band structure of TMDs has a gap ranging
between 1.5 eV in MoSe2 to 1.89 eV in WS2 [27]. Moreover, the valence bands have a
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Figure 2.4: (a) Top and side view of the atomic structure of TMDs. The black atoms are transi-
tion metals and the red atoms are chalcogens. (b) Simplified low energy band structure with
the spin split valence and low energy conduction bands in the K and K’ points.

spin splitting between 148 meV in MoS2 and 466 meV in WS2. The conduction bands
are also split from 3 meV in MoS2 to 37 meV in WSe2 [28] in the monolayer form.

The band structure of TMDs, like graphene, has a honeycomb symmetry and
shows K and K’ valleys. Due to its broken inversion symmetry, unlike pristine mono-
layer and bilayer graphene, both valleys are not equivalent. The spin splittings of the
conduction and valence bands are opposite for each valley due to time reversal sym-
metry, giving rise to spin-valley coupling [29] and the so-called valley Hall effect [30],
which is a deviation of the electronic trajectories which is caused by the Berry cur-
vature, that is also opposite in both valleys [31]. Moreover, the different valleys can
be addressed optically with circularly polarized light [32]. The electronic mobility of
TMDs ranges from typical values of 0.01 up to 3 m2/(Vs) obtained for 6-layer MoS2

encapsulated between hBN layers and contacted with graphene [33]. The spin-orbit
coupling in these materials can be transferred to graphene via the proximity effect
in graphene/TMD heterostructures. This has consequences for the spin transport
properties of graphene as shown in Chapters 3 and 8.
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[24] J. Ingla-Aynés, M. H. Guimarães, R. J. Meijerink, P. J. Zomer, and B. J. van Wees, “24 µm spin re-
laxation length in boron nitride encapsulated bilayer graphene,” Physical Review B 92(20), 201410,
(2015).

[25] M. Drögeler, C. Franzen, F. Volmer, T. Pohlmann, L. Banszerus, M. Wolter, K. Watanabe, T. Taniguchi,
C. Stampfer, and B. Beschoten, “Spin lifetimes exceeding 12 ns in graphene nonlocal spin valve
devices,” Nano Letters 16(6), 3533, (2016).

[26] M. Gurram, S. Omar, and B. J. van Wees, “Bias induced up to 100% spin-injection and detec-
tion polarizations in ferromagnet/bilayer-hBN/graphene/hBN heterostructures,” Nature Commu-
nications 8(1), 248, (2017).



2

15

[27] M. Farmanbar and G. Brocks, “Ohmic contacts to 2D semiconductors through van der Waals bond-
ing,” Advanced Electronic Materials 2, 4, (2016).
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Chapter 3

Graphene spintronics

Abstract

This chapter describes the fundamental concepts of graphene spintronics with a focus on
the nonlocal geometry. In particular, the drift-diffusion equations are derived for non-
equilibrium spin transport in a conductive material. The nonlocal spin valve experiment
is explained using the two-channel model and the spin diffusion equations, followed by
Hanle precession in the presence of drift. The model used in Chapter 6 to calculate the
spin signal as a function of the drift field is introduced, together with the model used
in Chapter 8 to determine the spin lifetime anisotropy. The last part is a brief review of
the current experimental and theoretical understanding of spin relaxation in graphene
with a section devoted to the specific case when it is in proximity to a transition metal
dichalcogenide.

3.1 Spin and charge currents

When an electric field E is applied to a conducting material, an electrical current
density is induced according to Ohm’s law j = σ · E. This current is proportional
to the external electric field E, that causes a change in the electrochemical poten-
tial in the material. σ is the material conductivity. This can be explained using the
Drude model. Electrons accelerate in the presence of an electric field and, because
their momentum is randomized after the average momentum scattering time τp, in
a parabolic band model they acquire a velocity of eEτp/m∗ 1 in the direction of the
electric field. As a consequence, electrons travel at an average velocity (called drift
velocity) of vd = eEτp/m

∗ = Eµ.
When a non-equilibrium carrier density δn is induced in the material, the total

density can be defined as ntotal = n + δn, where n is the equilibrium component. If
δn is not spatially constant, the non-equilibrium carriers will diffuse in the material.
The current caused by this process is proportional to the density gradient and the
so-called diffusion coefficient D = (1/2)v2

F τp where vF is the Fermi velocity [1, 2].
In a conductive material one can find electrons at the Fermi energy with two dif-

ferent spin species (with antiparallel magnetic moments), which are defined here us-

1In the case of graphene, the effective mass has to be replaced by m∗ = (~/vF0)
√
πn [3] while, in

bilayer graphene, m∗ = γ1/2v2F0 as shown in Chapter 2.
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ing the spin up (↑) and spin down (↓) terms, referring to majority and minority spin
populations respectively. In the presence of an electric field, the current densities for
both spin species are:

j↑(↓) = σ↑(↓)E + eD↑(↓)∇δn↑(↓) (3.1)

where σ↑(↓), D↑(↓), and δn↑(↓) are the spin dependent conductivities, diffusivities,
and non-equilibrium carrier densities. The first term describes electronic drift and
the second term describes carrier diffusion2.

At this point, it is useful to look at the different types of currents studied in this
thesis. The most common situation in a non-magnetic material (σ↑ = σ↓ and D↑ =

D↓) happens when j↑ = j↓. This implies that the densities δn↑(↓) are the same and the
spin current js = j↑ − j↓ is zero (see Figure 3.1(a)). Another interesting case is when
j↑ = −j↓. In this case, the spin current is not zero but the charge current j = j↑+j↓ is
zero (see Figure 3.1(b)). This case is of particular interest since it is used in standard
spin transport experiments and it is typically referred as pure spin current.

(a) (b)

Figure 3.1: Pure charge (a) and spin currents (b). The black arrows represent the carrier veloc-
ity. In (a), the carriers with different spins move in the same direction, giving rise to a charge
current. Because there is the same amount of spins up and down, there is no net spin cur-
rent. In (b), carriers with different spins move in opposite directions giving rise to a net spin
current. In this case, because the average carrier velocity is zero, there is no charge current.

3.2 Minority carrier drift in semiconductors

In a semiconductor, electrical currents can be carried by electrons and holes. In 1948,
Shockley and Haynes injected holes in n-type germanium with phosphor bronze
point contacts [4]. Using time resolved measurements, Shockley and Haynes showed
that the transport dynamics of holes can be controlled by an in-plane electric field
E. The measurement geometry is shown in Figure 3.2(a), and the outcome of the
measurement is shown in (b). The switch S, that controls the emitter current, is
closed at time t1. In this moment, the voltage at the collector C increases due to
the electric field induced in the channel by B3, which propagates at the speed of
light. At time t2 the signal increases again. This is due to the arrival of holes at the

2In half metals there is only one spin specie at the Fermi energy and σ and D are zero for the minority
spins.
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collector point and t2 − t1 = L/vd. This change in the signal is not sharp because
of the diffusion process that occurs in the semiconductor. At time t3, S is opened
again and the signal decreases immediately due to the reduction of the current in the
system. Finally, at t4 the signal decreases again because no more holes arrive at the
collector. This experiment provides direct evidence of carrier drift and diffusion in

S

B

E C
R

L

E

B1

B3 B2

IE

t1 t2 t3 t4

V

V

(a)

(b)

IERd

IERd

t

Figure 3.2: The Shockley Haynes experiment. (a) Mesurement geometry. The hot carriers
are injected to the channel from the emiter E due to the voltage indiced by battery B3 and
detected in the collector C, which is biased by battery B2. A voltage source B1 is used to
create an electric field E in the semiconductor that induces drift. The voltage V between the
collector and the negative output ofB1 is measured as a function of time using an oscilloscope.
The outcome is shown in (b)

semiconductors. Moreover, by using Equation 3.1 replacing ↑ (↓) for n(p) and using
the condition of charge conservation, one can determine the hole mobility, relaxation
time and diffusivity from the signal. In particular, the hole mobility can be extracted
from the detection time (t2 − t1) dependence onE. The diffusion process determines
the spread of the detection times. Consequently, the diffusivity can be extracted
from the slope of the signal change around t2. Because the injected holes are not
in equilibrium, they also relax. This results in an extra increase in the signal when
decreasing the detection time. As a consequence, the hole lifetime can be determined
from the signal magnitude at different E.

This experiment is the semiconductor analogue of the spin drift experiments re-
ported in this thesis. The major difference is that, instead of using phosphor bronze
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point contacts to induce holes in n-type germanium, we use ferromagnetic contacts
to inject and detect spin accumulations in graphene channels.

3.3 Drift-diffusion equations

To determine the non-equilibrium densities of the different spin species which we
call n↑ and n↓ for simplicity here, the so-called continuity equation is used [1]. This
equation accounts for the fact that the increase of the density in a volume dV has
to be equal to the difference between the spin current which enters the volume and
the one which leaves it. This can be written as dn/dt = 1/e∇j. To write down this
expression for both spin up and spin down species one has to take into account the
spin relaxation. This makes carriers change their spin with a rate of 1/T↑↓(↓↑) for up
(down) spins and the charge conservation can be written as:

dn↑(↓)

dt
= −

n↑(↓)

T↑↓(↓↑)
+

n↓(↑)

T↓↑(↑↓)
+

1

e
∇j↑(↓) (3.2)

Using Equations 3.1, 3.2 and σ↑(↓) = σ0 + n↑(↓)eµ↑(↓) one can solve for the spin
density ns = (n↑−n↓)/2. In the case n↑+n↓ = 0 the so-called drift-diffusion equation
is obtained3 4:

vd∇ns +Ds∇2ns − ns/τs = 0 (3.3)

This equation has been used to describe the propagation of spins under the presence
of an electric field which causes carrier drift. The left term accounts for spin drift,
the second one describes diffusion, and the last one accounts for spin relaxation. vd,
Ds, and τs are defined as:

vd = Eµd = E(σ↓dσ↑/dn↑ + σ↑dσ↓/dn↓)/(e(σ↑ + σ↓))

Ds = (σ↓D↑ + σ↑D↓)/(σ↑ + σ↓) (3.4)

1/τs = 1/T↑↓ + 1/T↓↑

where µd is the effective mobility for spin drift in a magnetic system. These ex-
pressions can be simplified for a non-magnetic system: vd = eµd = eµ = dσ/dn,
Ds = D↑ = D↓ and 1/τs = 2/T↑↓ = 2/T↓↑.

For the following sections, it is useful to define the spin accumulation, which is
the difference between the electrochemical potentials of the two spin species µs =

(µ↑ − µ↓)/2 = ns/(eν(EF )), where ν(EF ) is the density of states at the Fermi energy

3The drift-diffusion equation has been derived using this approach by Yu and Flatté in Reference [5].
4The condition n↑+n↓ = 0 is also called charge neutrality since it guarantees that the total amount of

(charged) carriers in the system is zero.



3

21

[1]. Since in a homogeneous channel the only difference between ns and µs is a
constant pre-factor, the drift-diffusion equations for the spin accumulation read:

vd∇µs +D∇2µs − µs/τs = 0 (3.5)

To understand the spin dynamics in the graphene devices presented here, the drift-
diffusion equation is solved in one dimension. The 1D assumption is justified be-
cause the devices measured in this thesis are graphene ribbons where the ferromag-
netic contacts extend all over the width, making the spin propagation 1D.

When solving Equation 3.5 in 1D, the solutions are exponential,

µs = A exp(x/λ+) +B exp(−x/λ−) (3.6)

whereA andB are coefficients to be determined by the specific device geometry and
λ±:

λ−1
± = ± vd

2Ds
+

√(
vd

2Ds

)2

+
1

Dsτs
(3.7)

Here λ+ and λ− are the upstream and downstream spin relaxation lengths and de-
termine the relaxation lengths for spins propagating towards the left and right side
of the system respectively. λ =

√
Dsτs is the spin diffusion length and the distance

over which spins propagate in the absence of drift.
Equation 3.7 gives λ+ → 0 and λ− → vdτs in the high drift regime when vd >

2
√
Ds/τs. This means that, in this regime, propagation against electric field is sup-

pressed and the carriers travelling with the electric field propagate at the drift veloc-
ity. This allows the guiding of spin currents in graphene using carrier drift.

3.4 Two-channel model and the nonlocal measurement
configuration

To study how spin accumulations propagate in graphene, it is required to inject spins
to the graphene channel and detect the resulting accumulation. In this thesis we use
ferromagnetic spin polarized contacts in the nonlocal measurement configuration,
which separates spin and charge currents and is the most accurate way to measure
spin signals electrically.

3.4.1 Two-channel model

A useful aproach to understand spin transport experiments is to consider the sample
as a network of resistors. This is justified because the spin lifetime is several orders
of magnitude longer than the momentum scattering time and, within τs, both spin
species behave like parallel channels. This model was introduced by Mott [6, 7] and
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it is called two-channel model because it treats both spin channels as parallel resistor
branches. Spin polarized contacts are modelled as probes with different resistances
connected to the different branches and spin relaxation is accounted by introducing
a resistor Rsf that connects both channels.

At this stage it is also useful to define the term spin resistance which is a constant
that defines the electrical resistance that a spin experiences before relaxing and its
value in an infinitely long nonmagnetic channel is Rs = Rsqλ/Ws where Rsq is the
square resistance of the channel and Ws the sample width [1].

R↓
cR↑

c R↓
cR↑

c

Injector Detector

I Vc = µ/e+PΣµs/e

Vref = µ/e
Rsf

Rch

Rch

Rch

Rch

2Rout

2Rout 2Rout

2Rout

Figure 3.3: Resistor model of a nonlocal spin valve with two spin polarized contacts. The hor-
izontal resistor network represents the channel and outer contact resistances. The top series
resistors represent the spin-up channel and the bottom ones the spin-down one. The resis-
tance between the spin polarized contacts and the ↑ (↓) spin channel is R↑(↓)c and the detector
voltage is Vc. The resistors connecting the normal contacts (2Rout) are twice the channel spin
resistance 2Rs when spin relaxation in the channel is dominating. Rch is the resistance of the
channel between the injector and detector electrodes and Rsf accounts for spin relaxation.

Figure 3.3 shows the resistor equivalent of the nonlocal spin valve experiment
which assumes that the contact widths are much smaller than the separation be-
tween them. This model, which has also been used to simulate the charge and spin-
dependent 1/f noise [8], allows us to understand spin injection and detection in a
nonlocal spin valve device with two spin polarized contacts labelled as injector and
detector and two non-magnetic contacts at the left and right edges of the sample
with contact resistances Rnc. The resistances associated with the outer contacts are
2Rout = 2Rs = 2Rsqλ/Ws when the normal contacts are placed far enough from
the ferromagnetic ones and relaxation in the channel dominates. In the following



3

23

sections this model is used to explain the spin injection and detection in the nonlocal
geometry, together with the effect of low resistive contacts on the spin accumulation
in the channel.

3.4.2 Spin injection

When a charge current is applied between the injector and the left electrode, because
R↑c < R↓c , the current entering the top branch is higher than that in the bottom one.
This results in a voltage difference between the top and bottom branches that can be
interpreted as the spin accumulation µinjs = e(V inj↑ − V inj↓ )/2 in the non-magnetic
channel.

The spin injection efficiency is obtained via the current polarization which is de-
fined as: PI = (I↑ − I↓)/I = (R↓c − R↑c)/(R↓c + R↑c + 4Rs). When the normal contact
is far enough from the injector or its resistance is high enough. In the most prefer-
able case R↓c + R↑c > 4Rs and the spin current injected in the channel is maximal
PmaxI = PΣ = (R↓c −R↑c)/(R↓c +R↑c) and corresponds to the contact polarization PΣ.

The condition for optimal injection can also be achieved if the reference electrode
has a very small resistance and is placed next to the injector. Even though in this
case injection is optimal, this is caused by the fact that the spin accumulation in the
channel is limited by the spin current absorbed in the reference contact so it is not an
optimal scenario for spin transport measurements.

3.4.3 Spin detection

Because the detector is spin-polarized, the voltage in the contact depends on the
spin accumulation in the channel. One can obtain an expression for Vc as a function
of the voltages in the up- and down-spin branches in the channel underneath. To
write it in terms of the electrochemical potential in the channel, several parameters
need to be defined. These parameters are the spin accumulation in the channel at the
detector position µdets = e(V det↑ − V det↓ )/2 and the average electrochemical potential
µdet = e(V det↑ + V det↓ )/2. Using these definitions, the potential at the detector is:
Vc = µdet/e+ PΣµ

det
s /e.

The right reference electrode is not spin polarized and its potential is Vref =

µdet/e. Notice that the average electrochemical potential in the channel is the same
in both electrodes because there is no current in the right side of the circuit. The
potential difference between the detectors is PΣµ

det
s /e, that is linear with the spin

accumulation and does not depend on µ. This is a very advantageous situation for
measurements because typical contact spin polarizations for TiOx and AlOx barriers
are around 10% or lower. The spin injection efficiency is also proportional to PΣ of
the injecting electrode and, hence, spin signals are typically 100 times smaller than
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the signals caused by the electrical resistance of the channel. This can make spin de-
tection challenging in a two-terminal geometry because, in this case, the resistances
measured are dominated by the contacts that induce a noisy background which can
mask typical spin signals. It is worth noting that there are a number of interface ef-
fects which can give rise to signals which do not originate from spin transport in the
channel in a two-terminal geometry. Hence, it is crucial to use the nonlocal geometry
to obtain signals which are free from spurious effects.

3.4.4 Contact-induced spin relaxation and the conductivity mismatch
problem

The presence of a metallic contact on a non-magnetic channel where a spin accumu-
lation is present can induce spin relaxation. This effect can have different contribu-
tions in graphene: Modified spin transport parameters in the channel underneath
the contact, stray field-induced spin precession, or resistive spin absorption into the
contact. The first one is very hard to account for in graphene. Even though it has
been shown to play a relevant role when there is direct contact or close proximity
between the graphene and a ferromagnet [9, 10], it is very hard to determine its ef-
fect accurately because of the low contact reproducibilities. In normal conditions, if
the contacts are single magnetic domains, stray fields should have a negligible effect
in the spin accumulation. In contrast, spin absorption can be very relevant when the
contact resistance is comparable or lower than the spin resistance of the channel [11].

The effect of spin absorption can be quantified in a simple way using the resistor
model shown in Figure 3.3. Looking at the resistor network under the detector one
can see that, apart from Rsf , there is another branch connecting both spin channels.
This is the branch that goes into the spin detector and has a resistanceRsfc = R↑c+R↓c .
This implies that, to measure electrically spin relaxation lengths which are character-
istic of the channel, one has to use contacts with resistances higher than the typical
spin resistance of the graphene channel.

When the contact resistances are much smaller than the channel resistance de-
tection of spin signals becomes very challenging. This is the so-called conductivity
mismatch problem and has been an obstacle for electrical spin injection into semicon-
ductors [12] and can be overcome by introducing a highly resistive barrier between
the ferromagnetic metal and the channel [13, 14].

3.5 Nonlocal spin valve

The nonlocal spin valve geometry involves four contacts connected to a non-magnetic
channel (in our case graphene). A charge current is applied between the first two
contacts to inject spins. If both contacts are ferromagnetic, contact 1 (see Figure 3.4(a))
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extracts spins and contact 2 injects them. This is because the spin current injected by
an electrode is Is = I ·PΣ. Hence, reversal of the charge current changes the direction
of the spin currents. The total spin accumulation in the channel is:
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Figure 3.4: The nonlocal geometry in a graphene spin valve with four ferromagnetic electrodes
(a)-(b). Spin electrochemical potential in the channel when the spin injector magnetizations
are parallel (c) and antiparallel (d) amongst them. The red line corresponds to the sketched
configuration and the blue line to the antiparallel case. The electrochemical potentials picked
up by the detectors are indicated with red or blue circles depending on whether the detector
magnetizations are parallel or antiparallel to the middle spin injector. The dashed lines are the
separate injector contributions that induce a spin accumulation µs0 at the injection point.

µs =
eIRsqλ

2Ws
(P2 exp(|x− x2|/λ)− P1 exp(|x− x1|/λ)) (3.8)

where P1(2) and x1(2) are the polarization and position of contact 1(2) (see Figure 3.4
(a)). In this section the effect of drift is assumed to be negligible, as it is common in
metal and standard graphene spin valve measurements.

To measure the nonlocal spin signal, Contacts 3 and 4 are connected to a voltage
probe. Assuming that both contacts are spin polarized, the nonlocal resistance is

Rnl = µs/(eI) = P3µs(x = x3)/eI − P4µs(x = x4)/eI. (3.9)

Even though according to the resistor model shown above the only signal picked
up in the nonlocal geometry is caused by spin signals, thermoelectric effects [16] and
nonhomogeneous current distributions [17] can give rise to background signals. As a
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Figure 3.5: Typical nonlocal spin valve measurement with three contacts contributing (two
injectors and a detector from left to right). Each contact switch causes a change in the nonlocal
resistance.

consequence, tuning of the spin signal is required to measure its magnitude. This can
be achieved designing the ferromagnetic contacts with different widths so that they
have different coercive fields. When applying a magnetic field antiparallel to the
contact magnetizations, the magnetizations switch at different fields. This results in
abrupt changes in Rnl as shown in Figure 3.5. One can obtain the individual contact
contributions from the magnitude of the switches.

3.6 Hanle precession and the effect of drift

When a magnetic field is applied perpendicular to the spin accumulation, the spins
experience Larmor precession at a frequency ~ω = gµB ~B/~, where g is the gyromag-
netic ratio, µB is the Bohr magneton and ~ is the reduced Plank’s constant. In this
case, the measurement of the spin signal as a function of the magnetic field can lead
to extraction of the spin lifetime and diffusion coefficient in the channel after fitting
to the solution of the drift-diffusion equations.

To understand the Hanle precession process a precession term to the drift-diffu-
sion equation (Equation 3.3) is included [18]

vd∇~µs +Ds∇2~µs − ~µs/τs + ~ω × ~µs = 0. (3.10)

The spin accumulation becomes a vector with three components µxs , µys and µzs that
can be induced by applying a magnetic field in different directions which are not
parallel to the injected spins.

To extract the spin relaxation time and diffusion coefficient from transport exper-
iments, it is useful to study the spin signal dependence on a magnetic field applied
perpendicular to the graphene plane. To obtain the dependence expected from the
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drift-diffusion equations, one has to solve for the spin accumulation in the x and y

directions, which are coupled by the magnetic field:

vd∇µxs +Ds∇2µxs − µxs/τs + ωµys = 0 (3.11)

vd∇µys +Ds∇2µys − µys/τs − ωµxs = 0 (3.12)

By isolating µxs from Equation 3.12 and entering the expression into Equation 3.11 an
equation for µys is obtained, which is decoupled from µxs . This equation has solutions
of the form:

µys = A exp(x/λ++) +B exp(x/λ+−) + C exp(−x/λ−+) +D exp(−x/λ−−)

where A, B, C, and D are the coefficients to be determined from the boundary con-
ditions and λ±± follows the expression:

λ−1
±± = ± vd

2Ds
+

1

2

√
4

Dsτs
+

(
vd
Ds

)2

± 4iω

Ds
(3.13)

In the simplest geometry the graphene channel can be assumed infinitely long and
there is only one spin injector at x = 0. The following boundary conditions are
required:

• The spin accumulation vanishes at infinity µx(y)
s (x→ ±∞)→ 0

• Continuity of the spin accumulation µx(y)
s at the boundaries between different

regions.

• Continuity of the spin current density jx(y)
s = 1

eRsq

(
vd
Ds
µ
x(y)
s −∇µx(y)

s

)
every-

where in the channel apart from the injection point where it has a discontinuity
of ∆jys = PII/Ws in the y direction.

Using these boundary conditions to determine the 8 unknown parameters the
spin accumulation is obtained:

Rnl = ±Pdµ
y
s(x)

eI
= ±PiPdRsqDs

Ws
Re


exp

(
xvd
2Ds
− x

2

√
4

Dsτs
+
(
vd
Ds

)2

− 4iω
Ds

)
√

4Ds
τs

+ v2
d − 4iωDs


(3.14)

Here the ± sign accounts for the parallel or antiparallel alignments of the ferro-
magnetic contact magnetizations. Figure 3.6(b) and (c) shows the Hanle preces-
sion curves obtained from Equation 3.14 for a distance between injector and detector
L = 15 µm, spin lifetime τs = 1 ns, diffusivity Ds = 0.05 m2/s, contact polarizations
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Figure 3.6: (a) Sketch of the nonlocal geometry with two ferromagnetic electrodes. Non-
local resistance versus perpendicular magnetic field B in the case of vd = 0 m/s (b) and
vd = 5× 104 m/s (c).

Pi = Pd = 10% for vd = 0 m/s (b) and vd = 5× 104 m/s (c), which can be achieved
in typical graphene devices.

The spin signal shown in Figure 3.6(b) has its maximum value at zero magnetic
field and then it decreases until it becomes negative. Then it reaches a minimum
where the average spin precession angle is 180◦, after which it goes back to zero
where it saturates. To explain this behaviour one has to account for both spin preces-
sion and diffusion. At low fields spin precession dominates and the signal oscillates
from positive to negative. For higher fields the signal vanishes, this is caused by
the decoherence of the spins that reach the detector after different diffusion times
td. In panel (c) from Figure 3.6 the signal is higher than in (b). Moreover, there
is an extra oscillation and a second peak can be distinguished corresponding to a
precession angle of 360 ◦. This extra peak can be observed because spins are not
only diffusing but also drifting from injector to detector. This makes them reach
the detector much faster reducing the diffusive broadening allowing for the appear-
ance of the extra oscillation and making the negative shoulders more pronounced
(|Rθ=0

nl /Rθ=πnl (vd = 0)| < |Rθ=0
nl /Rθ=πnl (vd = 5× 104 m/s)|). The width of the central

peak of the Hanle is larger in the case of drift. This is caused by the fact that, since
drift is faster than diffusion, it requires higher magnetic fields to induce the same
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precession angles. It is worth noting that, if the contacts are invasive, not only the
size but also the trend of the Hanle precession data is affected [19] and one has to
take this into account to accurately determine the spin transport parameters from
fits to Equation 3.14.

3.7 Spin precession in anisotropic systems

A relevant feature of spin transport is that spins are sensitive to anisotropies in the
spin relaxation. If the lifetime for spins in the graphene plane τ‖ is different from
that of perpendicular spins τ⊥, then one can use spin precession to measure τ‖ and
τ⊥. Measurement of the spin lifetime anisotropy does not require the application
of any drift current and, as a consequence, vd = 0 in this section where the two
measurements used in Chapter 8 are described. The technique used to determine
the anisotropy in Chapter 9 is described in detail there and in References [20, 21].

The contact magnetization (M ) plays a crucial role to understand both techniques
described here. In particular, when applying a magnetic field perpendicular to M ,
its orientation changes according to the Wohlfarth-Stoner model: When B is applied
along a magnetic hard axis, the component of M parallel to B is proportional to
B/Bsat where Bsat is the saturation field required to pull the contact magnetization
in the direction of B. This is usually not a problem because for magnetic fields ap-
plied in the z direction, Bsat is around 1 T or higher. As a consequence the Hanle
precession data is usually not affected. However, one can also use this effect to de-
termine the spin lifetime anisotropy. This can be done by applying a Bz which is
high enough to pull the contact magnetizations out of the graphene plane. In Fig-
ure 3.7 the calculated Hanle precession data obtained using the model described in
Section 3.6 including the change of the contact magnetizations is shown. Using this
approach, one can determine the spin lifetime anisotropy by evaluating the ratio
R⊥nl/R

‖
nl, where R⊥nl is the spin signal when the contacts have saturated completely

out-of-plane and R
‖
nl is the spin signal at B = 0. One can determine the anisotropy

from this ratio using the following equation:

R⊥nl

R
‖
nl

=

√
τ⊥
τ‖

exp

(
L

λ‖

(
1−

√
τ‖

τ⊥

))
(3.15)

This approach has allowed for the determination of the spin lifetime anisotropy in
graphene in the high carrier density regime. However, this approach cannot be used
at low densities because it is very sensitive to magnetoresistance and other effects of
the high magnetic field that can influence R⊥nl.

There is another approach which consists on applying a magnetic field in the x
direction (see Figure 3.7). In this case, spins precess in the y−z plane and the effective
spin lifetime depends on the magnetic field. This effective lifetime has the highest
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contribution when the average spin precessed angle is of 90◦. As a consequence,
the shoulders become deeper with increasing anisotropy. However, applying a mag-
netic field in the x direction also has consequences for the contact magnetization. In
particular, because the contact widths are typically one order of magnitude larger
than the contact thickness, Bsat is typically around 0.2 T. This means that the Hanle
precession data can get more affected by the saturation of M . This happens when
the spin lifetime is short and the peak becomes wider. One has to take this effect
into account to analyse the experimental data obtained using this approach. In Fig-
ure 3.7(b), we show three modelled Hanle precession curves for the same parameters
as in (a). Because the spin lifetime is the same in the x and y directions, Rnl at B = 0

has the same value as for fields higher than Bsat = 0.25 T. To model this data, one
needs to solve the anisotropic Bloch equations [20, 21], which are the drift-diffusion
equations for the vd = 0 case:

Ds∇2µys − µys/τ‖ − ωµzs = 0 (3.16)

Ds∇2µzs − µzs/τ⊥ + ωµys = 0 (3.17)

Using Equations 3.16, 3.17, and the boundary conditions from Section 3.6, the Hanle
precession data from Figure 3.7(b) are simulated.
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Figure 3.7: Anisotropic Hanle precession data. The nonlocal resistance is shown with respect
to the applied magnetic field in the z direction (a) and x direction (b) τ‖ = 100 ps, L = 7 µm
and D = 0.02 m2/s for both curves.

3.8 Modelling of spin transport in complex device ge-
ometries

To understand the experimental results shown in this thesis it is crucial to model
the effect of the device geometry. This is done in the different chapters using the
boundary conditions described in Section 3.6 and applying them to the intersections
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between the different regions. In Chapters 8 and 9, spin relaxation is anisotropic
and Equations 3.16 and 3.17 are solved numerically. Three examples of modelled
geometries are shown in Figure 3.8.

vd1 vd2 vd1

τi Di R iτo Do R o τo Do R o

τo Do R o τo Do R oτi ||τi ⊥Di R i

(b)

(c)

τi Di R iτo Do R o τo Do R o

(a)

Figure 3.8: (a) Geometry used to model spin precession in partially encapsulated bilayer gra-
phene devices. The red contact is the spin injector and the black one the detector. The grey
channel is on hBN and the green one is fully encapsulated. The contacts are placed on the
grey area. (b) Sketch of the measurement geometry used to model spin drift in partially hBN-
encapsulated bilayer graphene. The grey contacts are used to apply the drift current and
vd1(d2) is the drift velocity in the green (gray) area. The detectors are placed out of the drift
circuit to keep the detection circuit decoupled from the applied current. (c) Geometry used to
model for the spin lifetime anisotropy in graphene/TMD heterostructures. The blue region is
covered by a TMD and, in this case, the model accounts for the finite device length. The effect
of contact spin absorption is not included in these models.

3.9 Spin relaxation in graphene

Early theoretical predictions for pristine graphene indicated that the spin lifetimes
should be in the range of microseconds, leading to spin relaxation lengths of hun-
dreds of micrometers [23]. In contrast, the first measurements [24] showed spin life-
times of few hundreds of picoseconds and relaxation lengths of few micrometers.
This discrepancy has triggered extensive experimental and theoretical work to fig-
ure out the actual mechanism responsible for the limitations in the experimentally
measured spin lifetimes. Here I give a brief overview of the different mechanisms
proposed theoretically and experimentally.
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3.9.1 Theoretical considerations about spin relaxation in graphene

Spin relaxation occurs because of the spin-orbit coupling, that is a relativistic effect
when a moving electron passes the charge of the nuclei that induces an Ampère
magnetic field. The interaction of this magnetic field with the electronic spin leads
to coupling between the spin and orbital degrees of freedom causing spin dephasing
[1]. Spin relaxation in semiconductors, metals and graphene has been explained
using two microscopic mechanisms: Elliot-Yafet and Dyakonov-Perel.

The Elliot-Yafet effect occurs in materials with spin-orbit coupling or with impu-
rities which have a high spin-orbit coupling that mixes the spin states and, when the
electrons scatter, it gives a finite spin-flip probability [1, 25, 26]. When the Elliot-Yafet
mechanism is responsible for spin relaxation, the spin lifetime is proportional to the
momentum scattering time (τs ∝ τp). In monolayer graphene, when analysing the
carrier density dependence of the spin relaxation, one also has to take into account
that τs is proportional to the square of the Fermi energy (τs ≈ E2

F τp/∆
2
EY where ∆EY

is the strength of the spin-orbit coupling) [25].
The Dyakonov-Perel mechanism occurs in materials without inversion symmetry

where the electronic bands are spin split. In this case spins precess around the spin
orbit fields. The spin orbit fields depend on the momentum of the electron and,
hence, in a diffusive system, spin precession occurs randomly and τs is inversely
proportional to the momentum scattering time (τ−1

s ≈ 4∆2
DP τp/~2 where ∆DP is the

spin-orbit coupling strength) [26, 27]. Even though some experimental results were
explained using either one or a combination of both processes [28], the spin orbit
strengths extracted using this approach are much larger than the intrinsic graphene
values [27, 29, 30].

New mechanisms have been proposed to explain spin relaxation in graphene:
Resonant scattering by magnetic impurities accounts for the spin relaxation caused
by a small density of magnetic impurities (like carbon vacancies) and predicts spin
lifetimes in the range of 100 ps and different trends for monolayer [31] and bilayer
graphene [32]. Another mechanism proposed recently which can also give spin life-
times in the range of few hundreds of picoseconds is the coupling between spin and
pseudospin driven by random spin orbit coupling in the ballistic limit [33].

Despite these efforts and the fact that two mechanisms have been discovered
which can induce lifetimes in the experimental range, the actual mechanism limit-
ing the spin lifetimes in experimental pristine graphene devices remains an open
question.

3.9.2 Spin transport measurements in graphene

After the first measurements [24], that showed spin lifetimes several orders of mag-
nitude shorter than theoretical predictions for pristine graphene [23], improvements
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in the device fabrication allowed for spin transport measurements in high mobility
graphene devices. In particular, suspending the graphene flake [22] and replacing
the SiO2 substrate for hBN [28] allowed for spin relaxation lengths up to 5 µm. De-
spite improved mobilities, the spin lifetimes remained in the 100 ps range. Experi-
ments using non-magnetic nanoparticles and gold adatoms to tune the charge carrier
mobility in graphene also showed that the spin lifetime is not affected by mobility
changes [34, 35]. These results rule out scattering by non-magnetic charged impuri-
ties as a relevant source for spin relaxation. Research carried out with TiOx seeded
MgO barriers showed improved tunneling behavior [37] and spin lifetimes around
500 ps.

Carrier density-dependent measurements on graphene on SiO2 showed linear
scaling between the spin and momentum scattering times (1/τs ∝ 1/τp) [36, 38].
In contrast, bilayer graphene showed the inverse dependence at low temperature
(τs ∝ 1/τp) [38, 39] with spin lifetimes of several nanoseconds, indicating that the
mechanisms ruling spin relaxation in monolayer and bilayer graphene are not the
same. Our results on hBN-encapsulated bilayer graphene devices (Chapter 5) show
that the spin lifetime increases up to 3 ns with a diffusivity of 0.2 m2/s, indicating
that long spin lifetimes can also be obtained in high mobility bilayers with long τp.

Studies of contact resistance-dependent spin precession in graphene at a fixed
carrier density using MgO barriers showed inverse dependence of the spin lifetime
with the mobility and increase in τs with the contact resistance up to the ns range
[40, 41]. These results emphasize the role of the contacts in the carrier density de-
pendence of the spin lifetime in graphene spintronic devices beyond the spin ab-
sorption described above [19]. This consideration is also consistent with the long
spin relaxation lengths achieved in graphene devices with long electrode separa-
tions [20, 42–44]. Results from graphene-hBN heterostructures transfered on ferro-
magnetic contacts with MgO tunnel barriers have shown that spin lifetimes up to
12 ns are possible in devices where the coupling with the contacts is low enough and
the device is protected from processing related contamination by hBN [45, 46].

Spin lifetime anisotropy measurements using magnetic fields high enough to ro-
tate the contact magnetizations out-of-plane showed that in pristine graphene τ⊥/τ‖
≈ 0.8. Results on encapsulated double gated graphene, showed that it is also possi-
ble to control the spin lifetime anisotropy in graphene with a perpendicular electric
field [43]. Introduction of a new technique to determine the spin lifetime anisotropy
applying magnetic fields in the plane defined by the easy axis of the contacts and
the out-of-plane direction [20, 21] has shown that τ⊥/τ‖ ≈ 1. These results have two
clear consequences for spin relaxation in monolayer graphene: The first one is that
spin relaxation in graphene is mostly isotropic and the spin-orbit fields do not point
in any preferential direction, and the second one is that an out-of-plane electric field
induces in-plane Rashba spin-orbit fields which limit the out-of-plane spin lifetime.
In bilayer graphene, the spin transport at the charge neutrality point is strongly an-
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isotropic, as shown in Chapter 9. This is caused by the intrinsic spin-orbit fields
that are out-of-plane near these points. However, at low perpendicular electric fields
and higher densities, the out-of-plane spin-orbit fields decrease quickly and the spin
lifetime anisotropy drops as the carrier density increases [48]. The spin lifetimes
measured in Chapter 9 are compatible with the Dyakonov-Perel mechanism being
responsible for spin relaxation in BLG.

3.9.3 Spin transport in graphene/TMD heterostructures

To realize logic operations using spin currents one needs a way to electrically control
the spin propagation. It has been shown that the spin relaxation time in encapsu-
lated graphene can be tuned with perpendicular electric fields but the modulation is
relatively small [43] making this effect challenging to be used for practical applica-
tions.

A different approach is to combine graphene with transition metal dichalcogenides.
Their intrinsic spin-orbit coupling is in the range of 100 meV at the valence band [49],
about four orders of magnitude higher than pristine graphene. The semiconducting
nature of TMDs provides a strong gate dependence of the TMD resistance, which can
be used to tune the spin signal in heterostructures with graphene. As a consequence,
in graphene/TMD heterostructures, one can make the TMD absorb the spins from
the graphene channel in a controlled way tunning the carrier density [50, 51]. This
trick also has an influence on the spin injection efficiency of contacts where a TMD
is placed as a highly resistive barrier [52].

Figure 3.9: Spin-orbit fields in the reciprocal space of a graphene/TMD heterostructure. The
out-of-plane component is given by the valley asymmetry and limits the in-plane spin lifetime,
that is inversely proportional to the intervalley scattering time. The in-plane component is
given by the Rashba spin-orbit coupling and τ⊥ is inversely proportional to the momentum
scattering time. Figure reproduced with permission from Reference [56].
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A fundamentally different effect in graphene/TMD heterostructures is the pro-
ximity-induced spin-orbit coupling. In close proximity with a TMD, graphene loses
its inversion symmetry and aquires spin-orbit coupling from the TMD heavy atoms
[53–55]. This induces spin relaxation of the Dyakonov-Perel type and has a very
specific signature in the spin lifetime anisotropy. The lack of inversion symmetry
induces a spin splitting in the band structure, called valley Zeeman coupling that
has a magnitude λVZ, points out-of-plane, and has opposite sign in both valleys due
to time reversal symmetry. This spin-orbit coupling limits the in-plane spin lifetime,
which becomes inversely proportional to the intervalley scattering time (τiv). τ⊥ is
inversely proportional to τp and is limited by the in-plane Rashba spin-orbit cou-
pling λR caused by the vertical inversion asymmetry. Using these considerations
and assuming that λVZ and λR are the only relevant spin-orbit coupling terms, an
equation for the spin lifetime anisotropy was derived in [56]:

τ⊥
τ‖

=

(
λVZ

λR

)2
τiv
τp

+
1

2
(3.18)

In typical graphene/TMD devices τiv is longer than τp and λVZ ∼ λR for MoS2,
MoSe2, WS2, and WSe2/graphene heterostructures. As a consequence, the aniso-
tropy in such heterostructures τ⊥/τ‖ is above 1. In contrast, in the absence of λVZ,
only the Rashba spin-orbit coupling is relevant and the spin lifetime anisotropy is
1/2. In Chapter 8 we show that the spin lifetime anisotropy in MoSe2/graphene
heterostructures is τ⊥/τ‖ ≈ 11, in agreement with the theoretical predictions in [56].
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times in bilayer graphene at room temperature,” Physical Review Letters 107, 047206, (2011).

[40] F. Volmer, M. Drögeler, E. Maynicke, N. Von Den Driesch, M. L. Boschen, G. Güntherodt, and
B. Beschoten, “Role of MgO barriers for spin and charge transport in Co/MgO/graphene nonlo-
cal spin-valve devices,” Physical Review B 88(16), 161405, (2013).
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Chapter 4

Methods

Abstract

This section describes the experimental methods used to fabricate the devices studied in
this thesis and the electrical measurements which are used to obtain the data described in
the following chapters.

4.1 Sample fabrication

4.1.1 Exfoliation of two-dimensional materials

The monolayer and bilayer graphene flakes used in this thesis are obtained using the
so-called scotch tape technique [1].

• Graphene films are isolated by peeling graphite from highly oriented pyrolitic
graphite crystals (HQ graphene) directly on regular tape. This is achieved by
gluing the HOPG crystal directly on the scotch tape (for this thesis regular Pritt
tape is used).

• After this, thin graphite pieces are cleaved from the first tape using a specific
tape in successive steps to fill an area large enough for scanning with the de-
sired density. This is achieved by gluing the scotch tape to the specific tape
multiple times until the specific tape is fully covered. The tape used is the
1005R from Ultron Systems Inc and it leaves less residues than the standard
tape.

• Once the special tape is fully covered, the graphite is transfered to the desired
substrate. In this thesis we have used highly doped Si wafers with a thermal
oxide layer. For this final transfer the tape is glued on a pre-heated substrate
(at a 180◦ furnace) for approximately a minute so that it cools down to sepa-
rate the tape from the substrate. Hexagonal boron nitride and TMD (from HQ
graphene) are exfoliated using the same technique.

• The next step is to identify the thinnest flakes. This is done using the optical
contast [2, 3] as shown in Figure 4.1. There, monolayer, bilayer, and thicker
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graphite are shown on a substrate with 300 nm thick SiO2. TMD is also exfoli-
ated on 300 nm SiO2 like thick hBN flakes. However, few layer hBN films are
exfoliated on 90 nm thick SiO2 to enhance the contrast.

10 µm 300 µm5 µm

(a) (b) (c)

I

I

II

II

II

Figure 4.1: (a) Optical microscope image of monolayer and bilayer graphene (labelled as I and
II respectively) on 300 nm SiO2. (b) and (c) Scanning electron microscope images of a device
after measurement. The brighter contacts in (b) are Ti/Au and the darker ones TiOx/Co/Al.
(c) Big contact pads with the bond wires used to connect the sample to the chip carrier.

4.1.2 Dry pick-up technique

To improve the device quality (Chapters 5 and 6) and induce proximity effects (Chap-
ter 8) it is required to transfer the flakes of different materials on top of others in a
deterministic way. The optimal way to do this is to use a dry pick-up technique [4, 5].
In such technique a polymer (in our case poly (bisphenol A) carbonate (PC)) is used
to detach the flakes from the substrate. Once there, van der Waals interactions are
used to pick-up other flakes. The process is shown in Figure 4.2.

• A film of PC is placed on a PDMS stamp which is on a glass slide. The PDMS
stamp provides flexibility to the mask while keeping it flat and thin enough to
obtain the optical microscope images required to align the flakes.

• The flake to be placed on top of the heterostructure (in this case hBN) is placed
in contact with the PC, that is heated up to a temperature between 60 and 90 ◦C.

• The substrate and mask are cooled down and the mask is detached by thermal
retraction and mechanical movement of the glass slide. The flake sticks now
on the PC. This process can be repeated multiple times.

• To deposit the stack the PC film is melted on the substrate where the bottom
flake is placed. The first step is to align the flakes using the optical microscope.

• Then, after making contact by heating the sample up to 60-90 ◦C, the stack
is heated up to temperatures higher than the melting point of PC, that is of
147 ◦C, to make sure that the PC film melts.
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Figure 4.2: Sketches describing the dry pick-up technique. (a) Transparent mask where flakes
are picked up. The top flake is on the SiO2 substrate. (b) and (c) Pick-up process. (d), (e) and
(f) Deposition of the stack.

• The glass slide is retracted once this temperature is reached. After this process
the PC gets detached from the PDMS.

• The last step is to dissolve the PC in chloroform for 15 min, followed by 30 s
in isopropanol and drying using a dry nitrogen gun. This step is followed by
annealing in an Ar/H2 atmosphere at 350 ◦C for 1-12 h.

4.1.3 Contact preparation

Electron beam lithography

To carry out electrical measurements, the electrical contacts have to be defined. Since
our flakes are obtained from exfoliation every sample is different and requires an
adapted contact design. This is done by using electron beam lithography (EBL),
which is based on the controlled exposure of a resist to a focused electron beam.

• The first step is to spin coat the electron beam resist, which in our case is
PMMA 950K 4%. The spinning speed is 4000 rpm and the time 60 s. The
resulting PMMA thickness is of 270 nm approx.
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• The next step is to realize a mark at the edge of the sample by scratching the
PMMA film with the tweezers at a distance of roughly 1 mm from the active
device. This distance guarantees that the scratch and the device fit in a 5x
microscope image.

• A microscope image that contains the device and the scratch is taken with the
sample aligned at the same angle as it is going to be loaded in the EBL setup.

• The sample is loaded in the EBL to expose the markers, the desired marker
position is determined with respect to the scratch using the microscope image.

• The PMMA is developed in a beaker with a mixture of isopropanol(IPA) and
MIBK (metyl isobutyl ketone) (3:1) for 60 s. The process ends placing the sam-
ple for 30 s in IPA and drying it with a nitrogen gun.

• 5x, 50x and 100x images are taken to design the contacts with the markers as a
reference.

• The contact pattern is designed using the microscope images above. The pat-
tern is separated in two write fields. The small one shown in Figure 4.1(b),
which is exposed with a 10 kV, 10 µm aperture, and a big write field, shown in
(c), exposed with a 60 µm aperture and the same acceleration voltage. The areal
dose factor is of 150 µC/cm2 and a dose factor of 1.8 is included for the large
contacts. These parameters typically guarantee full removal of the PMMA in
the exposed areas and an undercut at the PMMA edges (see Figure 4.3(a) and
(b)).

Evaporation of ferromagnetic contacts with TiOx tunnel barriers

After developing the exposed PMMA, the next step is to evaporate the contacts. For
spin polarized contacts, to achieve efficient spin injection in graphene, thin TiOx

tunnel barriers are evaporated. This is done in two steps:

• A 0.4 nm film of Ti is evaporated at a pressure below 1×10−6 mbar and a de-
position rate of 0.07 nm/s.

• The Ti film is oxidized in an oxygen atmosphere with a pressure between 1 and
20 mbar.

• The two steps above are repeated to obtain an oxide barrier with a thickness of
approximately 1 nm that yields contact resistances lower than a MΩ.

• Electron beam evaporation at a pressure below 1×10−6 mbar is used to obtain
Co films at a rate of 0.1 nm/s with thicknesses ranging from 35 to 65 nm.
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• At the same rate and vacuum, a 5 nm-thick Al layer is evaporated to protect
the Co from oxidation.

Evaporated oxide barriers have pinholes which limit spin transport. In Chapters 8
and 9 bilayer and trilayer hBN tunnel barriers are used respectively to achieve higher
spin polarizations [6]. In this case TiOx barriers are not evaporated and the process
starts directly with the Co evaporation.

Lift-off

After film evaporation, the PMMA with the metal on top needs to be removed. This
is done in two steps:

• The sample is kept for 10 minutes in hot acetone below the boiling point, which
is at T<56 ◦C. To lift-off the metal either a pipette is used by carefully stirring
on the sample.

• Once the metal on PMMA is fully removed the sample is taken out of the ace-
tone beaker and, without letting the surface dry, it is placed in an IPA beaker
for 30 s.

• The sample is dried using a nitrogen gun.

After this step the device fabrication is complete and the sample can be bonded to
a chip carrier. This process is done using a wedge bonder to realize the electrical
measurements (see Figure 4.1(b) and (c)).

(a) (b) (c) (d)

PMMA

SiO2/Si

Figure 4.3: Contact preparation. (a) The sample with a PMMA film on top is exposed to
the electron beam. (b) The exposed PMMA is removed after the development process and
shows an undercut, which is required to achieve a good lift-off. (c) The desired materials are
evaporated on the sample. The evaporated films on the exposed PMMA are disconnected
from the ones on the PMMA. (d) The PMMA is removed using acetone. A top view of a
completed device is shown in Figure 4.1(b) and (c).

4.1.4 Etching of graphene/hBN stacks using a hard mask

To perform acurate measurements of the channel resistance usually one needs to
place the contacts out of the current path. The best way to do this is to make devices
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with a Hall bar shape. Since the exfoliated stacks do not have this shape, one has
to etch the stacks after transfer. Before this step, the Hall bar geometry is defined.
Exposure of PMMA to the etching plasma for the required times leads to PMMA
cross linking. This is avoided using 20-25 nm thick Al hard masks fabricated using
the procedure described in Section 4.1.3. The etching is carried out using CF4 plasma
etching using a reactive ion etching system at a power of 60 W. The resulting etch rate
for hBN is around 1 nm/s.

After this step, we remove the Al mask the following steps: The sample is placed
in a beaker with a tetramethylammonium hydroxide containing developer (MF-CD-
26) for 2 minutes, followed by 30 s in water to remove the MF-CD-26 and 30 s in
isopropanol to remove the water. Finally the sample is dried with a dry nitrogen
gun. This results in complete removal of the Al film. The evaporation of Ti/Au
electrodes after EBL on the etched devices leads to formation of low resistive 1D
edge contacts to the graphene film [5].

4.2 Electrical measurements

The samples used here are characterized in a cryostat in high vacuum (p < 10−5 mbar)
to prevent the oxidation of the Co contacts. The set-ups also have electromagnets
which can supply magnetic fields in-plane and out-of-plane and allow for measure-
ment temperatures from 3 to 400 K. Electrical measurements are performed using
the low frequency AC lock-in technique. In particular, we use the SRS830 model
from Stanford Research Systems. To apply AC currents to our samples we use an IV
measurement box that has a voltage to current converter, and several voltage ampli-
fiers, see Figure 4.4. Gate voltages are applied using Keithley 2410 DC sourcemeters
which we do not connect to the IV measurement box. To make connections to the
sample in a safe way we use a switch box that has low pass filters1 which are placed
between the switches and the sample. To characterize our devices we use several
different geometries which allow us to obtain the resistances of the different parts of
the sample. Unless stated otherwise, in this thesis, the I− contact is grounded while
the voltage in the I+ contact oscillates at the input frequency.

• Two probe measurements are realized by connecting two contacts of the sam-
ple to the current source and the voltage probes in parallel. In this case, if
we connect the probes between arms 1 and 2 in Figure 4.4(b) the resistance
measured is R = V/I = 2RL+F +Rc1 +Rc2 +Rch. This geometry is used to
determine which parts of the sample are connected.

1In some setups the filters are made out of π filters and 1 kΩ resistors (see References [8] and [9] for
more details) and in some others there is only a capacitor to ground. However, we did not see any dif-
ference between measurements in both systems in our frequency window other than the need to subtract
the filter resistance when corresponding.
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Figure 4.4: (a) Schematics of the measurement setup used in this thesis. A reference AC volt-
age sourced by the lock-in is converted into a current Iout = A · Vin by the IV measurement
box, where A = 10 nA/V-1 mA/V is the conversion factor. This current is applied to the
sample via the switch box. The voltage measured from the sample is measured via the switch
box using the IV measurement box that amplifies it by a factor that goes from 1 to 105. The
output from the amplifier is returned to the lock-in, that analyses the component at the same
frequency as the reference signal. To apply DC voltages to a gate or currents to the sample, we
use a K2410 sourcemeter. The lock-in and Keithley are controlled by a computer that allows
us to automate the measurements. (b) Schematic of the resistances present in a typical mea-
surement. RL+F = RL +RF is the wire and filter resistance respectively, RC is the contact
resistance and Rch the channel resistance. (c) Simplified schematic of the switchbox with the
π filters that have a cutoff frequency of 1 kHz.

• To determine the contact resistances we use three probe measurements, which
are realized by applying a current between contacts 1 and 2 and measuring
the voltage between arms 2 and 3. In this case the measured resistance is
R = RL+F +Rc2.

• Local four probe measurements are realized by applying a current between
contacts 1 and 4 and measuring the voltage between contacts 2 and 3. In this
case the measured resistance is R = Rch. The contact resistances of 2 and 3 do
not contribute because there is no current in these arms and this geometry is
used to determine the channel resistances.

• Nonlocal four probe geometry. In this geometry we apply a current between
contacts 1 and 2 and measure the voltage between 3 and 4. According to the
circuit here this would give a zero resistance. However, as explained in Chap-
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ter 3, it is useful to measure spin signals when a spin accumulation is present
in the channel.
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Abstract

We have performed spin and charge transport measurements in dual gated high mobility
bilayer graphene encapsulated in hexagonal boron nitride. Our results show spin relax-
ation lengths λ up to 13 µm at room temperature with relaxation times τs of 2.5 ns. At
4 K, the diffusion coefficient rises up to 0.52 m2/s, a value 2 times higher than the best
achieved for graphene spin valves up to date. As a consequence, λ rises up to 24 µm with
τs as high as 2.9 ns. We characterized three different samples and observed that the spin
relaxation times increase with the device length. We explain our results using a model
that accounts for the spin relaxation induced by the non-encapsulated outer regions.

5.1 Introduction

Graphene and its multilayer forms are ideal platforms to transport spin information.
Theoretical predictions suggest that spin relaxation times (τs) up to 100 ns can be
achieved in single layer pristine graphene [1] and the first experimental results for
graphene on SiO2 showed τs ≈ 150 ps [2].

In this context, experiments focussed on the spin transport properties of bilayer
graphene [3, 4] reported nanosecond spin relaxation times. The inverse relation ob-
tained between τs and the diffusion coefficient (D) suggested that Dyakonov-Perel
[5] mechanism dominates spin relaxation in bilayers. However, in single layers, the
observed linear dependence suggested that Elliot-Yafet [6] mechanism may domi-
nate the spin relaxation [3]. These results triggered the discussion about the differ-
ences between both systems.

Recent theoretical works on spin relaxation in single [7, 8] and bilayer [9] gra-
phene provided models that give relaxation rates in the order of the experimental
ones. These models also predict different τs-D dependences compared with the ones
expected from the above mentioned mechanisms [10].

Recent experiments used hexagonal boron nitride (hBN) to encapsulate single
layer graphene achieved spin relaxation times up to 2 ns at room temperature in high
mobility devices. Such devices showed record relaxation lengths up to 12 µm [11].
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Other results on partially suspended multilayer graphene covered by hBN achieved
room temperature τs up to 3.9 ns in trilayer graphene [12], showing the potential of
graphene/hBN heterostructures for spin transport.

In this chapter we report spin transport in high mobility bilayer graphene (BLG).
Our samples consist of BLG that is partially encapsulated between two hBN flakes
and fabricated as in [11]. Fabrication details can be found in the supplemental in-
formation. The sample configuration is shown in the inset of Figure 5.1. The bilayer
graphene, in black, is encapsulated between the top and bottom hBN. The flake is
fully encapsulated in the central region while both left and right sides are not encap-
sulated but only supported on a bottom hBN. This configuration allows us to have
ferromagnetic contacts at both sides of the sample while keeping the central region
protected.

The top-gate together with the Si back-gate (Figure 5.1(b) inset), allow us to si-
multaneously control the electric field and the carrier density applied to the dual-
gated region:

E = εbg(Vbg − V (0)
bg )/2dbg − εtg(Vtg − V (0)

tg )/2dtg

n = ε0εbg(Vbg − V (0)
bg )/edbg + ε0εtg(Vtg − V (0)

tg )/edtg

Here e is the electron charge, ε0 is the vacuum permittivity, εbg(tg) ≈ 3.9 the dielectric
permittivity, dbg(tg) the thickness of the dielectric, Vbg(tg) the applied gate voltage and
V

(0)
bg(tg) the voltage at charge neutrality point of the back-gate (top-gate) respectively

[13].
We have characterized three devices (A, B and C) showing similar results at room

temperature and 4 K. The results are shown in Table 5.1. From there we can see
that τs seems to depend on the length of the encapsulated region and, even though
device C shows a higher spin diffusion coefficient (Ds) than device B, indicating
better electronic quality, τs of device B is more than 2 times longer than the one
of device C. This nonstraightforward connection between electronic quality and τs
seems to be in agreement with the results shown in [14] for single layer graphene,
while the length dependence can be explained by the effect of the invasive contacts
and the lower quality of the nonencapsulated regions being reduced increasing the
contact separation [15, 16].

5.2 Results

5.2.1 Charge transport characterization

From now on we will discuss the results obtained at 4 K for device A. The contact
resistances range between 280 Ω and 2.7 kΩ. These low values are a consequence of
imperfect tunnel barriers and affect the spin transport measurements [15].
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Table 5.1: Spin parameters obtained at the gate combination giving the longest λ for three de-
vices with different length of the encapsulated regions. Lenc is the length of the encapsulated
region and d2−3 is the separation between the inner contacts

Dev. Lenc (µm) d2−3 (µm) T (K) τs (ns) Ds (m2/s) λ (µm)
A 13.2 14.6 300 2.5 0.07 13

4 2.9 0.2 24
B 8.5 10.3 300 1.1 0.03 5.7

4 1.9 0.05 9.7
C 6.2 7.8 300 0.32 0.04 3.6

4 0.45 0.07 5.6
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Figure 5.1: (a) Square resistance obtained between contacts 2 and 3 (in color scale) with respect
to Vtg (y axis) and Vbg (x axis) (b) Square resistance of the non-encapsulated region measured
between contacts 3 and 4. Inset: Schematics of the device.

In Figure 5.1(a) we show the square resistance (Rsq) of the encapsulated region as
a function of the back-gate voltage (Vbg) and the top-gate voltage (Vtg). The charge
neutrality point appears as a line with a slope −Ctg/Cbg = −0.078 showing a resis-
tance minimum at Vbg = −8 V, Vtg = −0.7 V. Taking into account that this point has
zero carrier density and zero electric field we can estimate the doping at the top and
bottom sides of the flake: n(0)

bg ≈ n
(0)
tg ≈5.5×1015 m−2.

The resistance increases at both sides of the charge neutrality line, reaching up to
38 kΩ at an electric field of 0.69 V/nm. This is caused by the opening of a gap driven
by the electric field [13]. One can also distinguish two Vtg independent features com-
ing from the non-top-gated region between the inner contacts. One comes from the
sides of the encapsulated regions that are non-top-gated and show a charge neutral-
ity point around Vbg = −19 V. The other comes from the nonencapsulated regions
and its square resistance is shown in Figure 5.1(b).
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The mobility (µ) obtained for this sample at Vbg = −8 V (zero electric field) is
16 m2/Vs at the electron side. The value is obtained using the formulaRsq = 1/neµ+

ρs where ρs ≈ 57 Ω is the n-independent resistivity component coming from the ef-
fect of the resistance of the non-top-gated regions between the inner contacts and
short range scattering [17]. We have also confirmed that the resistance of the outer
regions of the sample does not depend on Vtg .

In Figure 5.1(b) we show the Vbg dependence of one of the outer regions’ re-
sistance. As it can be seen from the graph, the charge neutrality point is below
Vbg = −50 V and falls outside our gate range. We attribute this to the contamina-
tion given by the polymers used during fabrication.

5.2.2 Nonlocal spin transport
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Figure 5.2: Hanle precession curves obtained at 4 K for Vbg = −50 V, Vtg = −5 V (a) and
Vbg = 50 V, Vtg = 4.35 V (b) with the corresponding fitting curves and extracted spin param-
eters.

To measure the spin transport properties of the encapsulated region, we used the
standard non-local geometry [18]. When applying an out-of-plane magnetic field the
spins undergo Larmor precession. Measuring Rnl = V3−5/I1−2 while sweeping the
magnetic field we obtained the so called Hanle precession curves.

To eliminate spin-independependent effects we have taken Hanle curves for par-
allel and antiparallel magnetic configurations of the inner contacts and substracted
them Rnl = (Rparnl −Rantinl )/2 where Rpar(anti)nl is the nonlocal resistance in the paral-
lel (antiparallel) magnetic configuration [15]. The magnetizations of the contacts are
tuned applying an in-plane magnetic field.

In Figure 5.2 we show two Hanle curves taken at Vbg = 50 V, Vtg = 4.35 V and
Vbg = −50 V, Vtg = −5 V, corresponding to the top right and bottom left corners in
the color plot of Figure 5.1(a). The spin relaxation time and diffusion coefficients are
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extracted from these curves by fitting them with the solution of the Bloch equations
[5, 18] including a small offset [19].

The spin signal at Vbg = 50 V, Vtg = 4.35 V (Figure 5.1(b)) is 10 times higher than
the one at Vbg = −50 V, Vtg = −5 V (Figure 5.2(a)). This is most likely due to the low
resistance of our contacts. At (a) the contact resistance is in the order of the spin
resistance of the channel (Rλ = Rsqλ/Ws, here Ws is the width of the sample), part
of the injected spin accumulation relaxes back to the contacts instead of diffusing in
the channel, reducing the effective injection efficiency [15, 20] from 12% to 2%. This
effect is mainly ruled by the resistance of the outer regions (where the contacts are
placed) and may also be amplified by the presence of pn junctions at Vbg = −50 V,
Vtg = −5 V.
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Figure 5.3: Spin transport parameters obtained by fitting the Hanle curves at 4 K as a function
of Vtg for Vbg = −50,−10 and 50 V. (a) Spin diffusion coefficient (dots) compared with the
charge diffusion coefficient (solid lines), (b) spin relaxation time and, (c) the relaxation length.
The lines connecting the spin parameters are a guide to the eye.

In Figure 5.3(a) we show the spin diffusion coefficient as a function of the top-
gate voltage for 3 different back-gate voltages. The charge diffusion coefficients
(Dc solid lines) are extracted using the Einstein relation 1/Dc = e2Rsqν(EF ), where
ν(EF ) is the density of states at the Fermi energy and e the electron charge. Rsq
was taken from Figure 5.1(a) and corrected by subtracting the resistance of the non-
encapsulated regions between the inner contacts.

At Vbg = −50 V one can observe a substantial difference between Dc and Ds.
We attribute this to the fact that the gate induced doping of the encapsulated and
non-encapsulated regions have different signs, creating pn junctions of unknown
widths at the boundaries. Since these boundaries are between the inner contacts, the
measured square resistances are no longer characteristic of the channel itself but of
the junctions. This affects the determination of Dc.

At Vbg = 50 V both encapsulated and non-encapsulated regions are electron-doped
and Dc shows better agreement with respect to Ds, supporting the validity of the
parameters obtained from the Hanle measurements. The minor discrepancy in this
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case can be attributed to the small resistance of the encapsulated non-top-gated re-
gion that was not substracted from the calculation of Rsq . Dc and Ds reach values
above 0.5 m2/s, 5 times higher than the best achieved for hBN encapsulated single
layer graphene spin valve devices [11]. At Vbg = −10 V (approximately zero elec-
tric field) we see that close to the charge neutrality point (Vtg ≈ 0 V) there is a better
agreement between Dc and Ds than at high carrier densities. This can be explained
taking into account that close to the charge neutrality point the square resistance of
the encapsulated region is high enough to dominate the measurement of Rsq , but at
high carrier densities, the square resistance of the encapsulated region is small and
the contributions of the non-top-gated regions become relevant.

In Figure 5.3(b) there is a strong dependence of τs on Vbg . At Vbg = −50 V, the
relaxation time reaches 2.9 ns while at 50 V a maximum of τs = 310 ps is obtained.
This reduction of a factor 10 in τs is in agreement with the results in [11] and can
be explained as an effect of the change in Rλ of the non-encapsulated regions. As
the spin resistance of these regions increases, their influence on the spin relaxation
is reduced. This effect occurs because the spins relax predominantly at the regions
with the lower Rλ. The opposite effect occurs when opening a gap in the encapsu-
lated region and its square resistance increases with respect to the one of the non-
encapsulated part. Since τs is longer in the encapsulated region than in the outer
ones, Rλ gets orders of magnitude higher than the one of the outer part. As a con-
sequence, the spin relaxation is dominated by the non-encapsulated regions and the
amplitude of the spin signal vanishes. This effect explains why we could not mea-
sure spin signals at Vbg = −50 V and positive Vtg .

In Figure 5.3(c) we show the spin relaxation lengths calculated using the formula
λ =
√
Dsτs. λ goes up to 24 µm, the highest value achieved up to date by fitting

Hanle measurements in nonlocal geometry. Note that, even though spin relaxation
lengths up to 280 µm were estimated from local two probe measurements at 4 K for
epitaxial graphene on a SiC substrate [21], no Hanle measurements were done to
support these values.

5.2.3 Device simulations

Since the spins probe the whole device (inner and outer regions), we have to account
for the nonhomogeneity of our sample to explain our results. For this reason, we
use the same model as in [11] and [22], where we solve the Bloch equations for a
non-homogeneous system consisting of a central region sandwiched by two regions
as shown in the inset of Figure 5.4. We set the spin and charge transport parameters
(τs, Ds and Rsq) for the three regions assuming that the outer regions are identical.
After simulating the corresponding Hanle curves, we fit them using a homogeneous
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model as we have done with our experimental data. From this procedure, we obtain
the effective relaxation time of the system (τeff ).

The effect of invasive contacts is taken into account using the spin transport pa-
rameters obtained from Hanle measurements carried out at the non-encapsulated
regions. Since the contact separation in these regions is between 1 and 2 µm, the
extracted parameters are strongly affected by the low contact resistances [15].

In Figure 5.4 we plot τeff as a function of the spin relaxation time in the en-
capsulated region (τenc) for tree different values for the spin relaxation time in the
non-encapsulated region (τnon). The resistance values used for the central region are
the ones used to calculate Dc in Figure 5.2(a). For the diffusion coefficient in the
encapsulated region (Denc) we have used the values of Ds extracted from the exper-
iments at the encapsulated region. This is justified since Ds is not affected by the
outer regions [11, 22]. The square resistance of the non-encapsulated region is taken
from Figure 5.1(b) and the diffusion coefficient (Dnon) is taken from the experimen-
tal Hanle curves obtained at the outer region. In Figure 5.4(a), where Vbg = −50 V
and Vtg = −5 V, the maximum τeff obtained from the simulations reaches 1.8 ns for
τenc = 100 ns and τnon = 300 ps. This value is still below the 2.9 ns obtained from the
fittings of the encapsulated data. This discrepancy can be explained taking into ac-
count that we have an npn system and there are high resistive pn junctions that may
affect the spin diffusion between the encapsulated and non-encapsulated regions.
This is not taken into account in our simulations.

The simulations at Vbg = 50 V and Vtg = 4.35 V are shown in Figure 5.4(b). Here,
both encapsulated and non-encapsulated regions are n-doped and there are no pn

junctions. The dashed line at 310 ps corresponds to the value obtained from the
fittings of the experimental results at the encapsulated region. The intersections be-
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tween the simulated curves and the dashed line give us the possible values of τenc.
From the fittings of the Hanle curves measured at the outside regions, we obtained
τnon ≈100 ps. As a consequence, from our simulations, τenc is of the order of 1 ns.
Using this relaxation time and Denc = 0.52 m2/s, we can calculate the spin relax-
ation length of the encapsulated region. It is 22 µm, close to the 24 µm, suggesting
that most of the spin relaxation takes place at the non-encapsulated regions.

5.3 Conclusions

In conclusion, we have characterized 3 boron nitride encapsulated bilayer graphene
devices with 13.2, 8.5 and 6.2 µm long encapsulated regions showing consistent be-
haviour where τs depends on the length of the encapsulated region. The results
obtained for the longer device show unprecedented large spin diffusion coefficients
up to 0.52 m2/s at 4 K, 5 times higher than the best achieved for single layer gra-
phene using the same geometry [11]. As a consequence, the spin relaxation length
rises up to 13 µm at room temperature and 24 µm at 4 K.

Our simulations using a three regions model show that the measured spin relax-
ation times of 2.5 ns at room temperature and 2.9 ns at 4 K are most likely limited
by the outer regions, suggesting that it is possible to transport spin information over
even larger distances in the used geometry by increasing the length of the encapsu-
lated region. According to this result, higher spin relaxation times can be achieved
by making longer devices [16].

5.4 Supplementary information

5.4.1 Sample fabrication

The stacks are fabricated using a dry transfer technique that allows us to get very
clean interfaces without extra cleaning steps [23, 24]. The hBN powder (HQ gra-
phene) and graphene (ZYA grade graphite momentive performance) are exfoliated
on Si substrates with 300 nm of SiO2 using the scotch tape technique. After iden-
tification of the flakes the top hBN is picked up by making contact between a Poly
(bisphenol A)Carbonate (PC) mask and the selected flake while heating it up to 50-
70 ◦C. The next step is to align the bilayer graphene. This flake is selected by optical
contrast and picked-up using the same procedure as with the top hBN. To complete
the stack we melt the PC mask with the top hBN and bilayer graphene flakes on the
bottom hBN by heating the mask up to roughly 150 ◦C as described in detail in [24].
After this process, the (hBN/BLG/hBN) stack remains covered by a PC film that is
removed by keeping it in chloroform at 50 ◦C for 5 hours. This step is followed by
an annealing at 250 ◦C for 24 hours with an Ar/H2 flow.
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The contacts are defined using e-beam lithography and designed with different
widths (from 0.1 to 0.5 µm) to ensure different coercive fields. The deposition was
done using e-beam evaporation of the corresponding films. The TiO2 tunnel barriers
were evaporated in two steps of 0.4 nm of Ti, followed by 15 minutes of oxidation
in pure oxygen gas in a high vacuum chamber in a continuous flow at a starting
pressure of 10−6 torr to a pressure of roughly 1 torr. The 65 nm thick Co contacts and
the top gate were evaporated in one step followed by a 5 nm Al capping layer.

5.4.2 Transport measurements

Charge transport

The contact resistances were determined using a standard low bias three probe tech-
nique. To characterize the charge transport properties of our device we used stan-
dard low frequency AC lock-in techniques. We determine the resistances of the en-
capsulated and non-encapsulated regions by measuring the voltages (V2−3) between
contacts 2 and 3 and (V3−4) between 3 and 4 while driving a current (I1−5 = 10 nA)
between 1 and 5. The contacts are labelled following the inset of Figure 5.5.

Spin transport

To measure the spin transport properties of the encapsulated region, we used the
standard non-local geometry [18]. Hereby we send a current (I1−2) between contacts
1 and 2 and detecting the voltage (V3−5) between 3 and 5. The contacts are labelled
following the inset of Figure 5.5. The applied current is 1 µA to avoid heating effects,
to keep the contact resistances constant and to assure that our measurements are in
the linear regime.

5.4.3 Determination of the mobility at 4 K

In order to extract the mobility of the sample from the color plot at 4 K (Figure 5.1(a)
of the main text) we plotted the conductivity (σ) of our sample at Vbg = −8 V (zero
electric field) as a function of the carrier density (n) and fitted the curve using the
following equation:

1/σ = 1/neµ+ ρs (5.1)

at both sides of the charge neutrality point separately. Here µ is the mobility, e the
electron charge and ρs a constant resistivity attributed to short range scattering [17]
that, in our case, also takes into account effects of the non-top-gated regions between
the inner contacts and the formation of a pn junction at the boundaries. We believe
that the reduction of the mobility and increase of ρs at negative carrier densities
(valence band) is due to the effect of the pn junctions, that are varying their widths
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when changing Vtg , making the fitting less accurate. As a consequence, we take the
mobility at the electron-side as an indicator of the quality of our device.
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Figure 5.5: (a) Schematics of the device. (b) Conductivity as a function of the carrier density
(n) at Vbg = −8 V. The mobility and the short range resistivity are extracted by fitting with
Equation 5.1.

5.4.4 Spin and charge transport at room temperature

Here we show the complete results of charge (Figure 5.6) and spin (Figure 5.7) trans-
port measurements at room temperature for the device shown in the main text. The
gate range was reduced with respect to the measurements at 4 K to protect the SiO2

and hBN gate dielectrics. In Figure 5.7(a), we show the spin and charge diffusion
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Figure 5.6: Room temperature square resistance of device A as a function of Vbg and Vtg

coefficients as a function of Vtg for Vbg = -35, -9 and 29 V. Like at 4 K, there is qual-
itative agreement between both parameters and the diffusion coefficient rises up to
0.2 m2/s. The charge diffusion coefficient is extracted from the charge transport
measurements using the Einstein relation. In Figure 5.7(b), the spin relaxation time
is plotted as a function of Vtg for Vbg = -35, -9 and 29 V. Like the results at 4 K, the
relaxation time is strongly asymmetric in Vbg and the maximum value obtained is
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Figure 5.7: Spin parameters corresponding to device A at room temperature as a function
of Vtg for Vbg = -35, -9 and 29 V. (a) Spin diffusion coefficient (dots) and charge diffusion
coefficient (coloured lines) (b) spin relaxation time and, (c) spin relaxation length. The lines
connecting the spin parameters are a guide to the eye.

2.5 ns. In Figure 5.7(c) we show the spin relaxation length, calculated as λ =
√
Dsτs.

We can see that it rises up to 13 µm, the longest relaxation length reported so far at
room temperature.

5.4.5 Spin transport at 4 K

The Hanles shown in Figure 5.2 of the main text are also obtained by subtraction
of the ones taken in the parallel and antiparallel configurations. In Figure 5.8 we
show the curves corresponding to the measured nonlocal resistance in both contact
configurations. As it can be seen from there, Hanle curves taken at both parallel
and antiparallel configurations show a background signal that can be most likely
attributed to imperfect tunnel barriers causing longitudinal Hall effects [19]. After
subtracting the Hanle curves for parallel and antiparallel configurations, as it can
be seen from the main text, there is still a small offset. This can be explained as a
small effect of the drift the offset of our measurements. Since the zero of our set-
ups slightly varies with time and our measurements were taken in series of long
measurements, the time lapse between the acquisition of the parallel and antiparallel
curves was long enough to cause an offset after subtraction.
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Chapter 6

88% directional guiding of spin currents
with 90 micrometer relaxation length in bilayer
graphene using carrier drift
Published as: J. Ingla-Aynés, R. J. Meijerink & B. J. van Wees, Nano Letters 16, 8, 4825 (2016).

Abstract

Electrical control of spin signals and long distance spin transport are major requirements
in the field of spin electronics. Here we report the efficient guiding of spin currents at room
temperature in high mobility hexagonal boron nitride encapsulated bilayer graphene us-
ing carrier drift. Our experiments, together with modelling, show that the spin relaxation
length, that is 7.7 µm at zero bias, can be tuned from 0.6 to 90 µm when applying a DC
current of∓90 µA respectively. Our results also show that we are able to direct spin cur-
rents to either side of a spin injection contact. 88% of the injected spins flows to the left
when Idc= -90 µA and 82% flows to the right when the drift current is reversed. These
results show the potential of carrier drift for spin-based logic operations and devices.

6.1 Introduction

Propagation of spins has been traditionally studied using spin diffusion, which is
a slow, non directional process that limits the range over which spins can be trans-
ported without losing the spin polarization. In contrast, transport induced by carrier
drift allows for fast and directional propagation of spins enabling long distance spin
transport [1]. This effect relies on the fact that a charge current is associated with
an in-plane electric field E, causing carriers to drift with a velocity vd = µE which
is proportional to the electronic mobility µ of the channel. As a result, when a spin
accumulation is present, the propagation of spins can be controlled with a drift field
[2, 3]. Low temperature spin drift experiments performed in semiconductors such
as silicon [4–6] and gallium arsenide [7] showed a modulation of the Hanle spin pre-
cession with the applied bias. Room temperature modulation of the spin relaxation
length between 0.85 and 4.53 µm was obtained for Si [6]. Spin signals have been
measured over 350 µm in Si for temperatures up to 150 K[8].

Graphene is a 2D material that presents outstanding electronic properties [9, 10]
and long spin relaxation times [11–13] that are ideal for spintronic applications [14,
15]. Graphene’s unprecedentedly high electronic mobilities µ are an attractive incen-
tive for spin drift measurements. Reference [16] represents the proof of principle for
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this effect in graphene on SiO2 at room temperature. However, the efficiency was
limited by the low mobility and short spin relaxation time of the graphene samples
on SiO2. In the past years, several approaches have been used to enhance the elec-
tronic quality of graphene. In particular, the use of hexagonal boron nitride (hBN)
as a substrate has lead to a great improvement of the graphene quality in terms of
charge [17–19] and spin transport [20–23].

In this chapter we show that the magnitude of the spin signal can be controlled
efficiently by applying drift currents in high mobility hBN encapsulated bilayer gra-
phene (BLG). In particular, at Vbg = -13.75 V, the nonlocal resistance is enhanced by
more than 500% applying a drift current of 90 µA. By reversing the drift current, the
spin signal is suppressed below the noise level, that is less than 10% of its zero drift
value, for Idc < -20 µA. These results, together with a model that accounts for drift
in our geometry, show that we have achieved a strong modulation of the spin relax-
ation length from 0.6 to 90 µm when applying a moderate DC drift current(Idc) of
±90 µA.

Also we demonstrate the efficiency of a drift field in directing the spin currents.
Showing that we can steer the injected spin currents to the right and left sides of
the injecting contact with efficiencies of 88% and 82% by applying drift currents of
∓90 µA respectively.

6.2 Results and discussion

When applying a drift field in the graphene channel, the spin accumulation follows
the drift diffusion equation:

Ds
d2µs(x)

dx2
− vd

dµs(x)

dx
− µs(x)

τs
= 0. (6.1)

here Ds is the spin diffusion coefficient, ns the spin accumulation, τs the spin re-
laxation time and vd= −(+)µE when the carriers are electrons (holes). As can be
seen from Eq. 6.1, when an electric field is applied, the propagation of spin sig-
nals is no longer symmetric in the ±x direction. This equation has solutions in the
form of µs = A exp(x/λ+) + B exp(−x/λ−) where λ+(−) is the relaxation length
for spins propagating towards the left (right) in our system (also called upstream
(downstream) in the literature [2]):

1

λ±
= ± vd

2Ds
+

√(
1√
τsDs

)2

+

(
vd

2Ds

)2

. (6.2)

This asymmetry in the spin propagation allows us to direct the spin currents in a
controlled way. Because E = IdcRsq/W , where Rsq is the square resistance and W
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Figure 6.1: (a) Measurement geometry. The hBN/bilayer graphene/hBN stack is placed
on a n++ doped Si/SiO2 substrate and the ferromagnetic contacts are made on the non-
encapsulated regions. An AC current (Iac) is sent between contacts 4 and 3 to create a spin
imbalance and a DC current (Idc) is sent between 5 and 3 to induce drift. The signal is de-
tected simultaneously in the left side of the injection circuit and across the encapsulated region
(V L(R)
ac respectively). Two more contacts are present between 3 and 4, but are not shown in the

sketch for simplicity. (b) Nonlocal resistances in the left and right detection circuits (top and
bottom panels respectively) as a function of an in-plane magnetic field at Idc = 0 µA. Back-
grounds of -5.5 and 4.85 Ω respectively have been subtracted for clarity. The arrows indicate
the magnetic field sweep direction and the triangles the switches caused by the magnetization
reversal of contact 4.

the width of the channel, such control can be achieved using Idc with an efficiency
that is given by the applied electric field and the mobility of the device.

Our results are obtained using a bilayer graphene device that is partially encap-
sulated between two hBN flakes in the geometry shown in Figure 6.1(a) and pre-
pared using the dry transfer technique described in Section 4. The bilayer graphene
obtained by exfoliation is supported by a bottom hBN flake (23 nm thick) and the
ferromagnetic Co contacts (0.8 nm TiOx/65 nm Co/5 nm Al) with widths ranging
from 0.15 to 0.55 µm are placed on the outer regions. The central region is encap-
sulated between both bottom and top hBN (21 nm thick) and covered by a top gate
(not shown for clarity) that we have set to zero voltage relative to contact 4. The spin
and charge transport properties of this sample at room temperature and 4 K can be
found in Chapter 5.

We send an AC current (Iac) of 1 µA between contacts 4 and 3 to inject spins. The
in-plane electric field is applied by sending Idc between contacts 5 and 3. We have
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not applied any DC bias to contact 4 to keep its injection efficiency constant1. We
have used the standard low frequency lock-in technique to detect the AC spin signals
(13 Hz) between contacts 2 and 1 and 6 and 7 simultaneously to study the effect of a
drift current on the spin signal. When applying a magnetic field in the y direction,
the contact magnetizations are controlled independently due to their different width
that gives rise to different coercive fields. The results for the nonlocal spin signals are
shown in Figure 6.1(b). Here, the nonlocal voltage is normalized by Iac to obtain the
nonlocal resistance in the left (right) side of the injector: RL(R)

nl = V
L(R)
ac /Iac where

V
L(R)
ac is the voltage measured between contacts 2 and 1 (6 and 7).

In Figure 6.1(b), at B ≈ -25 mT and 55 mT we see simultaneous switching in RRnl
and RLnl indicated with black triangles. Because no other switches occur simultane-
ously in both measurements, we attribute these switches to contact 4 that is our spin
injector contact of interest2. We define the spin signal created by spin injection by
contact 4: RL(R)

sv = ∆Rnl/2 where ∆R
L(R)
nl is the change in the nonlocal resistance in

the left (right) detector caused by a switch of contact 4.
The carrier density of the BLG can be modified using the backgate [25], formed

in our case by the n++ doped Si substrate and the 300 nm thick SiO2 and 23 nm
thick hBN gate insulators. In Figure 6.2(b)-(e) we show the spin signal dependence
on the drift current at four different gate voltages (-30 V,-20 V, -13.75 V and -7.75 V
respectively) corresponding to carrier densities of -1.1×1012, -2.1×1011, 3.3×1011 and
8.6×1011 cm−2 in the encapsulated regions. These are chosen to show the effect of
drift under the most relevant gating conditions. The encapsulated region can be
electron and hole-doped at different carrier densities around the charge neutrality
point (Vbg = −17.5 V ). The outer regions are highly doped and the charge neutrality
point is around -50 V, hence the carriers are electrons for all the gate voltages.

When the encapsulated and non-encapsulated regions are both electron doped
the spin signals measured at both detectors show an opposite trend with respect
to Idc (Figure 6.2(d) and (e)). This can be understood taking into account that the
detectors are at opposite sides of the injector contact and the carriers (electrons in
both regions) are pushed towards the right (left) for positive (negative) drift veloc-
ities enhancing (reducing) the spin signal in the right (left) detector. The control of
the spin signal across the encapsulated region (right detector) is very efficient: At
Idc < -20 µA the spin signal is suppressed below the noise level (5 mΩ) while the
signal is enhanced by more than 500% applying Idc = 90 µA at Vbg = −13.75 V and
300% applying Idc = 40 µA at Vbg = −7.75 V . In the left detector, the modulation is

1In Reference [24] the effect of drift induced by a bias current though a contact on the spin injection
efficiency has been studied. In our case there is no current bias though the spin injector/detector contacts,
and the spin injection/detection efficiency is assumed constant. For the sake of completeness, we have
also carried out the mentioned experiments in our device and measured modulations of the spin signal
up to ±10% when applying drift currents up to ±40 µA.

2Evolution of the switches with drift confirm that the switches are created by contact 4 and not by 3.
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Figure 6.2: (a) Sketch of the simulated device with 4 different regions. I, II, III, V and VI are
the non-encapsulated regions and are assumed to have the same transport properties. IV is
the encapsulated region and drift is considered in regions II, III, IV and V with drift velocities
vd1 and vd2. The graphene is assumed to be infinite at both left and right sides. (b)-(e): Mea-
sured amplitude of the spin signal generated by contact 4 in the detectors 6 (top panels) and
2 (bottom panels) at Vbg= -30, -20, -13.75 and -7.75 V respectively. The red curves are obtained
from modelling and using the parameters extracted from independent measurements.

dominated by the drift in the non-encapsulated region and the spin signal changes
less strongly with the drift current.

In Figure 6.2(b) and (c) the carriers in the inner and outer regions have oppo-
site polarity. In this case, the spin signals at both sides of the injector increase for
negative Idc. This is because electrons and holes react in opposite ways when an
electric field is created by Idc. In this case, the modulation of the spin signal across
the encapsulated region is less efficient. It increases by 60% (200%) for negative Idc
and it is suppressed below the noise level for Idc > 20 µA at Vbg = -20 V (-30 V).
We explain the smaller increase taking into account that, in this configuration and
when applying a negative Idc, the electric field pulls the spins away from the injector
(contact 4) in both directions and the spin accumulation below the injector decreases
in a more pronounced way than at Vbg = -13.75 and -7.75 V. Since the outer regions
are electron-doped in the whole range, RLnl decreases with increasing drift currents
for all the values 3.

3Note thatRLnl in Figure 6.2(b) and (e) at zero drift currents is higher than in (c) and (d). This is because
the data in Figure 6.2(b) and (e) are obtained in a slightly different geometry with a small shift of contact
3.
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To understand the spin current distribution in the channel we have adapted the
model developed in [26] to the geometry shown in Figure 6.2(a). Region IV (green) is
encapsulated while the other ones are not. We account for the electric field applied in
regions II, III, IV, and V using Equation 6.1. Regions III and V are 0.5 µm long and the
spacing between contacts is the one described in Figure 6.1(a). To extract the param-
eters needed for this model we have performed a similar analysis as in Reference [20]
and Chapter 5. The spin relaxation time in the non-encapsulated regions I, II, III, V,
and VI in Figure 6.2(a) is extracted from Hanle precession measurements carried out
in region I. The spin relaxation time in the encapsulated region is extracted using the
3 regions model derived in [27]. For this purpose, we have measured Hanle preces-
sion across the encapsulated region IV and used the transport parameters of both en-
capsulated and non-encapsulated regions. The other parameters are extracted from
the charge transport measurements (Section 6.4).

In Figure 6.2(b)-(e) we plot the nonlocal resistance obtained from the modelling
using the parameters extracted as explained above (red lines). For Vbg = -7.75 V there
is a very good agreement between the model and the experimental values indicating
the reliability of the model and the extracted parameters. As Vbg is reduced the agree-
ment between the model and experimental data gets less perfect. We want to stress
that such discrepancies are expected from the exponential dependence of the spin
signal with the spin relaxation length in the different regions and from the presence
of pn junctions in our sample in Figure 6.2(b) and (c). Despite uncertainties, we note
that, in Figure 6.2(c), when the doping of the encapsulated and non-encapsulated
regions has opposite sign and pn junctions are present, even though there is a dis-
agreement between the model and experiment in the magnitude of the modulation,
the simulated signal follows the same trend as the measured data. This is achieved
by taking into account the presence of regions III and V. In these regions, the drift is
opposite to the one in the encapsulated regions and this explains the decrease in the
nonlocal resistance at Idc = -40 µA. We notice that the position of this peak is very
sensitive to small uncertainties in the parameters, in particular, the spin lifetime in
the outer regions.

In Figure 6.2(b) we see that the agreement between data and experiment is not
very good in either right and left detectors. We attribute this to the fact that the
resistance in the non-encapsulated regions is high and the drift velocity in the outer
regions increases. This makes the modelling much more sensitive to uncertainties in
the parameters of both regions.

The strong modulation of the signal measured is mainly caused by an efficient
modulation of the spin relaxation length. In Figure 6.3 we show the spin relaxation
length achieved at Vbg = -13.75 V in the encapsulated region. We see that it increases
up to 90 µm for DC currents of 90 µA (red line) when the spin relaxation length at
zero DC current is 7.7 µm. This observation shows the potential of drift currents
to transport spins over long distances. Panels (a), (b) and (c) show the effect of our
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case when carriers in the encapsulated and non-encapsulated regions have the same ((b), (e)
and (f)) and opposite polarity ((a), (c) and (d)). (c)-(f) Directionality of the spin currents as a
function of the DC current in our device under different gating conditions. The red lines are
obtained including a small non-encapsulated region between the injector contact while for the
black lines these regions are removed.

experimental uncertainties in the determination of the spin relaxation length. Due to
the relevant uncertainties in the spin relaxation time, we have modelled the data at
Vbg = -13.75 V for τs = 2, 3 and 4 ns (SI). Results from this modelling show that the
best agreement is achieved for τs = 4 ns.

To account for future applications we have also studied if it is possible to di-
rect spins in a specific direction. We define the directionality of the spin current as:
D = (JsL − JsR)/(JsL + JsR) where JsR(L) is the spin current towards the right (left)
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of the spin injector (contact 4). In Figure 6.4(c) to (f) we show the Idc dependence of
D for our device geometry obtained from modelling at Vbg = -30, -20, -13.75 and
-7.75 V. We distinguish between two relevant cases: the ones when the encapsulated
region is hole-doped (a), (c) and (d)) and the ones when it is electron-doped ((b), (e)
and (f)). In the first case, the drift in the encapsulated region opposes the one in the
outer regions (a) and the efficiency of the directional control is relatively small ((c)
and (d) red lines).

When the encapsulated region is electron doped the drift has the same direction
in all the regions resulting in an efficient control of the spin propagation. For in-
stance at Vbg = -13.75 V, 88% of the spins can be directed towards the outer regions
and 82% can be pulled to cross the encapsulated region by sourcing a drift current of
Idc = ∓90 µA respectively when, at zero drift, 66% of the spins diffuse towards the
left. This asymmetry with Idc is caused by the different spin transport properties of
both regions. To understand this effect better, we have extracted the directionality
for the case when region III is not present and the contact is placed next to the en-
capsulated region (Figure 6.4(c) to (f) black lines). In this case, when pn junctions are
present, the encapsulated region reverses the directionality modulation and makes
it more efficient. When doing the same in (e), the efficiency is enhanced and 99.2%
and 84% of the spins can be directed towards the left and right sides of the injector
respectively. Such a modulation suggests that the directional control can be greatly
enhanced in fully encapsulated devices and, to confirm our hypothesis, we have
measured the directionality in a homogeneous device with the properties of our en-
capsulated region. Also to confirm the robustness of the effect, we have calculated
for both cases of Vbg =-13.75 and -7.75 V. The results indicate that, in a fully encapsu-
lated sample, 82% of the spins can be controlled with drift currents of 90 µA, while
this number rises up to 88% for Idc = -90 µA.

6.3 Conclusions

In conclusion, we have shown that the spin transport can be controlled efficiently by
applying drift currents in high mobility hBN encapsulated bilayer graphene. Our
results, together with a model, show that, starting from a spin relaxation length of
7.7 µm, we have achieved a strong modulation of this length from 0.6 to 90 µm when
applying a drift current of ±90 µA. We notice that we cannot explore the full poten-
tial of the spin drift because the length of the graphene channel in exfoliated devices
is constrained by the size of the flakes which can be obtained. Recent advances
obtaining ultrahigh quality CVD graphene [28, 29] make it possible to obtain high
quality large devices showing spin transport over unprecedentedly long distances.

Using our model we also extract the directionality of the spin currents. We find
that, when a drift current of -90 µA is applied, 88% of the spins are directed towards
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the left. When applying a DC current of 90 µA 82% of the spins are directed to the
right. These results show that we have achieved efficient directional control of the
spin currents at room temperature. These numbers rise up to 99.4% for fully en-
capsulated devices showing that the control we achieved of the directionality of the
spin propagation can enable new types of spin-based logic operations. The direc-
tional control of spin currents achieved in our experiment shows that it is possible to
realize logic operations using spin currents in a material with low spin orbit coupling
such as graphene, opening the way to new device geometries and functionalities (see
Chapter 7).

6.4 Supplementary information

6.4.1 Modelling parameters

In this section we discuss the determination of the spin and charge transport param-
eters for the modelling shown in the manuscript and the results obtained from the
model using the parameters extracted from Hanle precession and charge transport
measurements.

To determine the square resistance and mobility of the bilayer graphene in the en-
capsulated and non-encapsulated regions we carried out standard four probe mea-
surements of the channel resistance varying the backgate voltage at zero topgate
voltage (Figure 6.6(a)). The mobilities (µ) extracted from this curve are 2.8 m2/(Vs)
for the encapsulated region and 0.56 m2/(Vs) for the non-encapsulated one. These
values were extracted by fitting the square resistance versus the carrier density in
the channel n using the formula: Rsq = 1/(neµ+ σ0) + ρs where e is the electron
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Figure 6.6: Charge and spin transport measurements carried out to characterize the encapsu-
lated and non-encapsulated regions.(a)Rsq of the non-encapsulated and encapsulated regions
as a function of Vbg . (b) and (c) Hanle precession curves obtained across the non-encapsulated
and encapsulated regions respectively at Vbg = -13.75 V together with the fitting to the Bloch
equations (red lines) and the corresponding parameters. (d) Effective spin relaxation times in
the system τeff as a function of the spin relaxation time in the encapsulated region τenc for
different spin relaxation times at the outer regions τnon.

charge, σ0 accounts for the finite resistance at the charge neutrality point. ρs is an
offset resistance attributed to short range scattering [10]. In the encapsulated region
the fitting was done in the range -6.2< Vbg <35 V to avoid the underestimation of the
carrier density produced by electron-hole puddles close to the neutrality point and
the obtained values are σ0 = -1.7×10−3 Ω−1 and ρs = 4.3 Ω. To obtain the mobility
at Vbg = -13.75 V, we have fitted the same data in the range -14.7< Vbg <-12.7 V and,
by setting ρs to zero we obtain a mobility of 0.9 m2/(Vs) and σ0=7.3×10−4 Ω−1.

In Figure 6.6(c) we show the Hanle precession curve measured across the en-
capsulated region. The amplitude of this signal is small due to the fact that in this
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Table 6.1: Square resistances Renc(non), mobilities µenc(non), diffusion coefficients Denc(non)
and spin lifetimes τenc(non) of the encapsulated (non-encapsulated) regions at Vbg = -30, -20,
-13.75 and -7.75 V.

Vbg Renc Rnon µenc µnon Denc Dnon τenc τnon
(V) (Ω) (Ω) (m2/(Vs)) (m2/(Vs)) (m2/s) (m2/s) (ns) (ps)
-30 345 1896 2.8 0.3 0.055 0.01 3 100
-20 856 1160 0.9 0.56 0.02 0.015 3 100

-13.75 830 930 0.9 0.56 0.02 0.02 3 100
-7.75 400 785 2.8 0.56 0.04 0.02 3 100

Table 6.2: Polarizations of the spin injector Pi, the left detector Pd1 and the right detector Pd2.

Vbg -30 V -20 V -13.75 V -7.75 V
Pd2 0.034 0.124 0.102 0.072
Pd1 0.308 0.479 0.432 0.481
Pi 0.05 0.05 0.05 0.05

regime the resistance of encapsulated and outer regions are comparable and the spin
relaxation length of the encapsulated region is much longer than the one of the outer
regions. This makes the spins diffuse and relax in the outer regions instead of cross-
ing the encapsulated region, reducing the amplitude of the spin signal considerably.
The asymmetry of the Hanle precession data with respect to zero magnetic field has
been observed before [20–22] and we attribute it to a small misalignment of the con-
tacts with respect to each other due to a poor adhesion with the bottom hBN. The
Hanle precession gives us information about the spin relaxation time in the system
but, in order to extract the spin transport properties of the encapsulated region, we
have used a 3 regions model as in References [20, 27], and Chapter 5. This model
requires to determine the spin relaxation time of the outer regions. This is done by
fitting the Hanle curve obtained in the non-encapsulated region and shown in Fig-
ure 6.6(b). The shape change at negative magnetic fields is attributed to a switch
in one of the contacts and this part is not included in the fit. Because of the short
spacing between the contacts the shoulders characteristic of the Hanle curves are
not present and we could not extract Ds. As a consequence, we used the charge dif-
fusion coefficient (Dc). This is justified since in our devices we expect an agreement

Table 6.3: Resistances of the contacts defined as in Figure 6.7.

RC2 RC3 RC4 RC5 RC6

820 Ω 870 Ω 850 Ω 1.48 kΩ 1.56 kΩ
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between Dc and Ds (Chapter 5). Because the contact resistances in our device are
between 800 Ω and 1.5 kΩ (Table 6.3) the extracted spin relaxation time is reduced by
the contacts and the spin relaxation time is a lower bound for the properties of the
outer region [30].

In Figure 6.6(d) we show the effective spin relaxation time of our system as a
function of the spin relaxation time in the encapsulated region for different values of
the spin relaxation time in the non-encapsulated regions τout.We see that the effective
spin relaxation time coincides with the measured value for τenc = 2 ns. A similar
analysis at Vbg = -7.75 V gives τenc = 4 ns and, since we are aware of the uncertainties
in our system, we take a spin lifetime of 3 ns in the encapsulated region, which
coincides with what we have measured before (Chapter 5), and take into account an
uncertainty of ±1 ns (Figure 6.3).

The polarizations of the contacts used for the modelling are shown in Table 6.2
and were taken to assure good agreement between the model and the experimental
data at zero drift current. The factor 3 difference between Pd1 and Pd2 is attributed
to an underestimation of τnon.

6.4.2 Derivation of the model

In order to obtain the amplitude of the spin signal for different drift currents we have
developed a model that uses the drift diffusion equations derived in [2]:

Ds∇2µs − vd∇µs −
µs
τs

= 0

Here Ds is the spin diffusion coefficient, µs the spin accumulation, µ the electronic
mobility, E the electric field and τs the spin relaxation time. This equation has solu-
tions in the form of µs = A exp(x/λ+) +B exp(−x/λ−) where λ+(−) correspond to
the so called ‘upstream’ and ‘downstream’ spin relaxation lengths,

1

λ±
= ± vd

2Ds
+

√(
1√
τsDs

)2

+

(
vd

2Ds

)2

where vd = ±µE is the drift velocity which is negative for electrons and positive for
holes, λs =

√
τsDs is the spin relaxation length at zero drift.

The spin current density js is defined:

js(x) =
1

eRsq

(
−dµs(x)

dx
+
vd
Ds

µs(x)

)
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Figure 6.7: Sketch of the device geometry studied. Regions I, II, III, V and VI are not encap-
sulated while region IV is encapsulated and, hence, has different properties. The electric field
is present in regions II to V. The DC current used to induce drift is sent between contacts 5
and 3 and the AC current used to inject spins is sent between contacts 4 and 3. Because of
our analysis we do not consider any spin injection from contact 3. Contacts 2 and 6 are the
detectors.

We write down the solution of the drift diffusion equations for the six different
regions:

I : µs(x)= A exp(x/λnon)

II : µs(x)= B exp(x/λ+
non) + C exp(−x/λ−non)

III : µs(x)= D exp(x/λ+
non) + E exp(−x/λ−non)

IV : µs(x)= F exp(x/λ+
enc) +G exp(−x/λ−enc)

V : µs(x)= H exp(x/λ+
non) + I exp(−x/λ−non)

IV : µs(x)= J exp(−x/λnon)

(6.3)

Here λ(non)enc are the spin relaxation lengths in the (non)encapsulated regions and
A−F are constants to be determined. We have used the boundary conditions µs(x→
±∞)→ 0.

In order to obtain the spin signal in the geometry shown in Figure 6.7 we ap-
ply the boundary conditions introduced in [26] for the spin accumulation and spin
currents at x = x3, x4 = 0 and x5.

The continuity of the spin accumulation reads:

x = x3 : A exp(x3/λnon) = B exp(x3/λ
+
non) + C exp(−x3/λ

−
non)

x = 0 : B + C = D + E

x = x′1 : D exp(x′1/λ
+
non) + E exp(−x′1/λ−non) = F exp(x′1/λ

+
enc) +G exp(−x′1/λ−enc)

x = x′2 : F exp(x′2/λ
+
enc) +G exp(−x′2/λ−enc) = H exp(x′1/λ

+
non) + I exp(−x′1/λ−non)

x = x5 : H exp(x5/λ
+
non) + I exp(−x5/λ

−
non) = J exp(−x5/λnon)

(6.4)
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And the continuity of the spin currents:

x = x3 : A
1

Rnonλnon
exp(x3/λnon)−B

(
1

Rnonλ
+
non
− vnond

DnonRnon

)
exp(x3/λ

+
non)

+C

(
1
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−
non

+
vnond
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)
exp(−x3/λ

−
non) = 0
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(
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(
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(
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− vnond
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(
1
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=
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(
1

Rencλ
−
enc

+
vencd
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(
1
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(
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1
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x = x5 : H

(
1

Rnonλ
+
non
− vnond

DnonRnon

)
exp(x5/λ

+
non)

−I
(

1

Rnonλ
−
non

+
vnond

DnonRnon

)
exp(−x5/λ

−
non)

+J
1

Rnonλnon
exp(−x5/λnon) = 0

D(non)enc, R(non)enc and v(non)enc
d are the spin diffusion coefficient, square resistance

and drift velocity of the (non)encapsulated regions and Pi is the spin polarization of
contact 4. From Equations 6.4 and 6.5 we have 10 equations that are used to solve for
the 10 unknown parameters A− J . To obtain the nonlocal resistances from µs(x) we
use the following expression:

Rnl = Pdµs(L)/(eIac) (6.6)
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We obtain the nonlocal resistance in contacts 2 and 6.

2 : Rnl = Pd1A exp(x2/λnon)/(eIac)

6 : Rnl = Pd2F exp(−x6/λnon)/(eIac)
(6.7)

Where Pd1 and Pd2 are the polarization of the detectors in regions I and IV respec-
tively, Rnon and Dnon are the sheet resistivity and the diffusion coefficient in the
non-encapsulated region and x2(6) are the positions of the detectors as defined in
Figure 6.7.

6.4.3 Effect of τenc in the modelling

Here we show the effect of an uncertainty in the τenc. As shown in Figure 6.8, a
change in the spin relaxation time does not have any significant effect in the model
forRLnl while, forRRnl the agreement between model and experiment improves when
increasing τenc.

-100 -50 0 50 100

0.0

0.5

1.0

-100 -50 0 50 100

0.0

0.5

1.0

1.5

 R
R nl
(Ω

)

I
dc

(µA)

   
   
   
 

 R
L nl
(Ω

)

I
dc

(µA)

 τenc= 2 ns
 τenc= 3 ns
 τenc= 4 ns
 Experiment

(b)(a)

Figure 6.8: Measured nonlocal resistance and model applied for different spin relaxation times
in the encapsulated region as a function of the drift current. The red curve corresponds to 3 ns,
the value used in the main manuscript.
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Chapter 7

Drift control of spin currents in
graphene-based spin current demultiplexers
J. Ingla-Aynés, A. A. Kaverzin & B. J. van Wees, Accepted for publication in Physical Review Applied.

Abstract

Electrical control of spin transport is promising for achieving new device functionali-
ties. Here we calculate the propagation of spin currents in a graphene based spin current
demultiplexer under the effect of drift currents. We show that, using spin and charge
transport parameters already achieved in experiment, the spin currents can be guided in
a controlled way. In particular, spin current selectivities up to 102 can be achieved when
measuring over a 10 µm distance under a moderate drift current density of 20 µA/µm,
meaning that the spin current in the arm which is ‘off’ is only 1% of the current in the
‘on’ arm. To illustrate the versatility of this approach, we show similar efficiencies in a de-
vice with 4 outputs and the possibility of multiplexer operation using spin drift. Finally,
we explain how the effect can be optimised in graphene and 2D semiconductors.

The ability to manipulate spin currents by electrical means is a major requirement to
achieve functional spintronic devices [1]. For this purpose, graphene is an ideal can-
didate as a transport media thanks to its superior spin and charge transport prop-
erties [2–6]. These properties have allowed for room temperature spin relaxation
lengths up to 30 µm in an experiment where spin transport is diffusive [6] and up
to 90 µm when carrier drift was additionally induced in the channel (Chapter 6).
Moreover, enhancements in the spin injection and detection efficiencies [7–9] show
the possibility to create unprecedentedly large spin accumulations in graphene, re-
sulting in larger signals useful for future spintronic operations.

It has been shown that one can perform logic operations using spins in graphene
in the diffusive regime. In particular, the interplay between the spin injection effi-
ciencies of different contacts can be used to perform logic XOR operations [10]. An-
other means of controlling spin currents was demonstrated in Y-shaped graphene
devices via the manipulation of carrier densities in the different arms individually
[11]. This approach leads to spin guiding thanks to the change in spin lifetime and
resistivity of graphene with the carrier density. On-off ratios for spin currents up to 7
were obtained when assuming that the spin relaxation time in the channel decreases
when increasing the resistivity, a condition only achieved experimentally for bilayer
graphene on SiO2 at temperatures equal or lower than 50 K [12–14].

The spin signals achieved using diffusive transport are limited by the long dif-
fusion times, that increase with the square of the distance [1]. However, a charge
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current can significantly influence the spin propagation. The average velocity of
spin carriers becomes much larger (smaller) when transport occurs in the direction
of (against) the drift velocity (vd). This allows for efficient control of the spin re-
laxation length using charge currents [15] without affecting the spin lifetime in the
system. In addition, vd is inversely proportional to the carrier density. This brings
a new mechanism to control the magnitude and sign of vd. The tunability of spin
transport with drift enables for new device functionalities, such as demultiplexers,
that are devices that route the input signal to an output that is controlled by the se-
lect line [16]. Demultiplexers have applications ranging from transmission lines to
digital electronics [17, 18] and introduction of spin currents into this operation could
allow for ‘in situ’ memory capabilities enabling for new functionalities.

Here we show that, by applying drift currents in a Y-shaped geometry, the spin
currents can be controlled in an extremely efficient way, realizing the demultiplexer
functionality. Our calculations using the drift-diffusion equations show that one can
achieve spin current selectivities Itop/Ibot (where Itop(bot) is the spin current in the top
(bottom) arm in Figure 7.1) as high as 103 for drift current densities of 100 µA/µm
when measuring close to the bifurcation. At a distance L = 10 µm from the bifur-
cation, the selectivities increase up to 106, a value that stays as high as 102 for drift
current densities of 20 µA/µm. Moreover, we use the same model for a geometry
constituting of 2 Y-shaped graphene channels connected to the output of another Y-
shaped graphene channel, and obtain similar performances of 102 for drift currents
of 25 µA/µm. We also explain how the effect of drift can be used to achieve multi-
plexer operation. In addition, the introduction of drift leads to a significant increase
in the speed of operations.

7.1 Spin drift model

To determine the spin currents and spin accumulations in the different geometries
studied here under the effect of drift, we use the drift-diffusion equations[19]. Since
in most graphene-based spin valve devices the contacts inject spins homogenously
over the channel width, we reduce the spin propagation to a one-dimensional prob-
lem. Also, we assume that the channel width (Ws) is much longer than the mean free
path. This condition is commonly achieved for all graphene spintronic devices stud-
ied at room temperature for Ws = 1 µm (the mean free path is 0.16 µm in our case).
This condition makes our results independent of the exact geometry of the bifurca-
tion. We also assume that the contacts are not invasive, this condition is achieved
when the contact resistances are much higher than the channel resistance[20].
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When a drift current Id is applied to a non-magnetic channel, the spin current
propagating in the channel is [21]:

Is =
Ws

eRsq

(
−dµs
dx

+
vd
Ds

µs

)
(7.1)

where Ds is the spin diffusion coefficient, Rsq is the square resistance, µ is the elec-
tron mobility, µs is the spin accumulation, and e is the electron charge. The drift ve-
locity is defined as vd = µIdRsq/Ws = Id/(enWs), where Id is the drift charge current
and n the carrier density. The first term in Equation 7.1 describes the spin diffusion
and the second one describes the spin drift contributions to the spin current. µs in
the channel follows the drift-diffusion equations [19]

Ds
d2µs
dx2

+ vd
dµs
dx
− µs
τs

= 0, (7.2)

where τs is the spin lifetime.
This equation has solutions of the form µs = A exp(x/λ+)+B exp(−x/λ−) where

the coefficients A and B are determined by both the device geometry and the spin
relaxation lengths, which are:

λ−1
± = ± vd

2Ds
+

√(
vd

2Ds

)2

+
1

λ2
(7.3)

Here λ =
√
Dsτs is the spin diffusion length in the channel. λ+ and λ− are the up-

stream and downstream spin relaxation lengths. They describe spin transport op-
posed to and along with the drift velocity respectively. Their difference provides an
asymmetry in the spin propagation, which is the source of spin current selectivity in
our calculations.

We use the solutions of Equation 7.2 to describe the spin accumulation in the dif-
ferent parts of the sample. Because the drift currents and/or carrier densities are
different in the different parts of the sample, the unknown coefficients are obtained
using the following boundary conditions taking into account the device geometry.
µs is zero infinitely far away from the injector and it is continuous in the entire de-
vice, including the boundaries between the different regions. The spin current Is is
conserved at the different junctions apart from the injection point. The spin injector
is placed at the bifurcation point and it induces a discontinuity in the spin current of
PiIinj/e. Pi is the spin polarization of the injector and Iinj is the charge current ap-
plied to the injector electrode. Under these conditions, we are able to obtain the spin
currents and nonlocal resistances Rs = Vs/I = µsPd/(eIinj) (where Vs is the voltage
drop caused by the spin accumulation in the detector) in the reported device geome-
tries [20, 22].

Because of the inverse dependence between vd and n, vd theoretically diverges
at the neutrality point. However, thermal broadening [23, 24] limits the minimal
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Table 7.1: Spin, charge transport parameters, contact spin polarizations estimated from [6]
and channel width. For simplicity we assume that the system is electron-hole symmetric and
the sign of the drift velocity changes for hole transport.

µ (m2/Vs) Rsq (Ω) n (m−2) τs (ns) Ds (m2/s) Pi = Pd Ws (µm)
1 800 8×1015 4 0.08 0.1 1

electron and hole densities down to a value of neth = nhth = π/12(kBT/(~vf ))2 =

4 × 1014 m−2 at room temperature. In a system with equal amount of electrons and
holes no drift is present since the drift velocities for electrons and holes are opposite.
Thus, an imbalance between the electron and hole densities is required to achieve a
non-zero average drift velocity. This condition increases the minimal carrier density
that is optimal for spin drift and, therefore, limits the vd that can be reached experi-
mentally. For all the calculations reported here, we have used transport parameters
which have been achieved experimentally in monolayer graphene [6] near the charge
neutrality point. They can be found in Table 7.1. In our case, the optimal carrier den-
sity is of 8×1015 m−2 which for a drift current density of 100 µA/µm, gives a drift
velocity vd = 8× 104 m/s. This value is still 1 order of magnitude smaller than the
maximum drift velocity achieved for boron nitride encapsulated graphene, which is
around 0.55×106 m/s at room temperature for a carrier density of about 9×1015 m−2

[25] 1.

7.2 Results

7.2.1 Geometry I

We start the discussion of our results obtained for the Y-shaped device geometry,
where the spin injector is placed at the bifurcation point. For geometry I, the 3 arms
have the same transport parameters. The spins are guided by applying opposite drift
currents in the top and bottom arms, as shown in Figure 7.1(a). In the left arm there
is no net charge current and the propagation of spins is determined by diffusion. As
we can see in Figure 7.1(b), when a drift current is applied,Rs close to the bifurcation
point decreases. This is because the spins are pulled away from the injector towards
the top or bottom arm, reducing the spin accumulation. For the ratio Itop/Ibot at
L = 0 we observe that, when the applied drift current is of 100 µA, Itop/Ibot is as
high as 103. This implies that 99.9% of the spins are propagating along with the drift
velocity and only 0.1% of them propagate to the opposite arm. Looking at the spin

1Correcting for the saturation in vd leads to a drift velocity of 7.4×104 m/s, a correction of only 7.5%.
For the highest drift current reported here, Id = 400 µA/µm vd = 3.2× 105 m/s, that after correction
becomes 2.3× 105 m/s, a correction of 28%
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Figure 7.1: (a) Sketch of device geometry I. The red arrows represent the charge current direc-
tion for positive Id. The carriers are electrons in all 3 arms, that are assumed to be infinitely
long. (b) Rs vs Id in the top and bottom arms and close to the bifurcation and at a 10 µm
distance. (c) Spin current selectivity calculated both close to the bifurcation (L = 0) and at
L = 10 µm.

signal 10 µm away from the bifurcation we see that the nonlocal resistance in the
top arm differs from that in the bottom arm. This difference develops very rapidly
with the applied drift due to both the exponential decay of the spin current with
the distance and the difference between upstream and downstream spin relaxation
lengths. For example, for Id = 100 µA, the spin current selectivities become as high
as 106, with λ− = 340 µm and λ+ = 0.97 µm. We also note that Rs at L=10 µm
decreases for drift currents higher than 6 µA. This is because, for infinitely long arms,
the drift spreads the spins over a large distance λ−. Since the injected spin current is
constant, this results in reduction of the spin accumulation close to the injector. This
effect can be reduced by applying the drift over a finite length of the channel [21].

In real device applications, the power consumption has to be kept minimal and,
to achieve this, we determine the device performance for lower drift currents. At
Id = 20 µA a current selectivity of 102 is achieved. We consider this value to be
enough for basic operations. It is also worth noting that, when applying a drift cur-
rent of 100 µA, 4.8% of the spin current is still propagating to the left arm, a value
that goes up to 20% when Id = 20 µA.

7.2.2 Geometry II

The spin current propagating to the left arm Ileft is evaluated normalized by Iright =

Itop+Ibot. In geometry I, Ileft/Iright is determined by diffusion and it can be reduced
by applying a net drift current in this arm. This is achieved by changing the carrier
type of either the top or the bottom arm depending on the selected output. When
one changes the carriers from electrons to holes, the drift velocity reverses. This al-
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lows us to apply the drift current in both top and bottom arms in the same direction
(Itopd = Ibotd = Id) while the drift velocities are opposite (vtopd = −vbotd ). In this case,
the drift current in the left arm is non zero and equal to 2 × Id. As shown in Fig-
ure 7.2(b), Rs at L = 0 is no longer symmetric with respect to Id. This is caused by
the spin drift in the left arm, that blocks spin propagation to the left at positive drift
currents but promotes spin propagation in this arm when Id is negative.
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Figure 7.2: (a) Sketch of device geometry II, the red arrows represent the charge current di-
rection for positive Id. Note that the drift velocity for electrons opposes the charge current
direction. The carriers are holes in the bottom arm and electrons in the others. All the arms
are assumed to be infinitely long. (b) Rnl vs Id in the top and bottom arms and at the bifurca-
tion and at a 10 µm distance. (c) Spin current selectivity calculated both at the bifurcation and
at a 10 µm distance.

As a consequence, we observe that the most efficient operation of this device
(maximum Itop/Ibot and minimum Ileft/Iright) occurs when the drift current is pos-
itive (drift currents in the direction of the red arrows in Figure 7.2(a)). The output
terminal, where the current is directed, can be controlled by changing the carrier
densities in the top and bottom arms while keeping the left arm at the same density
and applying positive drift currents (in the direction of the red arrows, Figure 7.2(a)).
The spin current selectivities comparing top and bottom arms are the same as for
geometry I due to electron-hole symmetry. The difference is that the spin current
propagating to the left arm is kept minimal. In particular, when Id = 100 µA, only
0.14% of the injected spin currents propagate into this arm, a value that stays as low
as 3% for Id = 20 µA, confirming the feasibility of device operation with moderate
drift currents.

7.2.3 Demultiplexing operation

As shown above, the most efficient way of controlling the spin demultiplexing op-
eration is via the carrier type(density). To describe the practical operation of device
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Table 7.2: Truth table for the 2 leg demultiplexer operation of geometry II for positive Id
(Figure 7.2)

VgL VgT VgB Itop Ibot
1 1 0 1 0
1 0 1 0 1

geometry II, we write a truth table (Table 7.2) by defining the inputs as the gate volt-
ages that have to be applied to each separate arm to control the densities. We call
VgL, VgT , VgB the left, top, and bottom arm gates respectively and define them as ‘0’
when the carriers in the channel are holes and ‘1’ when they are electrons.
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Figure 7.3: (a) Sketch of device geometry III with the spin currents propagating to output 1
for positive Id in the direction of the red arrows. Note that the drift velocity for holes is in
the same direction as the drift current. The carriers are electrons in all the arms, the the top
and bottom bifurcations are at a distance of x1 = 5 µm from the spin injector, the detectors at
L = 10 µm and the arms are assumed to be infinitely long. (b) Rs vs Id in arms 1 to 4 at L. R3

s

and R4
s are identical through all the range. (c) Spin current selectivity between arms 1 and 2

and 1 and 3 calculated at x = L and Ileft/Iright is calculated at x = 0.

7.2.4 Geometry III

Having understood the effect of drift in single Y-shaped graphene devices, we are
interested in the operation of graphene channels with several Y-shaped devices con-
nected in series for more complex device functionality. For this purpose, we design a
device geometry which is made out of two Y-shaped graphene channels that are con-
nected to the outputs of the first Y-shaped graphene channel. The distance between
the bifurcation point where the spin injector is placed and the bifurcation point of
the other two is 5 µm (Figure 7.3(a)). Using the model described above, we calculate
the spin accumulations and spin currents required to understand the performance
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of these devices. The results are shown in Figure 7.3 for a homogeneous device with
the parameters shown in Table 7.1. In this case, the nonlocal resistance also decreases
for high drift currents. The spin current selectivity between arms 1 and 2 (I1/I2) is
lower than between arms 1 and 3 (I1/I3). This can be explained by taking into ac-
count that arms 1 and 2 share a 5 µm long channel where there is no drift current,
whereas, the drift in the bottom arm is 2 × Id and opposes spin propagation. When
looking at the spin current propagating the left arm we see that it increases for posi-
tive drift currents. This is caused by the fact that the drift current in this arm is 2× Id
and it promotes spin propagation away from the injector at positive drift currents.
This not efficient since at Id = 100 µA the spin current propagating towards the
left is 11 times higher than the one propagating towards the right and, hence, less
than 10% of the injected spins contribute to the operation. A solution to this issue
is to compensate for the current in the left arm by applying a higher drift current to
arm 1 I1

d > I2
d + I3

d + I4
d while keeping I2

d − I4
d high enough to prevent propagation

in arms 2-4. This is not very efficient because it would lead to an increased power
consumption.

7.2.5 Geometry IV

Alternatively the spin current propagating in the left arm can be reduced by chang-
ing the carrier density in some selected arms. This allows us to apply all four drift
currents in the same direction.
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Figure 7.4: (a) Sketch of device geometry IV, with the spin currents propagating to output 1
for positive Id in the direction of the red arrows. The carriers are electrons everywhere apart
from the top arm, the top and bottom bifurcations are at a distance of x1 = 5 µm from the spin
injector, the detectors at L = 10 µm and the arms are assumed to be infinitely long. (b) Rs vs
Id in arms 1 to 4 at L. R3

s andR4
s are identical through all the range. (c) Spin current selectivity

between arms 1 and 2 and 1 and 3 calculated at x = L and Ileft/Iright is calculated at x = 0.
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The results for such device geometry are reported in Figure 7.4. In this case, to
get the most efficient operation, the charge carriers in the left and top arms are holes
whereas the other parts of the sample are electron-doped (see Figure 7.4(a)). We see
that, in this case, there is a substantial increase in the maximum Rnl which can be
measured in arm 1 for positive Id. In this situation, most of the spins propagate
towards the top arm with spin current selectivity values up to 5.4 × 104 between
arms 1 and 2 and 3.9 × 109 between arms 1 and 3. In this case, the spin currents
propagating to the left are 3.5× 10−3 times smaller than the ones propagating to the
right. This efficiency is provided by the drift current which is 4 × Id and opposes
propagation to the left arm. We also note that, in this case, there is drift in all the
arms and, as a consequence, propagation does not rely on slow diffusion. This can
be beneficial for the device performance since it enables faster operations.

We are also interested in the device performance at lower drift currents. In par-
ticular, for Id = −25 µA, I1/I2 = 99, I1/I3 = 2.6 × 103 and Ileft/Iright = 5.4 × 10−3

which we believe should suffice for practical purposes.

7.3 Discussion

The application of drift in spin-based demultiplexer devices has two major advan-
tages with respect to the diffusive case: (1) Device operation is faster since drift oc-
curs within shorter time scales than diffusion. (2) A larger contrast between ‘on’
and ‘off’ states can be obtained which makes it more plausible for use in realistic
operations.

For geometries I and II the use of drift also allows for multiplexer operation. This
can be achieved by placing two spin injectors in the right side of the sketches in Fig-
ure 7.1 or 7.2(a) at a distance significantly longer than the upstream spin relaxation
length λ+. The modulation of the spin relaxation length induced by drift enables one
to select the input that will determine the spin current at the bifurcation point.

The main limitation of the drift approach for spin-based demultiplexer and mul-
tiplexer operations is the power consumption, which is caused by the drift currents
applied in the channel. We suggest two different ways to overcome this issue. (1)
The first approach is to increase the distance at which the detectors are placed. This
results in higher contrast between ‘on’ and ‘off’ states for lower drift currents. How-
ever, this approach also results in lower spin signals and currents, because relaxation
occurring in the channel reduces the spin accumulation in an exponential way. (2)
Since the drift velocity is inversely proportional to the carrier density, reducing this
parameter leads to higher power efficiencies. This can be achieved by using semi-
conducting channels[26, 27]. In particular, black phosphorous is a two-dimensional
semiconductor in which spin lifetimes in the nanosecond range have been reported
up to room temperature [28]. Such lifetimes, together with its high electronic mobili-
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ties [29] and drift velocity saturations of up to 1.2×105 m/s at room temperature [30]
make black phosphorous a promising material for spin drift-based devices.

7.4 Conclusions

In conclusion, we have shown that, when applying a drift current to a Y-shaped
graphene based device, spin currents can be directed in a highly efficient way. In
particular, for drift current densities of 20 µA/µm, spin current selectivities up to
102 can be achieved in a 10-µ-m long device. We have also performed calculations
for a device geometry that consists of two Y-shaped graphene channels connected to
the outputs of another Y-shaped device and obtained that a similar performance can
be achieved by applying drift current densities of 25 µA/µm. We also explain how
the effect of drift can be used to achieve multiplexer operation and argue that the
introduction of drift is favourable to increase the device operation speed. We believe
this is a relevant step forward towards a new generation of spintronic devices with
different functionalities.

References
[1] J. Fabian, A. Matos-Abiague, C. Ertler, P. Stano, and I. Zutic, “Semiconductor spintronics,” Acta

Physica Slovaca 57(565), (2007).
[2] A. H. Castro Neto, F. Guinea, N. M. R. Peres, K. S. Novoselov, and A. K. Geim, “The electronic

properties of graphene,” Reviews of Modern Physics 81, 109, (2009).
[3] N. Tombros, C. Jozsa, M. Popinciuc, H. T. Jonkman, and B. J. van Wees, “Electronic transport and

spin precession in single graphene layers at room temperature,” Nature 448, 571, (2007).
[4] W. Han, R. K. Kawakami, M. Gmitra, and J. Fabian, “Graphene spintronics,” Nature Nanotechnology 9,

794, (2014).
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[15] C. Józsa, M. Popinciuc, N. Tombros, H. T. Jonkman, and B. J. van Wees, “Electronic spin drift in
graphene field-effect transistors,” Physical Review Letters 100, 236603, (2008).

[16] B. G. Lipták, Instrument Engineers’ Handbook, Third Edition, Volume Three, CRC Press, (2002).
[17] T. Dean, Network+ Guide to Networks, Cengage Learning, (2010).
[18] B. Govindarajalu, IBM PC and Clones, Tata McGraw-Hill, (2008).
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Large proximity-induced spin lifetime
anisotropy in TMD/graphene heterostructures
Published as: T. S. Ghiasi, J. Ingla-Aynés, A. A. Kaverzin & B. J. van Wees, Nano Letters 17, 12, 7528 (2017).

Abstract

Van der Waals heterostructures have become a paradigm for designing new materials
and devices, in which specific functionalities can be tailored by combining the properties
of the individual 2D layers. A single layer of transition metal dichalcogenide (TMD)
is an excellent complement to graphene (Gr), since the high quality of charge and spin
transport in Gr is enriched with the large spin-orbit coupling of the TMD via proximity
effect. The controllable spin-valley coupling makes these heterostructures particularly
attractive for spintronic and opto-valleytronic applications. In this work, we study spin
precession in a monolayer MoSe2/Gr heterostructure and observe an unconventional,
dramatic modulation of the spin signal, showing one order of magnitude longer lifetime
of out-of-plane spins compared with that of in-plane spins (τ⊥ ≈ 40 ps and τ‖ ≈ 3.5 ps).
This demonstration of a large spin lifetime anisotropy in TMD/Gr heterostructures, is a
direct evidence of induced spin-valley coupling in Gr and provides an accessible route for
manipulation of spin dynamics in Gr, interfaced with TMDs.

8.1 Introduction

Graphene with its high charge carrier mobility and weak spin-orbit coupling (SOC)
is an excellent host for long-distance spin transport [1–4]. However, data storage
and information processing in spin-based devices require active control of the spin
degree of freedom [5]. Therefore manipulation of the spin currents, i.e. tuning spin
polarization and spin lifetime, has been a topic of recent theoretical [6–9] and experi-
mental [10–15] research. To fulfill this goal, one of the main approaches is fabrication
of hybrid devices, in which the properties of the 2D building blocks complement
each other [16, 17]. The strong SOC of TMDs, orders of magnitude larger than the
one of Gr [18], can modulate the spin dynamics in the Gr channel, while the high
quality of charge transport of Gr is preserved [15]. The induced SOC in Gr via prox-
imity effect of TMD can be in the order of 10 meV [7], experimentally confirmed by
the observation of weak anti-localization [13, 14] and spin Hall effect [15] in these
heterostructures, and by the suppression of the spin lifetimes [11, 12] to less than
few picoseconds.
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Figure 8.1: Device geometry. (a) Sketch of the MoSe2/Gr vdW heterostructure on a SiO2/Si
substrate with a top layer of bilayer hBN, used as a tunnel barrier for spin-injection and de-
tection in Gr with Co contacts. (b) Combination of an optical microscope (OM) image of the
vdW heterostructure and an SEM image of the Co contacts. The green flake is bulk hBN. The
used electrodes for measurements are numbered. The width of the Gr channel is about 2.4 µm

The modulation of spin currents in bulk TMD/Gr van der Waals (vdW) het-
erostructures has been already reported [10, 11] based on gate-controlled spin ab-
sorption by the TMD. Moreover, the spin-valley locking has been used for optical
excitation of spins [19, 20] in TMD, which are injected into and transported by the
underlying Gr. However, in this work we study how the spin transport properties
of Gr are influenced by the proximity of monolayer TMD. We address the induced
anisotropic nature of spin relaxation in these hybrids, originating from the strongly
coupled spin and valley degrees of freedom [21]. Our results, consistent with the
theoretical predictions [8], give an insight into the valley-coupled spin dynamics in
TMD/Gr heterostructures and are very relevant to acquire a complete understand-
ing of the physics of (opto-) valleytronics and spintronics in these systems.

We fabricate devices based on a vdW heterostructure of monolayer MoSe2/Gr,
covered with an hBN bilayer (Figure 8.1). These atomically thin layers are exfoli-
ated from their bulk crystals and are stacked by a dry pick-up technique [22] that
provides high quality and polymer-free interfaces. To study spin-transport, we use
ferromagnetic cobalt contacts using the bilayer hBN as a tunnel barrier that allows
for highly efficient electrical spin injection and detection [23].

8.2 Results and discussion

8.2.1 Hanle precession with Bz

The conventional four-terminal nonlocal geometry [24] for injection and detection of
pure spin currents is shown in Figure 8.2(a). We measure the non-local resistance
(Rnl = V/I) while sweeping the magnetic field (By) along the easy axis of the Co
contacts. All the measurements are carried out at 75 K. The spin-valve signal is de-
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fined as the difference in Rnl, measured in parallel and antiparallel magnetization
configurations of the contacts (∆Rnl = Rp −Rap). The ∆Rnl signal of 30 Ω is mea-
sured over 2.1 µm of the Gr channel. When an out-of-plane magnetic field (Bz) is
applied, the spins undergo Larmor precession in the x− y plane while diffusing. By
measuringRnl as a function ofBz , we acquire the so-called Hanle precession curves.
The spin lifetime (τs), diffusion coefficient (Ds) and contact polarization (∼ 40 %)
are obtained by fitting the Hanle curves to the solution of Bloch equations [25]. In-
terestingly, increasing Bz beyond the typical fields sufficient for significant spin de-
phasing, enhances Rnl over its value at B = 0 T. This increase in the spin-signal is
attributed to the contribution of the out-of-plane spins when the magnetization of
the Co electrodes gets pulled out of the graphene plane. We observe that the ratio
of the spin signal at high Bz over the in-plane spin signal (at Bz = 0 T) increases as
the detector contact approaches the TMD/Gr region (see Section 8.4.6). This obser-
vation indicates that the neighbouring TMD/Gr region acts as a spin sink for the
in-plane spins, thereby suppressing their measured relaxation time compared with
that of out-of-plane spins.

To further understand the effect of the monolayer MoSe2 on spin transport in Gr,
we measure Rnl across the TMD/Gr region. In Figure 8.2(b), the spin-valve mea-
surement shows a considerable suppression of the in-plane spin signal to ≈ 15 mΩ,
which is about 300 times smaller than the in-plane spin signal in pristine Gr with
the same channel length. When we apply Bz and the z-component of the magne-
tization of the Co contacts increases, we observe that Rnl enhances dramatically to
values over 6 Ω. This observation implies that the out-of-plane spin signal exceeds
the in-plane signal by a factor of 900. The low field data shows no clear symmetric
component which can be fit to the Bloch equations to obtain an estimate for the in-
plane spin lifetime. Because of this limitation we use an alternative way to estimate
the in-plane and out-of-plane spin lifetimes of the MoSe2-covered region (τ‖TMD and
τ⊥TMD respectively). We assume that the contact magnetizations are fully saturated
at Bz = 1.2 T and are the same for in-plane and out-of-plane spins. Using these
assumptions and a four-region model which accounts for the geometry shown in
Figure 8.2(b) with τ⊥TMD, the in-plane and out-of-plane spin signals as input param-
eters 1 to obtain τ‖TMD and the contact polarizations. The process works as follows:
For every value of τ⊥TMD within a range from 0 to 2 ns we calculate the contact po-
larization required to obtain a spin signal of 6 Ω. We then find the τ‖TMD which
gives a spin signal 900 times smaller. The results from this operation are shown
in Figure 8.3(a), where we see that the dependency is specially pronounced when
τ⊥TMD < 250 ps. This can be explained taking into account that the diffusion time in
the covered region is tD = L2/(2DTMD) = 38 ps and, if the spin lifetime becomes

1The other input parameters are the diffusivities DGr(TMD), square resistances RGr(TMD) and the
spin lifetime in the Gr region τGr (see Section 8.4) for the method used to obtain them).
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Figure 8.2: Comparison of Hanle precession measurements with out-of-plane magnetic field
(Bz). The device sketches with nonlocal measurement geometries are illustrated (contacts are
numbered according to Figure 8.1(b)). Nonlocal magnetoresistance (Rnl) as a function of Bz
and the corresponding nonlocal spin valve (shown in the inset) are measured (a) on the Gr
channel (length= 2.1 µm) with C1 as the spin injector and C3 as the detector and (b) across the
TMD/Gr region with C4 as the spin injector and C5 as the detector (channel length is 4.1 µm,
covered with 2 µm MoSe2). In our measurement setup Bz is limited to 1.2 T, which is not
sufficient for complete out-of-plane saturation of the contact magnetization. Therefore, the
reported magnitude for the out-of-plane spin signal is the lower bound of the real value.

much larger than tD, spin relaxation in this part of the sample is irrelevant in com-
parison with the outer regions and the spin signal depends weakly on τ⊥TMD. At
this stage, it is useful to calculate the spin lifetime anisotropy (τ⊥TMD/τ

‖
TMD) to see

its τ⊥TMD-dependence. The results, plotted in (b), show that the spin lifetime ani-
sotropy increases linearly with τ⊥TMD. The final step is to use the magnitude of the
signals shown in Figure 8.2(b) to calculate the contact spin polarization as a function
of τ⊥TMD. The result from this calculation, in the right axis of Figure 8.3(a), shows
similar dependence as τ‖TMD but with opposite slope. This is consistent with the fact
that, when the spin lifetimes in the channel decrease, it requires higher polarizations
to obtain the same spin signal. By comparing the polarization obtained from calcu-
lations with the values obtained from spin precession in the Gr region we obtain a
range of polarizations which gives us τ⊥TMD. The lifetime anisotropy extracted from
this analysis ranges from 40 < τ⊥TMD/τ

‖
TMD < 120 and we note that, in any case,

τ
‖
TMD < 2.1 ps. A value which increases up to 3.5 ps when considering uncertainties

in the diffusion coefficient of the TMD-covered region.
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Figure 8.3: (a) τ‖TMD and contact polarization as a function of τ⊥TMD (see text for details). The
grey area corresponds to the range of spin polarizations extracted from Hanle precession mea-
surements obtained in the Gr region. (b) Spin lifetime anisotropy vs τ⊥TMD. The dashed lines
define the uncertainty range caused by an error in determining the spin lifetime in the Gr
region τGr of 50 ps as shown in the inset.

8.2.2 Hanle precession with Bx

To get more accurate values of τ‖TMD and τ⊥TMD, we apply an in-plane magnetic field
(Bx). This direction of magnetic field makes the spins precess in the y − z plane,
thus probing both τ‖TMD and τ⊥TMD [26]. By measuring Rnl in the pristine Gr regions,
we obtain the Hanle precession curves in Figure 8.4(a). As expected, the in-plane
spin-signal has its highest value at B = 0 T and decreases when the spins precess.
Sufficiently large Bx aligns the Co electrode magnetization in the x direction (sat-
urating at Bx ≈ 0.3 T) and therefore the spin signal is restored to its initial value
(at B = 0 T). The behavior of the contacts is explained using the Wohlfarth-Stoner
model [27]. The spin transport parameters can be extracted by a fit to the solutions
of the Bloch equations [25] which confirms the isotropic spin relaxation in the Gr
region (see Section 8.4.7).

However, when we measure Bx-induced Hanle precession across the TMD/Gr
region, we observe a dramatically different behavior (Figure 8.4(b)). At B = 0 T, the
value of Rnl is small and is caused by the in-plane spin transport (in the y direction).
As Bx increases the in-plane spins start to precess in the y − z plane which gener-
ates out-of-plane spins that have longer lifetime. Therefore, the Rnl considerably
increases in magnitude to about 35 times larger values (at Bx ∼ 0.1 T) and reverses
sign. Beyond 0.1 T the signal decreases due to both spin dephasing and saturation of
contact magnetization, recovering the in-plane spin signal. This observation is again
a direct proof of anisotropic spin-transport in the TMD-covered region. Using the
Bloch equations, we fit the data to an anisotropic relaxation model [28], accounting
for the difference between τ‖TMD and τ⊥TMD (see Section 8.4.5). When performing this
operation we notice that the measured Hanle shape can be reproduced with different
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Figure 8.4: Comparison of Hanle precession measurements with in-plane magnetic field (Bx).
The device sketches with nonlocal measurement geometries are illustrated (contacts are num-
bered according to Figure 8.1(b)). Rnl as a function ofBx is measured (a) on the Gr channel, fit-
ted with the uniform model (spin injector is C1 and detector is C3) and (b) across the TMD/Gr
region, with a fit by the four-region model (spin injector is C5 and detector is C2) (channel
length is 5.6 µm, covered with 2 µm MoSe2). The fit to the data is obtained for τ‖ = 3.5 ps and
τ⊥ = 40 ps. See Section 8.4.5 for details of uniform and four-region models.

combinations of τ‖TMD, τ⊥TMD and contact polarization. To obtain good estimates for
the spin lifetimes, we fit the Hanle precession data to our model with different τ⊥TMD

and compare the polarizations extracted from the fits with the values obtained from
spin precession in the Gr region. This procedure is illustrated in Figure 8.5(a) and
the output parameters are τ‖TMD = 3.5 ps and τ⊥TMD = 40 ps.

The measurements shown in Figure 8.4 are carried out at zero gate voltage (Vg),
with carrier densities of 4.5 × 1012 cm−2 and 1.8 × 1012 cm−2 in the pristine Gr and
TMD/Gr regions, respectively. We do not see any considerable change in the spin
signal with the backgate voltage (−40 < Vg < 40 V) , indicating that spin absorp-
tion cannot be the dominant mechanism for spin-relaxation in the TMD/Gr region
(see Section 8.4.9). According to recent theoretical predictions [8], the dynamics of
spin transport in Gr in proximity of TMD are governed by the Dyakonov-Perel (DP)
mechanism, which plays a major role in systems with broken inversion symmetry. In
a TMD/Gr heterostructure, the strong spin-valley coupling of the TMD is imprinted
onto the Gr channel and controls the dynamics of the in-plane spins. The in-plane
spin relaxation is affected by both intervalley and momentum scattering, but the
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Figure 8.5: Determination of the spin lifetime anisotropy from theBx Hanle. (a) Contact polar-
ization and τ‖TMD as a function of τ⊥TMD, the grey area corresponds to the values obtained from
the Gr regions. (b) Hanle in the parallel contact magnetization configuration with the back-
ground subtracted. The lines are fits to the solution of the Bloch equations for τ⊥TMD = 30 ps.

former is dominant (τ‖TMD ∝ 1/τiv , with τiv the effective intervalley scattering time
of the MoSe2/Gr heterostructure). In contrast, the out-of-plane spin relaxation is
mainly controlled by the momentum scattering in this system (τ⊥TMD ∝ 1/τp, with
τp the momentum relaxation time). The spin lifetime anisotropy can be calculated
using:

τ⊥TMD

τ
‖
TMD

=

(
λVZ

λR

)2
τiv
τp

+
1

2
(8.1)

where λVZ and λR are the valley Zeeman and Rashba spin-orbit coupling constants
[8]. These terms have been calculated by first principles as λVZ = −0.175 meV and
λR = 0.26 meV for a MoSe2/Gr heterostructure[7]. Our experimental observation
of spin lifetime anisotropy estimated as τ⊥/τ‖ ∼ 11, corresponds to an intervalley
scattering time of τiv ∼ 23× τp ≈ 2 ps (with τp = 0.076 ps). This value matches well
with the reported range for τiv in Gr, extracted from weak localization measurements
[13, 29].

8.3 Conclusions

In conclusion, we have reported the first direct observation of spin lifetime aniso-
tropy in a TMD/Gr heterostructure, consistent with the theoretical predictions of the
TMD SO-induced proximity effects in Gr [8]. The estimated out-of-plane spin relax-
ation time is one order of magnitude larger than that of the in-plane spins. This result
is explained by considering the dominant role of the intervalley scattering in the re-
laxation of the in-plane spins. The effect is attributed to the spin-valley coupling in
TMD/Gr as a consequence of the strong spin-orbit coupling in TMD, the significant
wavefunction overlap between Gr and TMD, and the associated inversion symmetry
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breaking. We have demonstrated that the manipulation of spin-transport in the Gr
channel is possible by controlled stacking of atomically thin building blocks, where
unprecedented insights into the nature of the spin-orbit interactions are provided by
a simple and novel approach in the spin precession experiments.

8.4 Supplementary information

8.4.1 Device fabrication

Graphene, v2 and hBN flakes are mechanically exfoliated from their bulk crystals
(supplier: HQ Graphene) onto a SiO2/Si substrate. We identify the monolayers of
Gr and MoSe2 and the bilayer of hBN by their optical contrast with respect to the
substrate [30]. To confirm the thickness of the layers, we performed AFM height
profile measurements. Subsequently, the bilayer hBN and monolayer MoSe2 flakes
are transferred on top of Gr on a SiO2 (300 nm)/doped Si substrate by a polymer-
based dry transfer technique using PC (Poly(Bisphenol A)carbonate) and a PDMS
stamp [22]. This technique, followed by cleaning steps of dissolving the PC in chlo-
roform and 12 hours of annealing in Ar/H2 flow at 350 ◦C, provides us with high
quality vdW heterostructure (bilayer hBN/monolayer MoSe2/Gr). Electrodes are
patterned by electron beam lithography on PMMA. Device fabrication is accom-
plished with evaporation of 65 nm Co in an electron beam evaporator (at a pressure
of 5.0× 10−7 mbar) and Lift-off in 30 ◦C acetone.

8.4.2 Electrical characterization

All the electrical measurements are performed in vacuum ( 10−7 mbar) at 75 K, using
a standard low-frequency (<20 Hz) lock-in technique and AC current of 100 nA to 5
µA. We perform local four-terminal measurements to evaluate the charge transport
properties of Gr and TMD/Gr channels (Figure 8.6). These measurements show n-
type doping of the Gr channel in our device. We can calculate the electron mobility
(µ) in Gr, with Equation 8.2 [31] from the conductivity as a function of charge carrier
density (n) which includes both long and short-range scattering.

σ =

(
1

neµ+ σ0
+ ρs

)−1

(8.2)

In this equation, ρs is the contribution to resistivity from short-range scattering and
σ0 is the residual conductivity at the charge neutrality point. The extracted values
for the electron mobility at 75 K are about 5570 cm2/(Vs) and 4610 cm2/(Vs) in the
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Gr and TMD/Gr regions, respectively. We can calculate the momentum scattering
time (τp) from the charge transport coefficients, using the following equation [32]:

τp =
hσ

2e2vF
√
πn

(8.3)

where h, vF and n are the Planks constant, Fermi velocity and the density of charge
carriers, respectively. We obtain the values of τGrp = 0.09 ps and τTMD/Gr

p = 0.076 ps
at Vg = 0 V for momentum scattering in Gr and TMD/Gr regions, respectively. From
the charge transport measurements, it is possible to obtain information on the band
alignment of TMD and Gr in these heterostructures, that is one important param-
eter that should be taken into account to design these devices. Based on the local
four-terminal charge transport,the reported band alignment of Gr/MoS2 [33] and
the calculated band-offsets of MoS2 and MoSe2 [34], we conclude that the Fermi
level of the (n-doped) Gr channel is within the band gap of the monolayer MoSe2.
Theoretical studies have shown that because of the insignificant dipole formation
at the TMD/Gr interface, the valid level alignment can be obtained by aligning the
vacuum levels of the isolated layers [35]. Moreover, the presence of the bilayer hBN
as tunnel barrier layer between MoSe2 and Co electrode eliminates chemical inter-
action between the metal contact and TMD, thus reduces the Fermi-level pinning at
the interface. In these heterostructures, due to the absence of the dangling bonds on
the exfoliated layers of Gr and MoS2, formation of sharp and high quality atomic
interfaces is expected. However, each material preserves its individual electronic
properties due to the weak interaction between the layers [36].
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Figure 8.6: Charge transport measurements in Gr and TMD/Gr regions. Square resistance
(Rsq) of the Gr channel as a function of gate voltage, measured by local four-terminal geom-
etry on pristine Gr and across MoSe2-covered Gr at 75 K. To obtain the Rsq of the TMD/Gr
region, with use the voltage probes of C4 and C5 and we subtract the contribution of the bare
Gr regions between the contacts. Contacts are numbered in the inset.
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8.4.3 Contact resistances

By three-terminal measurements, we evaluate the resistance of the electrical contacts
with bilayer hBN tunnel barriers. The contact resistances on hBN/Gr vary in the
range of 3 to 11 kΩ at RT and the range of 5 to 13 kΩ at 75 K. These values guarantee
the impedance matching for the spin transport measurements and therefore, negli-
gible back-flow induced spin-relaxation [37]. The average resistance area product
(RA) of these contacts is estimated as 6.6 and 11.4 kΩ×µm2 at RT and 75 K, respec-
tively. The range of the contact resistance, together with the high efficiency of the
spin injection/detection (with average contact spin polarization of 40%), confirms
that the tunnel barrier is bilayer hBN [23]. The average resistance area product of the
contacts on hBN/MoSe2/Gr is about 4.5 kΩ×µm2 at RT and about 64 kΩ×µm2 at
75 K.
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Figure 8.7: Local magnetoresistance measurements at 75 K and Vg = 0 V. Rsq measurement
as a function of Bz , measured (a) on the pristine Gr channel (with C1 and C6 as the voltage
probes) and (b) on the MoSe2-covered Gr region (with both voltage probes on TMD, C7 and
C8). Contacts are numbered in Figure 8.6.

8.4.4 Local magnetoresistance measurements

Four-terminal local magnetoresistance (MR) is measured as a function of out-of-
plane magnetic field (Bz) to determine the behavior of the background signal. The
measurement done on the pristine Gr channel (Figure 8.7(a)), shows a peak and a dip
at low magnetic fields, representing the contribution of spin signal in the parallel and
antiparallel configuration of the contacts. Therefore in this local four-terminal, we
are measuring both charge and spin transport due to the high spin polarization of the
contacts. The local magnetoresistance measurement done on MoSe2/Gr (Figure 8.7),
shows a different dependence of resistance versus magnetic field than what is shown
in the main manuscript. This behavior of magnetoresistance in the MoSe2/Gr chan-
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nel, confirms that the observed change in the non-local resistance cannot be related
to the background signals. The asymmetric component to the measured MR, can be
attributed to the longitudinal Hall effects [38], most probably caused by the effect of
the bubbles on the charge transport in the sample.

8.4.5 Models used for extraction of spin transport parameters

Uniform model

In this work, we have fitted the Hanle precession curves using the solution of the
time-independent Bloch equations for a uniform system with spin lifetime aniso-
tropy [25, 26, 28].

Ds
d2µsx
dx2

− µsx
τ‖

+ γByµsz − γBzµsy = 0

Ds
d2µsy
dx2

− µsy
τ‖

+ γBzµsx − γBxµsz = 0

Ds
d2µsz
dx2

− µsz
τ⊥

+ γBxµsy − γByµsx = 0

(8.4)

Where−→µ s = (µsx, µsy, µsz) is the 3D spin accumulation,Ds is the spin diffusion coef-
ficient, τ‖ and τ⊥ are the in- and out-of-plane spin relaxation times, respectively and
γB = gµBB/~ is the Larmor frequency with g the Land factor, µB the Bohr magne-
ton and ~ the reduced Planck constant. In our devices, the ferromagnetic contacts go
all the way across the channel. This makes the spin accumulation constant over the
sample width (Ws) and allows us to base our analysis on the 1D case (x-dependent).
Now we add the effect of a Co spin injector (with a bilayer hBN tunnel barrier) that
injects a spin current of Is = I · Pinj , polarized in the y direction (determined by its
shape anisotropy), where I is the charge current and Pinj is the polarization of the
injector contact. This can be done by introducing a discontinuity of IPinj magnitude
in the spin current Is = Ws/(eRsq)dµs/dx where Ws is the width of the graphene,
Rsq is the square resistance of the graphene channel and e is the electron charge.
When the spin injector is placed at x = 0, if we apply a B field in the z direction, the
spins precess in the x-y plane and the spin accumulation µsy at x = L is:

µsy =
PinjeIRsq

2Ws
Re

e−L√(Dsτ‖)−1−i γBDs√
(Dsτ‖)−1 − iγBDs

 (8.5)

This spin accumulation causes a nonlocal voltage that can be detected by a contact
with spin polarization Pdet, and can be normalized to obtain the nonlocal resistance
Rprec = ±µsyPdet/2eI [25]. The solution given above is with the assumption that
the contact magnetizations are pointing in the y direction during the whole Hanle
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sweep. However, when the field is high enough, the magnetization of contacts can
be pulled to the z direction by the magnetic field (Bz). In this case, the total measured
spin signal will be:

Rnl = Rpreccos(θinj)cos(θdet) + sin(θinj)sin(θdet)
PinjPdetRsq

√
Dsτ⊥

2Ws
e−L/

√
Dsτ⊥

(8.6)
where θinj(θdet) are the angle between the magnetization of the injector (detector)
and the y direction. In our fitting functions we have used Equation 8.6 assuming that
the contacts behave according to the Wohlfarth-Stoner model under a perpendicu-
lar magnetic field. This means that the z component of the contact magnetization
is linear with the applied magnetic field (Mz = MB/Bsat, where M is the contact
magnetization) until the saturation field Bsat is reached and the contact magnetiza-
tions point to the B direction [27]. The model shown above has been used to fit the
Hanle curves obtained in the pristine graphene regions with both magnetic fields in-
plane (Bx) and out-of-plane (Bz). However, in our device there is a region covered
by TMD. As a consequence, the spin relaxation time extracted from a fit Equation 8.6
will be affected by the TMD-covered region. To take that into account, we call the
spin lifetimes extracted from this analysis ”effective” spin lifetimes.

Four-region model

To obtain the spin transport properties of the different regions in the sample from the
”effective” spin transport parameters, extracted by the fits to the uniform model, we
have used two different models that account for the regions with different transport
properties:

Isotropic model

When the magnetic field is applied perpendicular to the graphene plane (Bz), as
described above, the spin precession occurs in the x − y plane and the spin lifetime
anisotropy does not affect the spin precession. In this case, the anisotropy becomes
relevant only whenBz is high enough to pull the contact magnetization out of plane.
The signal in this field range is ruled by the spin lifetime in the z direction. In this
case, we have created a model that accounts for our device geometry (Figure 8.8(a)).
In particular, our model has 4 different regions (I, II, III and IV) that are assembled in
the following way: Region I is in the left side of the injector, placed at x = 0. Region
II is at the right side of the injector and it connects the region under the spin injector
with the TMD-covered region. Region III is the Gr channel covered with TMD and
has different spin and charge transport parameters from the others. Finally, region
IV is at the right side of the TMD-covered region and it has the same spin transport
properties of the other outer regions. In conclusion: Regions I, II, and IV have same
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square resistance (RGr), diffusion coefficient (DGr), and spin lifetime (τGr). Region
III has a square resistance (RTMD), diffusion coefficient (DTMD), spin lifetime out-of-
plane (τ⊥TMD) and spin lifetime in-plane (τ‖TMD). We match the adjacent regions, by
using the following solutions of the Bloch equations:

µsj = Aje
x/λ
√

1+iγBτr +Bje
x/λ
√

1−iγBτr + Cje
−x/λ

√
1+iγBτr +Dje

−x/λ
√

1−iγBτr

(8.7)
Where j is the direction of the spin accumulation (i.e. x or y) and τr is the spin
lifetime of region r. (τGr for the pristine graphene and τ

‖
TMD for the TMD-covered

part). To connect the different regions we use the following boundary conditions:

• The spin accumulation µsj is continuous in all the junctions.

• The spin currents defined as Is = Ws/(eRsq)dµsj/dx are continuous every-
where apart from the spin injector, where there is a discontinuity of IPinj .

• The spin accumulation vanishes at x→ ±∞.

Using these three conditions [39, 40] we obtain a system of 12 equations with 12
unknown parameters Ai −Di that we solve to obtain the spin signal at x = L.

Anisotropic model

When we apply a magnetic field in the x-direction and measure the spin signal across
the TMD-covered region, the low-field spin precession data is strongly affected by
the spin lifetime anisotropy. In this case, to solve the Bloch equations in a four-
region model that accounts for the anisotropy of region III, we have used a finite dif-
ference calculation that implements an implicit Runge-Kutta method (Matlab). By
using the same boundary conditions as shown in the previous section and includ-
ing the effect of the contacts being pulled in the magnetic field direction, using the
Wohlfarth-Stoner method, we can extract Hanle precession curves such as the one in
Figure 8.4(b) of the main manuscript.

8.4.6 Hanle precession in pristine graphene with Bz

Here we compare Hanle spin precession in pristine Gr, measured by three detectors
with different distances from the TMD/Gr region (Figure 8.6). As the detector con-
tact gets closer to the TMD/Gr region, we observe a considerable increase in the ratio
of out-of-plane spin signal versus that of in-plane (Figure 8.8(b)).
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Figure 8.8: Hanle precession in pristine Gr with Bz . (a) Schematic picture of the modelled
device geometry. (b) Rnl measurement, done with contact C1 as the spin injector and con-
tact C6, C3 and C4 as the detectors, with injector-detector distances of L(C1− C6) = 0.7 µm,
L(C1− C3) = 2.1 µm and L(C1− C4) = 2.9 µm. The inset shows the normalized value of
Rnl with respect to the detected signal at B = 0 T. This comparison is showing an increase in
ratio of out-of-plane/in-plane spin-signal as the detector contact gets closer to the TMD/Gr
region. (c) and (d) are ∆Rnl/2 = (Rp −Rap)/2 as a function of Bz with the fit to the uniform
model for measurement done on L(C1− C6) and L(C1− C3), respectively. (e) and (f) are
the precession curves simulated by the four-region model and using the parameters shown in
Table 8.2 and the fits with the uniform model. The large polarization obtained in (c) is most
likely caused by the underestimation ofDs due to the fact that L(C1− C6) is shorter than the
spin relaxation length. The errors of data points (small jumps in Rnl) at ∼ ±1 T in (c) and (d)
are related to a small displacement of the magnet poles



8

105

The parameters extracted by fitting the experimental data with the uniform model
(Figure 8.8(c) and (d)), are reported in Table 8.1, showing an increase in spin diffusion
coefficient and decrease in spin-relaxation time as the detector contact gets closer to
the TMD/Gr region (The estimated charge diffusion coefficient from charge trans-
port is Dc = 0.032 m2/s). This observation confirms the role of the TMD/Gr region
as a spin-sink only for the in-plane spins.

Table 8.1: Spin transport parameters, extracted from fits to the uniform model of the Hanle
precession measurements, obtained in pristine Gr with Bz

Detector N Distance Ds(m2/s) τs (ps) Out-of-plane/In-plane
detector-TMD spin signal

1 3 0.015 170 1.47
2 1.7 0.024 154 1.75
3 0.8 0.034 146 2.17

Table 8.2: Parameters used to simulate the Hanle measurements in pristine Gr using the four-
region model. RGr , DGr and τGr respectively are the square resistance, charge diffusion co-
efficient and spin lifetime of regions I, II and IV . RTMD, DTMD and τ

‖
TMD respectively are

the square resistance, charge diffusion coefficient and in-plane spin lifetime of the TMD/Gr
region with the length of LTMD. L(inj − enc) is the distance from the spin injector to the
TMD-covered region.

RGr RTMD DGr DTMD τGr τ
‖
TMD LTMD L(inj − enc)

(Ω) (Ω) (m2/s) (m2/s) (ps) (ps) (µm) (µm)
451 354 0.032 0.053 180 40 2 3.8

We can simulate the Hanle precession curves with the four-region Isotropic model
and account for the spin sinking effect. We use the spin lifetimes, extracted by the
uniform model for the detectors VC6 (L(C1− C6) = 0.7 µm) and VC3 (L(C1− C3) =

2.1 µm), as the preliminary parameters for generating the Hanle curves (Black line +
symbol in Figure 8.8(e) and (f)). This simulation is done by using the charge transport
parameters, reported in Table 8.2. Then by fitting the obtained curves with Equation
8.6 (uniform model), we estimate that if τGr = 180 ps and τ

‖
TMD = 40 ps, the spin

lifetime extracted for L = 0.7 µm and L = 2.1 µm is 171 ps and 154 ps, respectively
(red lines in Figure 8.8(e) and (f)).

These values are in perfect agreement with the values obtained from the fitting
of the experimental data. Thus we conclude that, 180 ps is a good estimate for the
spin lifetime of the pristine Gr region.
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8.4.7 Hanle precession in pristine graphene with Bx

Here we show the Hanle precession curves obtained by applying Bx. The injec-
tor (C1) is placed at a distance of 3.8 µm from the edge of the TMD/Gr region
and the detector C6 and C3 are placed at a distance of L(C1− C6) = 0.7 µm and
L(C1− C3) = 2.1 µm from the injector (C1), respectively (Figure 8.9(a)). To ob-
tain the spin transport parameters of the different regions we use the following
procedure: We fit the Hanle curves to the Bloch equations for the uniform sys-
tem and extract the effective spin lifetimes (Figure 8.9(b) and (c)). Here, we obtain
τeff = 210± 8 ps for L(C1− C6) and τeff = 160± 50 ps for L(C1− C3), where the
errors are determined from the fitting procedure. The large error bars, extracted
from this analysis, do not allow us to determine the effect of the TMD/Gr region in a
very accurate way. However, we can still use this model to confirm that the different
measurements (with Bz and Bx) create a consistent picture and our approximations
are justified. To do so, we use the four-region model to simulate the Hanle curve
in this geometry (using the charge transport parameters, reported in Table 8.3) and
then we fit the modelling result with the uniform model and extract the effective
spin lifetime. As a result, we obtain an effective lifetime of 191 ps for L = 0.72 µm
and 180 ps for L = 2.06 µm (Figure 8.9(d) and (e)), indicating that τ‖TMD = 2 ps and
τGr = 210 ps are good estimates for our device. We found that this result is not very
sensitive to τ‖TMD variations within the range from 2 to 5 ps. The other parameters
are shown in Table 8.3.

8.4.8 Hanle precession across the TMD/graphene region with Bx

Apart from the measurements discussed in the main manuscript we also carried
out measurements in different contact configurations. We measure Hanle preces-
sion with a different contact configuration in which contact C4 is the injector and C5
is the detector (L(C4− C5) = 4.1 µm). We observe that the resulting Hanle curves
(Figure 8.10(a)) have different shapes compared with the ones shown in the main

Table 8.3: Parameters used to simulate the Hanle curves with Bx using the four-region model
in the geometry of Figure 8.9(a). RGr , DGr and τGr respectively are the square resistance,
charge diffusion coefficient and spin lifetime of regions I, II and IV. RTMD, DTMD, τ⊥TMD and
τ
‖
TMD respectively are the square resistance, charge diffusion coefficient out-of-plane and in-

plane spin lifetime of TMD/Gr region (III). TTMD is the length of the TMD-covered region and
L(inj − enc) is the distance from the spin injector to the edge of the TMD-covered region.

RGr RTMD DGr DTMD τGr τ
‖
TMD LTMD L(inj − enc)

(Ω) (Ω) (m2/s) (m2/s) (ps) (ps) (µm) (µm)
377 706 0.046 0.038 210 210 2 3.8
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Figure 8.9: Hanle precession with Bx in Gr. (a) Schematic illustration of the measurement
geometry (Contacts are numbered according to Figure 8.6).Rnl measured as a function of Bx
and fits with four-region model, with C1 as injector and (b) C6 as the detector, and (c) C3 as the
detector. The magnetic field for the saturation of contacts in x direction (Bsat) is considered
about 0.2 T and 0.28 T for the fittings. (d) and (e) are the precession curves simulated applying
the four-region model and using the parameters shown in the Table 8.3 and the fits with the
uniform model.

manuscript. This behaviour can be explained by considering the contribution of the
outer contacts. If we take into account the fact that the polarization of contact C4
is smaller than the polarization of one of the outer contacts, the contribution of the
outer contact becomes relevant. We can understand some of these features, con-
sidering saturation of the inner contact (C4) at Bx = 0.18 T. This saturation field is
known from two-terminal in-plane Hanle precession measurements and indicates
that the extra features at higher fields are caused by an outer contact which is not
completely saturated in this range. For the case of the injector C5 and detector
C2 (Figure 8.10(b)), the relative contribution of the outer contact becomes smaller
which indicates that the polarization of the contact C2 is higher than that of C4.
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Figure 8.10: Hanle precession across TMD/Gr region with Bx. (a) Rnl is measured as a func-
tion ofBx, with C4 as injector and C5 as detector. The contribution of the outer contact creates
4 levels of Hanle curves. The corresponding lateral spin-valve measurement is shown in the
inset. (b) Rnl is measured as a function of Bx, with C5 as the injector and C2 as the detector.
Contacts are numbered in Figure 8.6. The background resistance is not subtracted.

However, the Hanle measurement still shows four levels that are slightly different,
which is again attributed to the contribution of the mentioned outer contact. Here
we only consider the intermediate levels (red and blue curves, also shown in the
main manuscript), analysis of which with the four-region anisotropic model gives
the lower bound for the lifetime anisotropy.

8.4.9 Gate dependence of the spin signal

Spin-transport in the pristine Gr channel is measured at different gate voltages (Vg)
with doped Si as back-gate, using 300 nm SiO2 (not shown here). The magnitude of
the spin-signal in Gr follows the variation of the channel resistance as a function of
Vg . By tuning the Vg from 0 V to -60 V (towards the neutrality point), we observe
about two times increase in the spin signal as the Gr channel resistance increases
by three times. Moreover, we evaluate the modification of spin-transport across the
TMD/Gr region when the gate voltage is changed. The band alignment between Gr
and MoSe2 is expected to bring the Fermi-level in the bandgap of MoSe2. By tuning
the electric field applied by the gate voltage, we can potentially shift the position of
Fermi level in the band structure of MoSe2. However, experimentally, in the range
of Vg from -40 V to +40 V, we do not observe considerable change in the magnitude
of the in-plane spin signal which rules out the TMD spin absorption as the spin re-
laxation mechanism in our sample. Namely, in Figure 8.11, we show the anisotropic
Hanle precession measurements with Bx, measured across TMD/Gr region at differ-
ent gate voltages. We observe that the ratio of the spin signal atBx = 0 T with respect
to the spin signal at Bx = 0.1 T (generated by precession of spins in the y-z plane),
changes less than a factor of 2 in the full range of gate voltages. These measurements
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Figure 8.11: Gate dependence of Bx induced Hanle precession measurement across TMD/Gr.
Measurement of Rnl as a function of Bx at different back-gate voltages at 75 K. The distance
between the spin injector (C3) and the spin detector (C5) is L(C3− C5) = 5 µm. Contacts are
numbered in Figure 8.6.

together with the fact that the spin resistance in monolayer TMD is much larger than
that of Gr, confirms that the spin transport in the monolayer TMD/Gr heterostruc-
ture is modulated by the proximity effect of the TMD but not by spin absorption.

8.4.10 Spin lifetime anisotropy in a WSe2/graphene heterostructure

We observe similar behaviour of the nonlocal magnetoresistance versusBz in a mono-
layer WSe2/Gr heterostructure. Here we show the optical microscope and AFM
images of the Gr flake, fully covered by monolayer WSe2, on a SiO2(300 nm)/Si sub-
strate (Figure 8.12(a)).The results of spin-transport at 75 K in the fabricated device
with TiOx/Co contacts are shown in Figure 8.12. These measurements demonstrate
a very small magnitude of in-plane spin signal of about 0.9 mΩ, detected over a
1.5 µm WSe2/Gr channel in the conventional spin valve geometry. This spin valve
measurement shows the switch of magnetization of only one of the inner contacts
(injector or detector), meaning that the magnetization of the other contact is pinned
and does not change by the magnetic field along the Co easy axis. Hanle measure-
ments show that as Bz increases and the magnetization of the Co contacts starts
getting pulled out of Gr plane, the Rnl signal increases due to the contribution of
out-of-plane spins. This observation is in agreement with our results on monolayer
WSe2/Gr, reported in the main text. Since the graphene channel is fully covered with
WSe2, we can apply the uniform model to extract the spin-transport parameters. The
fit to the solution of Bloch equations for the Hanle precession (subtraction of parallel
and antiparallel curves (∆Rnl/2), shown in the inset of Figure 8.12(b)) gives a value
of about 11 ps for the in-plane spin lifetime. By extrapolation of the Rnl signal to
the saturation magnetic field of Bz = 1 T, we estimate the spin lifetime anisotropy
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Figure 8.12: Anisotropic spin transport measurement on a monolayer WSe2/Gr heterostruc-
ture. (a) Optical microscope and AFM image of a monolayer WSe2/Gr heterostructure and
sketch of the device geometry, (b) Nonlocal magnetoresistance (Rnl) measurement as a func-
tion of Bz in the device based on monolayer WSe2/Gr on SiO2(300 nm)/Si substrate with
TiOx/Co contacts. The corresponding nonlocal spin-valve measurement and the subtraction
of parallel and antiparallel states of Hanle precession with the fit to uniform model are shown
in the insets. The measurements are done with Iac = 100µA and at Vg = 40 V for reduction
of the noise level. The asymmetric component in the measured Hanle curves is attributed to
longitudinal Hall currents caused by the nonhomogeneity of the TiOx barriers.

of τ⊥/τ‖ ≈ 40. Considering the relation [8] of τ⊥/τ‖ ≈ (λV Z/λR)2(τiv/τp) and the
values of λV Z = 1.2 meV and λR = 0.56 meV for WSe2/Gr [7], we obtain a relatively
strong intervalley scattering of τiv ∼ 8.7× τp ∼ 0.47 ps because τp ≈ 0.054 ps in this
system.
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Chapter 9

Observation of spin-valley cou-
pling induced large spin lifetime anisotropy in
bilayer graphene
Published as: J.C. Leutenantsmeyer, J. Ingla-Aynés, J. Fabian & B.J. van Wees – Physical Review Letters

121, 127702 (2018).

Abstract

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 (τ⊥) and in-plane (τ‖) spin lifetimes by oblique Hanle spin precession. At 75 K
and the charge neutrality point (CNP) we observe a strong anisotropy of τ⊥/τ‖ = 8 ±
2. This value is comparable to graphene/TMD heterostructures, whereas our high quality
BLG provides with τ⊥ up to 9 ns, more than two orders of magnitude larger than the
graphene/TMD case. The anisotropy decreases to 3.5 ± 1 at a carrier density of n =
6 × 1011 cm−2. Temperature dependent measurements show above 75 K a decrease of
τ⊥/τ‖ 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 µeV at the CNP.

9.1 Introduction

Coupling between the electronic spin and valley degree of freedom arises in materi-
als 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. Due
to 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 TMD and measured using spin [5–7] and charge transport [8–10]. However, it
remains a question if similar behaviour can be observed in pristine graphene devices.

BLG has an intrinsic spin-orbit coupling (SOC) of λI ∼ 12 µeV, which points
out of the BLG plane. A perpendicular electric field, induced by asymmetric crystal
alignment, gating and/or doping, breaks the inversion symmetry and, as a conse-
quence, the intrinsic SOC induces an out-of-plane spin splitting of 2λI ∼ 24 µeV at
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the K points [11]. The splitting has opposite sign in K and K’ and therefore a val-
ley dependence. Recent ab-initio calculations show that the encapsulation of BLG
in hexagonal boron nitride (hBN) preserves the presence of the spin splitting with a
similar magnitude [12].

Thermal broadening and inhomogeneities due to doping fluctuations [13] pre-
vent the direct measurement of such a small spin splitting in conventional charge
transport experiments. However, spin precession experiments can resolve spin split-
tings much smaller than kBT, if the splitting extends over a sufficiently large re-
gion 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 τ‖ is inversely proportional to the intervalley scattering time,
τ‖ ∝ λ2

I/τiv [5]. Hence, τ‖ 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, 18] that affect both in-plane and out-of-
plane (τ⊥) spin lifetimes. Therefore, spin relaxation in BLG is a result of an interplay
between 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 (τ⊥/τ‖)
is expected to depend strongly on n near the CNP [11, 19] allowing the electrical
control of the spin lifetime anisotropy.

9.2 Results and discussion

Here we study τ⊥ and τ‖ in fully hBN encapsulated BLG using oblique spin preces-
sion. Our results show that, in contrast with monolayer graphene [17, 18, 32, 42],
at temperatures below 300 K, the ratio τ⊥/τ‖ is significantly above 1 over the full
measured range of n. At 75 K we observe a dependence of τ⊥/τ‖ on the carrier con-
centration which increases from 3.5 ± 1 at n = 6 × 1011 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 two orders of magnitude larger [20–25]. These results
show that small spin-orbit fields can induce sizeable effects on the spin relaxation
and indicate that the spin relaxation in our devices is limited by λI and Rashba SOC.

The device is shown in Figure 9.1 where the BLG is protected from contamination
by a trilayer hBN tunnel barrier on top and a 5 nm thick bottom hBN flake below
[26]. The stack is deposited on a 90 nm SiO2/Si wafer which is used as a backgate.
Ferromagnetic cobalt contacts are defined using standard e-beam lithography and
e-beam evaporation techniques and are used for spin injection and detection. The
contacts are non-invasive with a resistance-area product of 2 MΩµm2. With a back-
gate we tune the carrier concentration from the hole regime, slightly beyond the
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Figure 9.1: (a) Schematic and (b) optical image of the device geometry. BLG is encapsulated
by a 1 nm thick hBN tunnel barrier (t-hBN) and a 5 nm (b-hBN) flake. A low frequency AC
current (IAC ) injects a spin accumulation into the BLG. The non local signal (Vnl) is measured
using standard lock-in technique. The precession of injected in-plane spins around the mag-
netic field Bβ is illustrated in the encapsulated BLG channel. Note that the outer reference
contacts (R) are not covered by the hBN tunnel barrier. The injector (I) and detector contact
(D) used for the measurements discussed in the main text are labeled and have a spacing of d
= 7 µm. (c) Gate voltage and carrier concentration dependence of the BLG square resistance.

CNP (2× 1011 cm−2) up to 6× 1011 cm−2 in the electron regime. The CNP is at VBG
= -2 V applied to the backgate, indicating a small background doping. The electric
field at the CNP is estimated to be between 40 and 80 mV/nm (see Section 9.4.12).
Note that the application of large electric fields (above 2 V/nm) to BLG can result in
bandgaps up to 200 meV [27–29]. However, the small fields applied to our sample
lead to bandgap openings significantly smaller than kBT and are neglected in our
analysis.

The mobility µ of the sample is 12 000 cm2/Vs at n = 4 × 1011 cm−2 obtained
using µ = 1/e dσ/dn where σ is the conductivity and e the electron charge. The
charge diffusion coefficient is Dc = 260 cm2/s, which is in agreement with the spin
diffusion coefficient Ds = (210 ± 50) cm2/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 mea-
surement current a DC bias current of -0.6 µA to the trilayer hBN barrier [30, 31].
Note that the negative bias applied to the injector causes a sign change in the spin
polarization of the injector and therefore in Rnl. For comparison with conventional
Hanle curves, we have inverted the sign of Rnl.
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Figure 9.2(a) to (c) shows the experimental results obtained from oblique Hanle
spin precession experiments (see Figure 9.1(a) for the schematics of the measure-
ment) at three different carrier densities. The data shown in panels (a) and (d) is
measured at n = 6 × 1011 cm−2, (b) and Figure 9.2(e) at n = 4 × 1011 cm−2, whereas
the data in (c) and (f) is measured at the CNP.Rnlβ is defined as the spin signal where
the spin accumulation perpendicular to the magnetic field Bβ is fully dephased. We
extractRnlβ from the experiment by averagingRnl between 50 and 100 mT, indicated
by the gray area at low magnetic fields in Figure 9.2(a) to (c).
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Figure 9.2: Oblique Hanle spin precession data for n = 6×1011 cm−2 ((a), (d)), n = 4×1011 cm−2

((b), (e)) and the CNP ((c), (f)). Rnl0 denotes the non local resistance at zero field and Rnlβ the
non local resistance where the perpendicular spin component has fully dephased. Rnlβ is
obtained by averaging Rnl over the shaded area (50 - 100 mT). Panels (d) - (e) show the com-
parison between the the ratios Rnlβ/Rnl0 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 of 9.3 Ω, 18 Ω and 17.8 Ω subtracted.

The spins are injected collinear to the in-plane magnetization of the ferromagnetic
electrode with efficiency P. Since only the component parallel to Bβ is conserved,
the injection and detection efficiencies for the measured spins become P× cos(β).
Consequently, Rnlβ is proportional to cos2(β). Therefore, at β = 45◦, one would
expect Rnlβ to be reduced by 50% compared to Rnl0 in an isotropic system. We find
at 75 K that at all different carrier concentrations in Figure 9.2(a) to (c), Rnlβ/Rnl0
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is clearly above 0.5 for β = 45◦, which can only be the case if τ⊥/τ‖ > 1. This can
be seen from Equation 9.1, which can be used to quantify the degree of anisotropy
[32, 33]:

Rnlβ
Rnl0

=

√
τβ
τ‖

exp

[
−L
λ‖

(√
τ‖

τβ
− 1

)]
cos2 (β) (9.1)

τβ
τ‖

=

(
cos2(β) +

τ‖

τ⊥
sin2(β)

)−1

(9.2)

However, this model is only applicable for a channel significantly longer than both
in-plane and out-of-plane spin relaxation length. The out-of-plane spin relaxation
length (∼12 µm) is longer than the closest spacing between sample edge and the
injector (8 µm). 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 numerically. Furthermore, we include both the effect of
Bβ on the contact magnetization direction using a Stoner-Wohlfarth model and the
influence of the finite resistances of the reference contacts, Section 9.4.10 [34, 35]. The
Hanle precession curves are simulated for different ratios τ⊥/τ‖ and different angles
β. We obtain Rnlβ/Rnl0 from the simulated curves using the same procedure as for
the experimental data.

The resulting curves are shown in Figure 9.2(d) to (f) where the red solid line
represents the best fit to the data. The gray areas correspond to the estimated er-
ror margin with the annotated values. The case of an isotropic system is shown by
the dotted gray lines. We find τ⊥/τ‖ to be 3.5 ± 1 (n = 6 × 1011 cm−2), 5 ± 2 (n =
4 × 1011 cm−2), and 8 ± 2 (CNP). We have measured and analysed different contact
spacings and different injector/detector contact pairs which all showed a consistent
behaviour and are discussed in Section 9.4.4.

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 mak-
ing Rnl sensitive to the spin lifetime anisotropy. The data measured up to a large
B⊥ is shown in Figure 9.3 together with the simulated Hanle curves. It should be
noted that for all carrier concentrations Rnl(B⊥ = 1.1 T) clearly exceeds Rnl(B⊥ =
0 T), which is a direct consequence of τ⊥ > τ‖. The Hanle curves are simulated for
different τ⊥/τ‖ ratios, where the gray lines represent the isotropic case. We attribute
the difference between the low (Figure 9.2) and high field analysis (Figure 9.3) to two
origins. Firstly, our simulations use a simple out-of-plane shape anisotropy model
to describe the rotation of the electrode magnetizations under B⊥ whereas the mag-
netization behaviour can deviate from the idealized system. Secondly, 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 Section 9.4.8
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Figure 9.3: High field Hanle spin precession curves at β = 90◦ and T = 75 K for the three
discussed carrier concentrations. We simulate the spin precession using the parameters from
Figure 9.2. 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 Figure 9.2 has been
subtracted.

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 τiv from the extracted τ‖ and τ⊥ by
assuming a Dyakonov-Perel type of spin relaxation as predicted theoretically [5, 15]:

1

2τ⊥
+

(
2λI
~

)2

τiv =
1

τ‖
(9.3)

where 1/τ⊥ = 2λR/~ with the Rashba SOC λR. The relevant spin and charge trans-
port parameters are shown in Table 9.1. We observe the shortest τiv at the CNP,
which we attribute to two origins: Firstly, λI is 12 µeV at the CNP but decays quickly
with increasing momentum from the CNP [11]. As a consequence, the effective λI
is smaller than 12 µeV and our extracted τiv should be seen as lower bound. Sec-
ondly, 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. τiv
becomes an effective parameter (τ∗iv) determined by both intervalley and interband
scattering (τib), τ∗−1

iv = τ−1
ib +τ−1

iv . Note that the values of λI from Table 9.1 are calcu-
lated in pristine BLG with an applied electric field of 25 mV/nm [11]. The accurate
determination of λI from first principles requires the knowledge of the alignment
between the crystal planes of hBN and BLG. However, preliminary ab-initio calcula-
tions support the presence of a spin splitting in the range of 24 µeV at the K and K’
points in hBN encapsulated BLG under small electric fields [12].

It should be mentioned that our out-of-plane spin lifetimes in BLG (up to 9 ns)
are close to the largest measured lifetimes of 12 ns in SLG [36]. Therefore, the spin re-
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T VBG n Rsq Ds τ‖ τ⊥ τ⊥/τ‖ λI λR τiv τp
K V cm−2 Ω cm2/s ns ns µeV µeV ps fs

75 -2 CNP 1550 100 1.1 8.8 8 12 - 0.6 -
75 0 4×1011 900 180 1.9 9.4 5 2 6.5 12 280
75 +1 6×1011 750 210 1.7 6.1 3.5 1 9 45 220

300 0 4×1011 510 300 1.2 1.4 1.2 2 13 4 400

Table 9.1: Spin and charge transport parameters of the discussed device. τiv is calculated
using Eq. 9.3. The density dependence of λI is extracted from [11] at a constant electric field
of 25 mV/nm. The momentum scattering time τp is obtained assuming Ds = Dc = v2F τp/2,
where vF is the Fermi velocity.

laxation length becomes comparable to the device size and uncertainties, such as the
spin lifetime in the adjacent uncovered BLG regions, can affect the analysis. More-
over, 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
τ‖ and τ⊥ in BLG [37–39]. Lastly, we discuss the temperature dependence of the spin
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Figure 9.4: (a) Temperature dependence of the ratio Rnlβ/Rnl0 measured at β = 45◦. The
trend towards Rnlβ/Rnl0 = 0.5 with increasing temperature implies that the anisotropy de-
creases. (b) Extraction of the τ⊥/τ‖ for T = 300 K analogous to Figure 9.2. We conclude that
τ⊥ ∼ τ‖ at room temperature.

lifetime anisotropy. The carrier density dependence of τ⊥/τ‖ at T = 5 K is discussed
in Section 9.4.5 and gives comparable results to T = 75 K (τ⊥/τ‖ = 2 at 6× 1012 cm−2

and τ⊥/τ‖ = 8 at the CNP). Figure 9.4(a) shows the ratio Rnlβ/Rnl0 measured at an
angle of β = 45◦ and zero backgate voltage (n = 4× 1011 cm−2, measured at 5 K and
75 K). We observe a continuous decrease of Rnlβ/Rnl0 as the temperature increases.
At room temperature Rnlβ/Rnl0 is close to 0.5, which corresponds to an isotropic
system where τ⊥/τ‖ ≈ 1. The full angular dependence of Rnlβ/Rnl0 at T = 300 K
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is shown in Figure 9.4(b). We extract here τ⊥/τ‖ = 1.2, where we estimate the error
margin to be between 1 and 1.4. Due to 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× 1011 cm−2. We calculate τp ≈ 0.4 ps
∼ τiv/10 indicating that the decrease of anisotropy at 300 K is caused by the decrease
of τiv . Note that the thermal broadening at 300 K causes a sizeable spread in mo-
menta that can lead to lower lifetime anisotropies because λI diminishes fast with
increasing n.

Theoretical calculations predict in contrast to our results a maximum of the an-
isotropy around 175 K [19]. 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 observa-
tions, which we attribute to two main differences between theory and experiment.
Firstly, the calculations are performed at n = 3 × 1012 cm−2, which is significantly
above n for our device. As we have demonstrated in this letter, the anisotropy is
strongly affected by n. Secondly, our device is fully encapsulated in hBN, which
can affect the phonon modes in BLG. At room temperature, these calculations pre-
dict τ⊥/τ‖ above 50 with τ‖ greater than 10 ns, whereas we find an almost isotropic
system and τ‖ = 1.2 ns.

9.3 Conclusion

In summary, we have studied the spin lifetime anisotropy in BLG by oblique spin
precession. τ⊥ is found to be up to 8 times larger than τ‖ at the CNP. The anisotropy is
found to decrease with increasing carrier concentration. An increase in temperature
above 75 K causes a decrease of τ⊥/τ‖ and around room temperature τ⊥ approaches
a similar value as τ‖, implying that BLG becomes isotropic. We attribute this to the
intrinsic out-of-plane spin-orbit fields in BLG, which, despite of their small magni-
tude, induce a significant spin-valley coupling that can be used to control spins in
BLG [11, 19].

9.4 Supplementary Information

9.4.1 Fabrication details

Thin hBN flakes are exfoliated from hBN powder (HQ Graphene) onto 90 nm SiO2

wafers. Suitable hBN flakes are selected by their optical contrast and the thin-hBN/
BLG/bottom-hBN stack is fabricated using a polycarbonate based dry transfer tech-
nique [26]. The bottom hBN flake has a thickness of 5 nm. The use of a thin-hBN
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flake (∼ 1 nm, trilayer) as tunnel barrier for spin injection allows us to measure spin
transport in a fully encapsulated high quality bilayer graphene device. Figure 9.5
shows the optical image and optical contrast analysis of the used BLG flake exfoli-
ated from HOPG (HQ Graphene) on a 300 nm SiO2 wafer. Its optical contrast, shown
in Figure 9.5(c), is twice the single layer contrast, which is determined from the ref-
erence flake image in Figure 9.5(b). The BLG thickness is confirmed by atomic force
microscopy and is ∼ 0.8 nm.
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Figure 9.5: (a) Optical image of the used BLG flake and (b) the contrast reference flake. The
dashed white lines mark the edges of the flakes. The black line indicates the position where
the optical contrast is measured. (c) The contrast analysis confirms the graphene thickness to
be two layers.

After the removal of the transfer polymer in chloroform the sample is annealed
(1h in Ar/H2 atmosphere) to clean the hBN surface and promote the adhesion of
the metal film. Contacts are defined using standard two step PMMA-based e-beam
lithography. Markers are exposed and developed in a first step and used for the
contact exposure as reference. After development, the sample is loaded to an e-
beam deposition system and 65 nm of cobalt are evaporated at a base pressure below
10−7 mbar. Additionally, a 5 nm aluminium capping layer is deposited to prevent the
oxidation of the cobalt. After lift-off in warm acetone, the finished device (Figure 9.6)
is loaded into a cryostat where the sample space is evacuated below 10−6 mbar.
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Figure 9.6: Optical image of the finished sample with labeled contacts. The outermost contacts
are used as reference electrodes (R) and do not have an hBN tunnel barrier.

9.4.2 Charge and spin transport characterization

The carrier density dependence of the square resistance Rsq of the BLG flake between
contacts 1 and 3 is shown in Figure 9.7(a). We can tune the carrier concentration n
through the 90 nm SiO2 and the 5 nm thick b-hBN from 6×1011 cm−2 in the electron
regime to slightly beyond the charge neutrality point (CNP) at 2 × 1011 cm−2 in the
hole regime. In this range we observe a gate leakage current below 10 nA. The carrier
concentration in BLG is calculated via:

n = ε0εbg(Vbg − V (0)
bg )/(tbg · e) (9.4)

where ε0 = 8.854× 10−12 F/m denotes the vacuum permittivity, ε = 3.9 the relative
dielectric permittivity of SiO2, Vbg the voltage applied to the back-gate, V (0)

bg = -2 V
the gate voltage at the CNP and t the thickness of the gate oxide. Here we assume
that the dielectric permittivity of hBN has approximately the same value as SiO2 and
use the dielectric thickness of tbg = tSiO2

+ thBN = 95 nm. Note that the gate leakage
current increased during the measurements and prohibited in the end to reach the
CNP at room temperature.

The basic characterization of the spin transport in the non local geometry is
shown in Figures 9.7(b) and (c). Here we use, as in the main text, contact 1 as in-
jector and contact 4 as detector electrodes. The contacts are separated by d = 7 µm.
We use the outermost contacts as reference electrodes which do not have a tunnel
barrier. We source an AC current of 50 nA between the ferromagnetic injector and
the left reference electrode (R). A spin accumulation is injected through the hBN
tunnel barrier and diffuses along the BLG flake. The detector probes the spin accu-
mulation underneath its contact relative to the right reference electrode as Vnl. In
this particular measurement we do not apply any DC bias or gate voltage, n is here
4× 1011 cm−2 in the electron regime.

We observe a signal of Rnl = Vnl/IAC = 25 Ω in the spin valve, Figure 9.7(b).
The spin precession in a perpendicular magnetic field B⊥ in (anti)parallel alignment
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Figure 9.7: (a) Dependence of the BLG square resistance on the carrier density n. (b) DC bias
dependence of the spin injection efficiency of contact 2 (injector used in the main text). (c)
Spin valve measurement of the device. (d) Spin precession in (anti)parallel alignment of the
injector and detector electrode.

is shown in Figure 9.7(c). By fitting the Hanle spin precession data we extract the
spin relaxation time τs‖ = (1.9 ± 0.2) ns and a spin diffusion constant Ds‖ = (201
± 32) cm2/s of our device and calculate the in-plane spin relaxation length λ‖ =√
Ds‖τs‖ ∼ 6.2 µm.

From the measurements of the spin valve signals without any DC bias current
in three different configurations with alternating injector and detector combinations
we extract an unbiased spin polarization of 21%, which is consistent throughout all
measured contacts. A characteristic feature of spin injection from cobalt electrodes
into graphene through hBN tunnel barriers is the dependence of the spin injection
efficiency on the voltage applied across the hBN tunnel barrier. We found that a
positive bias increases the spin injection efficiency and a negative bias also results in
a sign change in the spin injection and consequently in the Rnl [30, 31]. For the data
shown in the main text we apply, additionally to the AC current, a DC bias current
of -0.6 µA, which corresponds to a voltage of -300 mV and increases the unbiased
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spin injection efficiency from 21% to above -40%. The spin injection efficiency of the
injector as a function of the applied DC bias is shown in Figure 9.7(b). The DC bias
improves the signal to noise ratio which significantly enhances the data quality for
measurements at the CNP. Note that the negative DC bias changes also the sign of
Rnl. To avoid confusion with the conventional sign of Rnl, we have inverted the sign
for all biased Hanle curves. Our analysis and the resulting claims are not affected by
this.

9.4.3 Spin lifetime anisotropy at zero DC bias

Figure 9.8(a) shows the measurement of the oblique spin precession for IDC = 0 µA
and n = 6×10−11 cm−2. The measurement is equivalent to the data presented in Fig-
ure 9.2(a) and (d). The extraction of τ⊥/τ‖ is shown in Figure 9.8(b), where the gray
area corresponds to the anisotropy boundaries of τ⊥/τ‖ = 2.5 and τ⊥/τ‖ = 5. The red
curve shows τ⊥/τ‖ ∼ 3.5, the value we also extracted in the main text (Figure 9.2(d)).
Therefore, we can conclude that the applied DC bias does not affect our analysis.

9.4.4 Measurements using different injector-detector spacings

Figure 9.9 contains the Rnlβ/Rnl0 ratio for two different injector-detector spacings
measured at T = 75 K and n = 6× 1011 cm−2. The measurements in Figure 9.3(a) and
(d) have yielded τ⊥/τ‖ = 3.5 for the same carrier concentration.

Figure 9.9(a) is measured at a longer spacing of d = 10.1 µm where contact 1 is
used as injector and 5 as detector. Figure 9.9(b) uses contact 4 as injector and 5 as
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Figure 9.8: (a) Measurement of the oblique Hanle with an unbiased injector contact. (b) Ex-
traction of the spin lifetime anisotropy.
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detector, where d = 2.7 µm. For d = 10.1 µm, we find a similar value as discussed in
the main text of τ⊥/τ‖ = 3.5 ± 1.

With a different injector contact and a shorter spacing of d = 2.7 µm, we extract
a slightly smaller value. Within the experimental uncertainty, all different spacings
and injector and detector configurations yield similar anisotropies. As a consequence
we conclude that our device is homogeneous and the results from our analysis do
not depend on the specific contact pair used.
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Figure 9.9: Extraction of the spin lifetime anisotropy for (a) d = 10.1 µm (contacts 1 and 5)
and (b) d = 2.7 µm (contacts 4 and 5) at n = 6 × 1011 cm−2 and T = 75 K. The shaded area
corresponds to the estimated error margin.

9.4.5 Low temperature anisotropy measurements

Figure 9.10 contains theRnlβ/Rnl0 ratio extracted from oblique Hanle measurements
at T = 5 K using contacts 1 and 3 as injector and detector (d = 5.2 µm). In comparison
to the measurements at 75 K and d = 7 µm, we find a very comparable values of the
spin lifetime anisotropy and dependence on the carrier density.

9.4.6 Carrier concentration dependence of the in-plane spin life-
time

We have measured the carrier density dependence of the in-plane spin lifetime at
5 K and 75 K (Figure 9.11). As a result we obtained that, at both temperatures, τ‖
increases with increasing density in the conduction band. This result is in contrast
with other reports of bilayer graphene on SiO2 [20–22], where the opposite trend was
observed at 5 K.
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Figure 9.10: Rnlβ/Rnl0 and the extracted τ⊥/τ‖ ratio at T = 5 K gives similar anisotropies as
the measurements at T = 75 K discussed in the main text.

9.4.7 Spin precession measurements with in-plane magnetic fields

Figure 9.12 contains the measurements of the spin precession with an in-plane mag-
netic field perpendicular to the injected spin direction, along the device length. In
this experiment the magnetic field rotates the injected spins in the B‖ and B⊥ plane.
Therefore, both in-plane and out-of-plane spin lifetimes will be probed. The data
shown in Figure 9.12 is measured with contact 1 as injector and 5 as detector, d =
10.1 µm. Rnl is extracted from the spin precession measurement in (anti)parallel
electrode configuration. Using the model described below that accounts for the ac-
tual device geometry, we model anisotropic spin transport by using τ‖, P, and Ds
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Figure 9.11: Carrier density dependence of the in-plane spin lifetime at 5 K (black squares)
and 75 K (red circles) measured with B⊥.
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obtained from spin precession measurements in B⊥. We estimate τ⊥/τ‖ ∼ 1.5 at
6×1011 cm−2 and τ⊥/τ‖ ∼ 3 near the CNP. In comparison to the oblique Hanle mea-
surements we find slightly smaller anisotropies, which is consistent with [42]. We
attribute this observation to a change in the sample parameters that occurred prior
to this measurement due to unloading of the sample from the cryostat. Nevertheless,
the anisotropy remains tunable with the applied gate voltage.

A comparison between the spin precession data measured in an in-plane and out-
of-plane magnetic field is shown in the insets of Figure 9.12. As it is expected from
the weak spin lifetime anisotropy at n = 6× 1011 of τ⊥/τ‖ = 1.5, both curves are almost
identical and the shoulders of the red B‖ curve are only slightly deeper. However,
at the CNP in Figure 9.12(b) it can be clearly seen that the spin lifetime anisotropy
strongly modifies the Hanle lineshape by pronouncing the shoulders significantly.

Note that the spin precession curves differ from TMD/graphene devices in [6, 7],
where the signal at zero magnetic field is strongly suppressed. There the signal is
determined by the in-plane spin relaxation length (∼ 0.35 µm), which is six times
shorter than the length of the TMD covered region (∼ 2 µm). In our BLG device,
the in-plane spin relaxation length is ∼ 4 µm at the CNP, which is only by a factor 2
shorter than the injector-detector distance. As a consequence, the spin signal at zero
magnetic field remains sizeable in comparison to the shoulders.
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Figure 9.12: Spin precession around B‖ over L = 10.1 µm at T = 75 K and two different carrier
concentrations. The gray area corresponds to the estimated error margin, the red line to the
fit of τ⊥/τ‖. The insets compare the spin precession curves measured with B⊥ (black) and B‖
(red), the scale is identical to the large panel.
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9.4.8 Carrier density dependence of the magnetoresistance

Figure 9.13 shows the four probe magnetoresistance of the graphene channel. The
magnetoresistance is negligible and less than 1% at low magnetic fields between 50
and 100 mT. Therefore, it does not affect our low field analysis. At higher magnetic
fields of 1.2 T, the magnetoresistance reaches up to 50% at the CNP. At higher carrier
densities this value decreases to 25%. Since the possible contribution of magnetore-
sistance to Rnl depends on the background resistances which are smaller than 20 Ω

and the agreement between the low field and high field analysis, we conclude that
the effect is not dominant for the high field analysis.
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Figure 9.13: Magnetoresistance of the graphene channel at different gate voltages at T = 75 K.

9.4.9 Modeling of the spin lifetime anisotropy

As described in the main text, our device length is comparable to the in- and out-
of-plane spin relaxation lengths. As a consequence, we have to take the effect of the
finite length on the extracted parameters into account. Therefore, we use a numerical
model that accounts for the following:

1. The spin lifetime anisotropy in the channel.

2. The finite length of the channel.

3. The effect of spin absorption by the reference contacts that do not have any
tunnel barrier.

4. The effect of the magnetic field in the contact magnetization direction, which
we estimate to have a maximum angle of 4◦ for β = 90◦ at B = 0.1 T.

The model is based on the Bloch equations with anisotropic spin relaxation [32, 40]
using the device geometry sketched in Figure 9.14.
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0 = Ds
d2µsx
dx2

− µsx
τ‖

+ γByµsz − γBzµsy (9.5)

0 = Ds
d2µsy
dx2

− µsy
τ‖

+ γBzµsx − γBxµsz (9.6)

0 = Ds
d2µsz
dx2

− µsz
τ⊥

+ γBxµsy − γByµsx (9.7)

where ~µs = (µsx, µsy, µsz) is the three dimensional spin accumulation, Ds is the spin
diffusion coefficient, τ‖ and τ⊥ are the in- and out-of-plane spin relaxation times,
and γB = gµBB/~ is the Larmor frequency with the Landé factor g = 2, µB the Bohr
magneton and ~ the reduced Planck constant. In our devices, the ferromagnetic con-
tacts go all across the channel. This makes the spin accumulation constant over the
sample width (w) and allows us to make our analysis 1D. Here we use the average
width (3 µm) of the relevant region of the BLG flake.

The magnetization direction is determined using the Stoner-Wohlfarth model
[41]. Because the magnetic field is applied in the y-z plane, we solve the Stoner-
Wohlfarth equation numerically:

sin(2(φ− β))/2 + h sin(φ) = 0 (9.8)

where h = B/Bsat is the effective external field. Bsat is the field at which the elec-
trode magnetization saturates in the direction perpendicular to the easy axis. In our
case, we assume that Bsat = 1.5 T based on earlier measurements of comparable
cobalt electrodes with similar thickness. As defined in the main text, β is the angle
between the magnetic field and the easy axis of the ferromagnet, φ is the angle be-
tween the contact magnetization and the applied magnetic field. The angle between
the magnetization M and the easy axis is γ = β − φ. To determine the spin signal in
the channel we use the following boundary conditions:

• The spin accumulation µs is continuous everywhere.

Figure 9.14: Sketch of the simulated device geometry. The reference contact resistances are
500 Ω.
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• The spin current is Is = w/(2eRsq)(dµsx/dx, dµsy/dx, dµsz/dx) where w is the
width of the graphene, Rsq is the square resistance of the graphene channel
and e is the electron charge.

• The spin current has a discontinuity of ∆Is = I · Pi/2(0, cos(γ), sin(γ)) at the
injection point.

• The spin current is discontinuous at the transparent outer contacts due to the
spin backflow effect. This discontinuity is of ∆Is = −Iback = −µs/(2eRc)(1, 1, 1)

where Rc is the resistance of the reference contacts.

• The spin current at the sample end is zero.

Using these equations, we have performed a finite difference calculation that imple-
ments an implicit Runge-Kutta method in Matlab to determine the spin signal.

9.4.10 Effect of the contact resistance on the anisotropy

The interface resistances of the outer contacts are comparable to the resistances of
the cobalt leads. Therefore, it is not possible to determine their exact interface re-
sistance from three terminal measurements. To estimate the resulting uncertainty,
we have performed simulations of angle dependent spin precession with different
contact resistances using the model described in the previous section. Here we use
the spin transport parameters measured at n = 6 × 1011 cm−2 and an anisotropy of
τ⊥/τ‖ = 2.5. The simulated Hanle curves are analyzed by evaluating the average sig-
nal between B = 50 mT and 100 mT. The output of this operation is defined as Rnlβ
and is normalized to the value of Rnl0 at B = 0 mT to obtain the ratio Rnlβ/Rnl0.
The angle dependence of Rnlβ/Rnl0 is shown in Figure 9.15(a) for different contact
resistances. To determine the effect of these changes in the spin lifetime anisotropy,
we fit the results from a to the infinitely long channel model [32]:

Rnlβ
Rnl0

=

√
τβ
τ‖

exp

(
− d

λ‖

(√
τ‖

τβ
− 1

))
cos2(β) (9.9)

τβ
τ‖

=

(
cos2(β) +

τ‖

τ⊥
sin2(β)

)−1

(9.10)

The results from this calculation are shown in Figure 9.15(b) and we conclude
that:

1. The finite device size, without the presence of invasive contacts, leads to a
substantial overestimation of the lifetime anisotropy when using Equation 9.9.
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Figure 9.15: (a) Effect of the contact resistance of the reference contacts on the ratio Rnlβ/Rnl0
as a function of the angle β between the B field and the y-axis. (b) The values of τ⊥/τ‖ are ob-
tained from fits to Equation 9.9 for different contact resistances Rc. The simulated anisotropy
is τ⊥/τ‖ = 2.5 and is substantially overestimated by Equation. 9.9.

2. The anisotropy extracted from Rc = 100 kΩ is almost exactly the same as the
high resistance reference (Rc = 1 TΩ). As a consequence, the effect of the contact
backflow whenRc ≥ 100 kΩ is negligible, which is the case for all contacts with
an hBN tunnel barrier. Furthermore, this justifies that we do not have to take
additional contacts between injector and detector electrodes into account.

3. The invasive reference contacts reduce the effect of the lifetime anisotropy on
the measured signal, compensating for the confinement effect. Since for those
contacts Rc is lower than 500 Ω, the absolute uncertainty in the anisotropy is
about 0.25 and lower than the uncertainty in fitting the experimental data.

9.4.11 Measurement of the contact resistances

The tunnelling characteristics are measured in a standard three-terminal geometry.
The current-voltage characteristics for all contacts are shown in Figure 9.16(a) and
are clearly non-linear.

The calculated resistance-area product is shown in Figure 9.16(b), where all five
contacts yield very comparable results, underlining the homogeneity of hBN flakes
as tunnel barriers. The resistance-area product is for all measured DC bias currents
well above 100 kΩ µm2. Therefore, we conclude that the spin transport is not affected
by invasive contacts.
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Figure 9.16: (a) Current-voltage characteristic of the tunnel barrier. (b) Calculated resistance-
area product.

9.4.12 Estimation of the electric field

To determine the electric field applied to the BLG flake we try to estimate the doping
at the top and bottom side of the BLG. Since we have only one gate, we cannot
control the electric field and carrier density independently. Hence, we estimate the
lower bound of the electric field under the assumption that the doping is equal at
both sides of the BLG flake. The carrier density is determined by:

n = ε0εbgVbg/(tbg · e) + nbottom + ntop (9.11)

where ntop and nbottom are the carrier densities induced by the doping at the top and
bottom sides of the BLG flake. The external electric field is defined as:

E = εbgVbg/2tbg − enbottom/2ε0 + entop/2ε0 (9.12)

When assuming that nbottom = ntop, we obtain as lower bound:

ECNP = εbgVbg/2tbg ∼ 40 mV/nm (9.13)

Assuming that all doping arises from the BLG top, nbottom = 0, we obtain as upper
bound ECNP = 80 mV/nm.

9.4.13 Measurements on a second BLG device

Lastly, we discuss the spin precession measurements of a BLG flake deposited on an
Yttrium-Iron-Garnet (YIG) substrate. In contrast to our previous study of SLG on
YIG, where we found an exchange field of the order of 0.2 T [14], the exchange field
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of this BLG sample was determined to be below 4 mT and can therefore be neglected
in the following analysis. This sample is not fully hBN encapsulated, only a bilayer
hBN tunnel barrier is used for spin injection. Compared to the fully encapsulated
sample, we observe significantly reduced spin lifetime, τ‖ = (99.1 ± 7.5) ps and Ds

= (532 ± 41) cm2/s. The in-plane spin relaxation length is 2.3 µm. The carrier con-
centration can not be directly measured in this type of samples. Similarly fabricated
Hall bars show n ∼ 4× 1012 cm−2 and we expect the carrier concentration to be in a
comparable range.

Figure 9.17 contains the Rnlβ/Rnl0 ratio measured at different angles β. Note
that the short values of τ cause a broadening of the Hanle curves. Therefore, we
have to average the Rnl at higher fields to obtain Rnlβ (300 - 400 mT). Nevertheless,
we observe clearly anisotropic spin transport in the BLG flake, and Rnlβ at β =

45◦ is clearly above 0.5. Figure 9.17(b) shows the full analysis of the angle sweep.
We extract τ⊥/τ‖ = 2.5 using our model. In comparison to the fully encapsulated
BLG sample, we observe in this hBN-covered sample a smaller anisotropy, which
we attribute to the difference in the carrier concentration of both samples. At 6 ×
1011 cm−2, we measured in the fully encapsulated device τ⊥/τ‖ = 3.5. An anisotropy
value of τ⊥/τ‖ = 2.5 at around 4× 1012 cm−2 is therefore in good agreement with the
carrier concentration dependence of the sample discussed in the main text.
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Figure 9.17: (a) Measurements of the oblique Hanle spin precession in BLG without a bottom
hBN flake. The reduced spin transport parameters require a larger field scan at which the in-
plane field component starts to switch the injector and detector electrodes. (b) The extracted
Rnlβ/Rnl0 ratio indicates τ⊥/τ‖ = 3.5. The data is measured at 75 K and an additionally
applied DC bias current of -10 µA.



9

134

-2.0x1016 0.0 2.0x1016 4.0x1016
-0.4

-0.2

0.0

0.2(b)

 

E
 (V

/n
m

)

n (m-2)

150

550

950

1350

1750

R
sq

(Ω)(a)

(c)

-0.2 -0.1 0.0 0.1 0.2 0.3

100

200

300

400

-0.2 0.0 0.2 0.4 0.6
0.00

0.01

0.02

0.03

0.04

0.05(d)
 

 

τ ||(p
s)

E (V/nm)

 

 

 -5.2×1015m-2

  2.6×1015m-2

  5.2×1015m-2

  7.8×1015m-2

  1.0×1016m-2

  1.3×1016m-2

D
s(m

2 /s
)

E (V/nm)

10 µm

10 µm

Figure 9.18: (a) Side view sketch of the device geometry and top view microscope image of
the hBN/bilayer graphene/hBN stack used for this experiment. (b) Square resistance of the
encapsulated region as a function of the perpendicular electric field E and carrier density n.
The charge neutrality line is the resistance maximum at n = 0 and has a resistance minimum at
E = 0. For E 6= 0 a bandgap opens in bilayer graphene. (c) and (d) In-plane spin lifetime (τ‖)
and spin diffusion coefficient (Ds) obtained from Hanle precession and plotted as a function
of E.

9.5 Electric field control of spin relaxation

Measurements at high carrier densities as a function of the perpendicular electric
field are also expected to show electric field (E) control of the spin lifetime in bilayer
graphene [11]. This is the case because both the out-of-plane spin splitting increases
with E and the Rashba spin-orbit coupling is also expected to play a role.

Experimental results for the in-plane spin lifetime in partially hBN-encapsulated
BLG, shown in Figure 9.18, indicate that there is indeed a dependence. In particular,
the τ‖ peak aroundE = 0.1 V/nm indicates that the spin lifetime of the encapsulated
region decreases with increasing the perpendicular electric field, which is defined as
above. E = 0 is determined as the electric field at which the square resistance in
the encapsulated region for n = 0 is minimal. We believe that the minimum does
not occur at E = 0 because of the influence of the non-encapsulated regions on the
results from Figure 9.18(b). The peak in Ds is caused by the bandgap opening and
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the asymmetry at high n in the electron side is caused by the outer regions. For neg-
ative n, because the outer regions are electron-doped, the formation of pn junctions
in the bilayer graphene leads to a reduction of Ds. Note that the τ‖ dependence on
E cannot be explained by the shorter spin lifetime of the non-encapsulated regions.
This is because they become more dominant for increasing Ds, giving rise to a de-
crease in τ‖ with increasing Ds. This dependence is exactly opposite to the trend in
Figure 9.18(c).

In conclusion, these results indicateE control of the in-plane spin lifetime in BLG.
Experiments to determine the spin lifetime anisotropy as a function of the electric
field and carrier density in double gated devices are expected to give extra infor-
mation on the spin relaxation in BLG. Such approach provides new ways of spin
manipulation in graphene. It has been shown that in monolayer graphene the spin
lifetime anisotropy can be controlled withE [18]. Our results are one step beyond to-
wards spin manipulation in high quality graphene devices with long spin relaxation
length.

References

[1] D. Xiao, G. B. Liu, W. Feng, X. Xu, and W. Yao, “Coupled spin and valley physics in monolayers of
MoS2 and other group-VI dichalcogenides,” Physical Review Letters 108(19), 1–5 (2012).

[2] J. R. Schaibley, H. Yu, G. Clark, P. Rivera, J. S. Ross, K. L. Seyler, W. Yao, and X. Xu, “Valleytronics
in 2D materials,” Nature Reviews Materials 1, 16055 (2016).

[3] Y. K. Luo, J. Xu, T. Zhu, G. Wu,E. Joan, W. Zhan, M. R. Neupane, and R. K. Kawakami, “Opto-
Valleytronic Spin Injection in Monolayer MoS2 /Few-Layer Graphene Hybrid Spin Valves,” Nano
Letters 17(6), 3877 (2017).

[4] A. Avsar, D. Unuchek, J. Liu, O. Lopez Sanchez, K. Watanabe, T. Taniguchi, B. Özyilmaz, and A. Kis,
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Chapter 10

Conclusions and outlook

Abstract

This chapter presents the conclusions of this thesis and compares the results described
here with those from other groups. A short outlook is provided about open questions and
future potential perspectives related with each topic addressed in this thesis.

10.1 High-quality graphene for long distance spin trans-
port

The first results on hBN-encapsulated graphene devices in 2014 showed spin relax-
ation lengths up to 12 µm with 2 ns spin lifetimes at room temperature [1], more than
a factor of two longer than the previous achieved values for suspended graphene [2]
and graphene on hBN [3]. The use of a double gated geometry, which allowed for
independent control of the carrier density and electric field, allowed to show that the
spin lifetime can be tuned with the electric field [1]. Motivated by these findings and
the results on bilayer graphene on SiO2 obtained in [4, 5], we studied spin transport
in hBN-encapsulated bilayer graphene that lead to the observation of spin relaxation
lengths up to 24 µm with 3 ns lifetimes at 5 K and 13 µm with 1.2 ns at room tem-
perature, as shown in Chapter 5. These promising results represent a lower bound
to the spin relaxation length in the studied devices. As our calculations show, the
spin lifetimes are limited by the non-encapsulated regions where the ferromagnetic
contacts are placed. Hence, to achieve longer spin relaxation lengths and determine
the intrinsic limits of such devices one has to fabricate samples with encapsulated
regions long enough so that the encapsulated regions dominate the spin relaxation.

Another approach to achieve high quality graphene devices for spintronics is the
use of few layer hBN as a tunnel barrier for efficient spin injection and a protection
barrier to protect the graphene from the fabrication induced residues. The first re-
sults were achieved in monolayer hBN [6, 7], however, this approach has proven
very successful when using bilayer and trilayer hBN barriers, showing large, bias
dependent contact polarizations and spin lifetimes in the ns range[8–12].

In parallel with the encapsulated graphene project developed in our lab, the
group from Aachen developed a technique to transfer hBN/graphene heterostruc-
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tures on ferromagnetic cobalt contacts with MgO barriers [13] leading to comparable
results as in [1]. Further improvements and the use of large and thick enough hBN
protective layers have lead to the observation of spin lifetimes up to 12 ns in mono-
layer graphene using this approach [14], currently the longest achieved spin lifetime
in a graphene spin valve.

10.2 Spin guiding using drift currents

Typical spin transport experiments are carried out using spin diffusion. This process
is slow and, hence, is not the most optimal way to perform long distance spin trans-
port. To increase the distance over which one can transport spin information, we
studied the effect of drift on spin transport in high quality bilayer graphene. Our re-
sults, shown in Chapter 6, show that the spin relaxation length increases up to 90 µm
and most of the spins (88% in our device) can be guided with the drift.

The drift control of the spin propagation offers new possibilities for different de-
vice applications. A recently introduced device geometry for spin currents is the
gate controlled spin current demultiplexer [15]. In this geometry, the spin current in
a graphene bifurcation is guided to the desired output by tuning the spin resistance
(Rsqλ/W ) of the different arms. The spins diffuse in the arm which has the lower
spin resistance that can be changed by electrostatic gating. However, the efficiency
of such guiding is quite limited by the fact that the spin relaxation length decreases
as the channel resistance increases, limiting the contrast between the ’on’ and ’off’
arms. To increase the guiding efficiency we have developed a new way to perform
such operations using spin drift in the different arms. Our results from Chapter 7
show that, by changing the carriers from electrons to holes in the different arms it
is possible to guide the spin currents with efficiencies more than an order of magni-
tude higher than in the diffusive experiment with moderate drift current densities of
20 µA/µm.

Another advantage of the spin drift approach is that, since drift occurs much
faster than diffusion, it can be used for the fast device operations required to realize
practical applications. The major drawback of the spin drift approach is the power
consumption that arises from the drift current application. This consumption needs
to be reduced further to achieve useful operations. We propose the use of 2D semi-
conductors such as black phosphorous, where the spin lifetimes are in the range of
nanoseconds [16]. Its semiconducting nature allows for the carrier densities to be
reduced down to orders of magnitude lower than in monolayer graphene at room
temperature. Because the drift velocity is inversely proportional to the carrier den-
sity, the drift currents required to achieve efficient operation can be greatly reduced
[17].
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Another approach to realize spin-based logic using carrier drift is the use of gra-
phene pn junctions. The output in this case is the spin accumulation instead of the
spin current like in the demultiplexer. In this case, because the drift velocity is oppo-
site for electrons and holes, the spin accumulation at the pn junction gets amplified
when the drift velocities at the left and right sides point towards the junction [18].
This is because diffusion away from the junction is greatly reduced by the effect of
drift. This geometry also allows for logic operations since the spin accumulation at
the pn junction can be efficiently tuned by the drift.

10.3 Proximity induced spin orbit coupling in TMD/gra-
phene heterostructures

The ability to fabricate heterostructures with different layered materials and the 2D
nature of graphene allow the control of the electronic properties of graphene via
proximity to different materials [19]. The control of spin-orbit coupling is crucial to
tune the spin relaxation [20] and realize logic operations using spin currents. With
this purpose, we studied spin transport in graphene in close proximity with a mono-
layer of transition metal dichalcogenide posessing a large spin-orbit coupling. By
studying spin precession around an in-plane magnetic field we determined that the
in-plane spin lifetime is of 3.5 ps and the out-of-plane one of 40 ps, as shown in Chap-
ter 8 [21], in agreement with the theoretical predictions from [22] and experimental
results obtained using a tilted B field technique [23]. These results are a signature of
the proximity effect imprinted on the graphene layer.

A promissing route towards the achievement of new spintronic applications us-
ing graphene/TMD heterostructures is to induce proximity on double-gated bilayer
graphene. When a perpendicularly applied electric field induces a bandgap, the
bands become layer polarized and this allows for the tunning of the spin-orbit cou-
pling in double gated bilayer graphene [24, 25].

However, there is another effect which is relevant for the study of graphene/TMD
heterostructures, which is the spin absorption. Since the in-plane spin lifetimes in the
TMD layer are shorter than in graphene, activation of the TMD conductivity leads to
a flow of spins that relax in the TMD layer. This provides a way to control the spin
signal across the TMD/graphene heterostructure with a gate voltage[26, 27].

10.4 Anisotropic spin transport in bilayer graphene

The biggest puzzle in graphene spintronics is the source of spin relaxation [28]. A
useful tool to determine its origin is to study the spin lifetime anisotropy. Aniso-
tropy has been studied using high magnetic fields (above 1 T) that pull the contact
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magnetizations out of the plane and allow to compare between the nonlocal signals
generated by in-plane and out-of-plane spins [29]. However, this technique only al-
lows for accurate determination of the anisotropy at high carrier densities where the
effect of magnetoresistance is negligible [1]. Recently, a technique applying mag-
netic fields at different angles with respect to the injected spins and extracting the
non-precessing spin component has been developed [30]. This procedure does not
require high magnetic fields and it is suitable to determine the spin lifetime aniso-
tropy at the charge neutrality point. In monolayer graphene spin relaxation is mostly
isotropic [30] and the anisotropy can be reduced with perpendicularly applied elec-
tric fields that induce in-plane Rashba fields [1]. However, in bilayer graphene, it
has been reported theoretically that the intrinsic spin-orbit fields induce a large spin
lifetime anisotropy near the charge neutrality point [31, 32].

In Chapter 9 we have studied the spin lifetime anisotropy in bilayer graphene
using tilted magnetic fields and obtained an anisotropy of 8 at the charge neutrality
point with out-of plane spin lifetimes up to 9 ns and in-plane lifetimes up to 1.8 ns.
These results are the first demonstration of spin lifetime anisotropy in bilayer gra-
phene, are consistent with the theoretical predictions, and represent the first exper-
imental result that indicates that intrinsic spin-orbit fields dominate spin relaxation
in a graphene-like system. Moreover, our results indicate that resonant scattering by
magnetic impurities does not limit the spin lifetime in our device since that would
lead to isotropic spin relaxation [33]. This anisotropy has also been shown recently
to change with the perpendicular electric field [34].
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Summary

The rise of semiconductor electronics has triggered deep changes in our society over
the last 50 years. The increasing ability to realize complex calculations with unprece-
dented speed has brought to the introduction of such devices in many aspects of
our daily life. The miniaturization of transistor devices has made this progress pos-
sible. The decrease in transistor size from the 10 µm length in the first processors
down to the 10 nm range used nowadays in state of the art transistors is described
by Moore’s law from 1975, that states that the number of transistors on a chip dou-
bles every two years. However, this approach is reaching a fundamental limit, the
atomic scale. In this regime, the device operation becomes less efficient and new
computational methods are needed to keep increasing the device performance once
this limit is reached.

Current semiconductor devices are based on the use of the electronic charge to
transmit information. However, apart from their charge, electrons also have an
intrinsic magnetic moment called spin. This magnetic moment has a magnitude
of ±~/2 and is quantized in the direction of the external magnetic field. In ferro-
magnets, there are more spins parallel than antiparallel to the magnetization. Typi-
cally, the electrons which contribute to the charge transport are also polarized, even
though they can be antiparallel to the total magnetization. In practice, the polar-
ization of the conduction electrons can be used to polarize charge currents. This is
used in multilayers with two ferromagnets separated by a non-magnetic conductor
that is thin enough so that the spin polarization is not lost during transport. In this
case, the resistance becomes sensitive to the relative orientation between the ferro-
magnetic layers. When the magnetizations are antiparallel, the spin polarized charge
current propagating from the first magnet enters the second magnet with the major-
ity of its spins antiparallel to the majority of spins in the latter, causing an increase
in the resistance. When the magnetizations are aligned parallel, the current enter-
ing the second ferromagnet has a polarization which is parallel to the conducting
electrons in the second ferromagnet and this results in a resistance lower than in the
antiparallel case.

The process described above is known as giant magnetoresistance and was dis-
covered by the groups of Albert Fert and Peter Grünberg in 1988. It entered the
electronic industry at the mid 90s and is used in the read heads of the hard drives
because it is a sensitive magnetic field probe. The replacement of the conducting
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layer for an insulating one in magnetic tunnel junctions has lead to even larger per-
formances and are used nowadays in state of the art hard drives.

The use of small magnetic domains as memory units, which can be addressed
with spin polarized currents, make spintronics very appealing for combining logics
with in-situ memory applications. However, the realization of spin-based processing
units poses several requirements to achieve new device architectures: 1) A scalable
way to control the spin currents, preferentially using electric fields. 2) Materials with
spin relaxation lengths significantly longer than typical device lengths required for
efficient device operations. 3) Efficient means for spin injection and detection. Datta
and Das in 1990 showed that in a ballistic semiconductor one can control the spin
accumulation with a perpendicular electric field. This approach has been achieved at
low temperatures, however, at room temperature, because of scattering with lattice
vibrations (phonons), semiconductors become diffusive and the spin-orbit coupling,
that makes spins precess in a coherent way in ballistic devices, induces fast spin
relaxation making the device operation very inefficient.

In this context, graphene is an optimal material for spin transport experiments.
Its low spin-orbit coupling caused by the low atomic mass of carbon and high elec-
tronic mobilities at room temperature make it an ideal material for spin transport.
First theoretical predictions indicated that the spin lifetimes in graphene should be
as long as microseconds, allowing for room temperature spin relaxation lengths of
hundreds of micrometers. However, experimental results for graphene on SiO2 sub-
strates showed spin lifetimes in the range of 100 ps and relaxation lengths of few mi-
crometers. Successive improvements in the device fabrication have allowed for sev-
eral improvements in the spin relaxation times and lengths. In chapter 5 of this thesis
we show that the spin relaxation length in boron nitride encapsulated bilayer gra-
phene at room temperature increases up to 13 µm with 2.5 ns spin lifetimes, whereas
at 5 K it raises up to 24 µm with 2.9 ns lifetimes, mostly due to an enhancement of
the charge transport properties. These results were the longest relaxation lengths
reported in a graphene based device at the moment of publication. Currently, the
record spin relaxation time is of 12 ns in monolayer graphene with spin diffusion
lengths up to 30 µm achieved using a boron nitride layer to protect the graphene
from contamination.

Typical spin transport experiments rely on the diffusion of the nonequilibrium
spin accumulation between the spin injector and detector electrodes. The spin accu-
mulation in these devices is induced by a small electrical current which is applied
between a ferromagnetic contact and graphene. When the contacts are spin polar-
ized, a non-equilibrium spin current is injected, that propagates in the channel via
diffusion and takes a relatively long time to reach the spin detector, which is a third
ferromagnetic contact typically placed several micrometers away from the injector
and out of the charge current path. The detection time can be reduced by applying
a charge current between injector and detector. Because the spins are transported by
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the charge carriers, the application of a charge current that modifies their average
velocity allows for a wide control of the spin detection times and, hence, the spin
relaxation lengths.

In Chapter 6 we show that, when a charge current is applied between the spin
injector and detector, the spin relaxation length can be controlled all the way from
7 µm at zero drift currents, up to 90 µm when the drift velocity is parallel to the spin
propagation direction. Moreover, when the drift current is reversed, the spin relax-
ation length decreases down to 0.6 µm. Such control allows for efficient directional
guiding of the injected spin currents, which can be used to perform logic operations
using spin currents. In Chapter 7 we show that the spin current guiding achieved
with drift can be used in Y-shaped graphene devices to perform demultiplexer and
multiplexer operations with spin information. This approach has the advantage that
shows high ‘on/off’ ratios (up to 106) but has the disadvantage that the power con-
sumption is very large to achieve efficient device operations in logic devices. We
argue that two dimensional semiconductors such as black phosphorous can be help-
ful to increase the performance of spin current demultiplexer devices.

In graphene, because of its 2D form, the out-of-plane spin lifetime can be different
than the in-plane one. In pristine graphene samples, however, this has not been
observed and in-plane spins relax roughly as fast as out-of-plane spins.

When monolayer graphene is placed in proximity to a transition metal dichalco-
genide (TMD), that has strong spin-orbit fields and broken inversion symmetry, spin
relaxation in the graphene/TMD channel becomes anisotropic. In particular, the bro-
ken in-plane inversion symmetry, together with the large atomic mass of the transi-
tion metals introduce a large spin splitting out of the heterostructure plane. Because
electrons in graphene propagate in two different valleys which have opposite crystal
momentum, the splittings have to be opposite in both valleys due to time reversal
symmetry. As a consequence, the relaxation of in-plane spins is mostly controlled by
the intervalley scattering time and the out-of-plane spin splitting. Heterostructures
of graphene and TMD, apart from the broken in-plane inversion symmetry, also
posses a broken out-of-plane inversion symmetry. As a consequence, the in-plane
spin-orbit fields are significantly larger than in pristine graphene devices. Therefore,
the out-of-plane spin lifetimes are also affected by the TMD. In Chapter 8 we use spin
precession experiments around in-plane magnetic fields to show that spin transport
in graphene/TMD heterostructures is strongly anisotropic. In particular, our results
show that the lifetime for out-of-plane spins is 11 times longer than for in-plane spins
with an in-plane spin lifetime of 2.5 ps and an out-of-plane spin lifetime of 30 ps.

The last experimental chapter of this thesis is about spin lifetime anisotropy in
bilayer graphene. At the charge neutrality point, and when a finite perpendicu-
lar electric field is applied, the intrinsic spin-orbit fields in bilayer graphene induce
an out-of-plane spin splitting which, due to time reversal symmetry, has opposite
sign in both valleys. The mechanism turns out to be exactly the same as in the gra-
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phene/TMD heterostructures, just that the spin-orbit fields are only 24 µeV, more
than 3 orders of magnitude smaller. As a consequence, the out-of-plane spin lifetime
increases up to 9 ns, a value 300 times longer than in the graphene/TMD case. The
out-of-plane spin-orbit coupling decreases as the carrier density increases and, as a
result, we obtain carrier density tunable spin lifetime anisotropies that increase up to
8 at the charge neutrality point and drop down to 2.5 at the highest density we mea-
sured. Both results are relevant towards the achievement of tunable spin transport
in graph-ene-based spintronic devices.



Samenvatting

De opkomst van de halfgeleiderelektronica heeft gedurende de afgelopen 50 jaar
geleid tot vergaande veranderingen binnen onze samenleving. De toenemende mo-
gelijkheid om complexe berekeningen te realiseren met nooit eerder vertoonde snel-
heden heeft geleid tot de introductie van zulke apparaten in ons dagelijks leven.
Het verkleinen van transistoren heeft deze vooruitgang mogelijk gemaakt. De ver-
mindering van de transitorlengte van de 10 µm in de eerste processoren naar het
10 nm bereik dat tegenwoordig gebruikt wordt in de nieuwste transistoren, werd
beschreven door de wet van Moore uit 1975. Deze geeft aan dat het aantal transi-
storen op een chip per twee jaar verdubbelt. Desalniettemin nadert deze aanpak a
fundamentele limiet: de atomische schaal. In dit regime zullen de devices minder
efficint functioneren en zullen nieuwe berekenmethodes nodig zijn om de prestaties
nog verder te verbeteren.

De huidige halfgeleiderapparaten zijn gebaseerd op het gebruik van elektronis-
che lading als informatiedrager. Echter, behalve hun lading hebben elektronen ook
een intrinsiek magnetisch moment genaamd ’spin’. Dit magnetische moment heeft
een grootte van ±~/2 en is gekwantiseerd langs de richting van een extern mag-
netisch veld. In ferromagneten liggen meer spins parallel dan antiparallel langs
de magnetisatierichting. De elektronen die bijdragen aan de ladingstransport zijn
doorgaans ook gepolariseerd, alhoewel ze ook tegengesteld aan de totale magneti-
satierichting kunnen liggen. In de praktijk kan de polarisatie van de geleiderelektro-
nen gebruikt worden om ladingsstromen te polariseren. Dit wordt gebruikt in meer-
laagse systemen bestaande uit twee ferromagneten gescheiden door niet magnetis-
che laag die dun genoeg is om de spinpolarisatie te behouden gedurende het trans-
port. In dat geval wordt de weerstand gevoelig voor de relatieve orintatie tussen
beide ferromagnetische lagen. Wanneer de magnetisaties tegengesteld zijn, zal de
door spin gepolariseerde ladingsstroom, die zich voortbeweegt van de eerste mag-
neet, de tweede magneet binnenkomen met de meerderheid van zijn spins tegen-
gesteld aan de meerderheid van de spins in de eerste magneet. Dit zorgt voor een
verhoogde weerstand. Wanneer de magnetisaties parallel zijn, zal de stroom van de
tweede ferromagneet een polarisatie hebben die parallel is aan de geleidingselektro-
nen in de tweede ferromagneet, en dit resulteert in een lagere weerstand dan in het
geval van tegengestelde magnetisaties.
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Het proces dat hierboven beschreven is, staat bekend als giant magnetoresistance
en werd ontdekt door de groepen van Alber Fert en Peter Grnberg in 1988. Het
werd gentroduceerd in de industrie rond het midden van de jaren negentig en wordt
gebruikt in de leeskoppen van harde schijven vanwege de magnetische gevoeligheid
van zulke probes. Het vervangen van de geleidende tussenlaag voor een isolerende
heeft geleid tot zelfs nog grotere prestaties en is tegenwoordig de standaard in de
nieuwste harde schijven.

Het gebruik van kleine magnetische domeinen als geheugensectoren, die kunnen
worden aangesproken met door spin gepolariseerde stromen, maakt de spintronica
zeel aantrekkelijk voor het combineren van logische system met in-situ geheugen-
toepassingen.

Echter, de realisatie van op spin gebaseerde processoreenheden benodigt een
aantal vereisten om nieuwe apparaatarchitecturen te bereiken: 1) Een schaalbare
manier om spinstromen te controleren, bij voorkeur door elektrische velden te ge-
bruiken. 2) Materialen met spinrelaxatielengtes significant langer dan de typische
lengte van de (devices) nodig voor efficinte operaties. 3) Efficinte manieren voor
spininjectie en -detectie. Datta en Das hebben in 1990 laten zien dat men in een bal-
listische halfgeleider de spinaccumulatie kan controleren met een haaks elektrisch
veld. Deze benadering is gedemonstreerd bij lage temperaturen, maar bij kamertem-
peratuur worden halfgeleiders diffusief door verstrooiing met roostertrillingen (pho-
nonen). Daarbovenop zorgt de spin-baankoppeling, die leidt tot het precederen van
spins op een coherente manier in ballistische devices, ervoor dat dat spins snel relax-
eren wat het gebruik deze devices zeer inefficint maakt.

In deze context is grafeen een optimaal materiaal voor spintransportexperimenten.
Zijn lage spin-baankoppeling veroorzaakt door de lage atomische massa van kool-
stof en hoge mobiliteiten bij kamertemperatuur maken het tot een ideaal materiaal
voor spintransport. De eerste theoretische voorspellingen gaven al aan dat de spin-
levensduur in grafeen wel microseconden kon zijn, wat bij kamertemperatuur voor
spinrelaxatielengtes van honderden micrometers zorgt. Experimentele resultaten li-
eten echter spinlevensduren rond de 100 ps zien met relaxatielengtes van enkele
micrometers. Opeenvolgende vooruitgangen in het fabriceren van devices heeft voor
een aantal verbeteringen in de spinrelaxatietijden en lengtes gezorgd. In hoofdstuk
5 van dit proefschrift laten we zien dat de spinrelaxatielengte in een door boron-
nitride ingekapselde dubbellaag van grafeen bij kamertemperatuur verhoogd werd
tot 13 µm met spinlevensduren van 2.5 ns, terwijl dit bij 5 K opgehoogd werd tot 24
µm met 2.9 ns levensduren, voornamelijk door een verbetering van de ladingstrans-
porteigenschappen. Deze resultaten waren de langste lengtes gerapporteerd in een
op grafeen gebaseerd device op het moment van publicatie. Op dit moment staat
het record van spinrelaxatietijd op 12 ns in een enkele laag grafeen met spindiffusie-
lengtes tot 30 µm. Dit werd bereikt door het gebruik van een laag boronnitride om
het grafeen tegen vervuiling te beschermen.
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Experimenten met spintransport hangen doorgaans af van de diffusie van een
onevenwichtige ophoping van spins tussen de injectie- en detectie-elektrodes. De
spinophoping wordt in deze devices genduceerd door een kleine elektrische stroom
die wordt aangelegd tussen een ferromagnetisch contact en grafeen. Wanneer de
contacten gespinpolariseerd zijn, wordt een onevenwichtige spinstroom genjecteerd,
die zich door middel van diffusie voortbeweegt in het kanaal. Het duurt relatief
lang om de spindetector, een derde ferromagnetisch contact dat vaak een aantal mi-
crometers van het injectiecontact wordt geplaatst, uit de weg van het ladingspad,
te bereiken. De detectietijden kunnen worden gereduceerd door een ladingsstroom
tussen de injector en detector toe te passen. Omdat spins door ladingsdragers wor-
den getransporteerd, staat het toepassen van een ladingsstroom die de gemiddelde
snelheid verandert een brede controle toe over de spindetectietijden, en zodoende de
spinrelaxatielengtes. In hoofdstuk 6 laten we zien dat, wanneer een ladingsstroom
wordt aangelegd tussen de het spininjectie en -detectie, de spinrelaxatielengte gecon-
troleerd kan worden over het gehele bereik tussen 7 µm zonder driftstroom en 90 µm
wanneer de driftsnelheid evenwijdig is aan de spinpropagatierichting. Bovendien,
wanneer de driftstroom is omgedraaid, wordt de spinrelaxatielengte verlaagd tot
0.6 µm. Zo’n controle staat efficinte gerichte geleiding van de genjecteerde spin-
stromen toe, wat gebruikt kan worden voor logische operaties met spinstromen. In
hoofdstuk 7 laten we zien dat de door drift tot stand gekomen spinstroomgeleiding
gebruikt kan worden in Y-vormige grafeen-devices om zo demultiplexer en multi-
plexeroperaties met spininformatie uit te voeren. Deze aanpak heeft als voordeel
dat het hoge aan-uit-ratios laat zien (tot 106), maar heeft als nadeel dat het energie-
verbruik voor efficinte device-operaties zeer groot is voor logische toepassingen. We
onderbouwen dat tweedimensionale halfgeleiders, zoals zwarte fosfor nuttig kun-
nen zijn om de prestaties van op spinstroom gebaseerde demultiplexer devices te
verbeteren.

Door zijn 2D vorm kan in grafeen de levensduur voor spins haaks op het vlak
anders zijn dan langs het vlak. In samples van zuiver grafeen is dit echter niet geob-
serveerd en de spins langs het vlak relaxeren ruwweg net zo snel als de spins haaks
op het vlak.

Wanneer een enkele laag van grafeen in de nabijheid wordt geplaatst van een
transitiemetaaldichalcogenide (TMD), dat een sterk spinbaanveld en gebroken in-
versiesymmetrie heeft, wordt de spinrelaxatie in het grafeen/TMD-kanaal anisotroop.
In het bijzonder introduceert de gebroken inversiesymmetrie samen met de grote
atomische massa van de transitiemetalen een grote spinsplitsing haaks op het het-
erostructuurvlak. Omdat elektronen zich in grafeen voortbewegen in twee verschil-
lende valleys die tegengestelde kristalimpulsen hebben, moet de splitsing tegengesteld
zijn in beide valleys door tijdomkeringssymmetrie. Als gevolg daarvan wordt de
relaxatie van de spinsplitsing langs het vlak voor het grootste deel gecontroleerd
door de inter-valley-verstrooiingstijd en de haakse spinsplitsing. Behalve de ge-
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broken inversiesymmetrie langs het vlak hebben heterostructuren van grafeen en
TMD ook een gebroken inversiesymmetrie haaks op het vlak. Als gevolg daar-
van zijn de spinbaanvelden langs het vlak significant sterker dan in devices van
zuiver grafeen. Daarom worden de spinlevensduren haaks op het vlak ook ben-
vloed door de TMD. In hoofdstuk 8 gebruiken experimenteren we met precessie
van spin om magnetische velden langs het vlak om te laten zien dat spintransport
in grafeen/TMD-heterostructuren een sterke anisotropie vertoont. In het bijzonder
laten onze resultaten zien dat de levensduur voor spins haaks op het vlak elf keer
langer zijn dan voor spins langs het vlak, met een spinlevensduur langs het vlak van
2.5 ps en een spinlevensduur van 30 ps haaks op het vlak. Het laatste experimentele
hoofdstuk van dit proefschrift gaat over spinlevensduuranisotropie in dubbellaags
grafeen. Wanneer bij het ladingneutraliteitspunt een eindig haaks elektrisch veld
wordt aangelegd, induceren de intrinsieke spinbaanvelden in dubbellaags grafeen
een haaks op het vlak staande spinsplitsing, die door tijdomkeringssymmetrie tegen-
gestelde tekens heeft in beide valleys. Het mechanisme blijkt exact hetzelfde te zijn
als in de grafeen/TMD-heterostructuren, alleen is het spinbaanveld maar 24 µeV,
meer dan drie ordes van grootte kleiner. Dit heeft als gevolg dat de levensduur voor
spins haaks op het vlak verhoogt naar 9 ns, een waarde die driehonderd keer langer
is dan voor de grafeen/TMD-situatie. De spin-baankoppeling haaks op het vlak
wordt verkleind als de ladingsdichtheid vergroot en daardoor verkrijgen we een
door ladingsdichtheid verstelbare levensduuranisotropie die tot acht kan oplopen
bij het ladingneutraliteitspunt en kan aflopen tot 2.5 bij de door ons hoogst gemeten
dichtheid.

Beide resultaten zijn relevant voor het bereiken van verstelbaar spintransport in
op grafeen gebaseerde spintronische devices.
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