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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
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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.
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[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:

-1.0
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0.0

0.5

1.0

-1.0

-0.5

0.0

0.5

1.0 

 

 µ s
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(a) (b)

V

(c) (d)

1 2 3 4 1 2 3 4

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



3

28

-0.10 -0.05 0.00 0.05 0.10
-2

0

2

4

-0.2 0.0 0.2

-3

0

3

6

9

 

 

R
nl
(Ω

)

B (T)

 Vd=0 m/s (c)

 

 

R
nl
(Ω

)

B (T)

 Vd=5×104 m/s(b)

V

(a)

y

x
z

B

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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