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Chapter 1

Introduction and outline

Abstract

In the second half of the last century, we witnessed a revolution in microelectronic tech-
nology from the invention of transistor to powerful microprocessor chips in electronic
devices. In order to overcome the current challenges of microelectronic devices such as the
power dissipation and downscaling, researchers have been exploring an additional intrinsic
property of electron, called spin. The field of spin electronics or spintronics has explored
new spin related physics, including giant magnetoresistance, tunneling magnetoresistance,
and spin transfer torque, which led to spin based device applications, for example, magnetic
sensors in hard disk drive read heads, and magnetic random access memory data storage
devices. Moreover, spintronics explores new type of materials that could host the transport
of spins for long distances and durations. An atomically thin layer of graphene, discovered
in the beginning of this century, holds the promise for spintronics applications due to the
predictions of a large spin transport length and long spin relaxation time in this material.
However, earlier experiments showed a lower magnitude of graphene’s spin transport
properties, and further research focused on finding the problems and overcoming the chal-
lenges that posed for such low performance of graphene based spin transport devices. The
main challenges include finding a tunnel barrier for obtaining a consistent, and efficient
spin injection and detection in graphene, and protecting the spin transport channel from
the unwanted influence of the underlying substrate and the lithographic polymers. This
chapter provides a brief history of the progress in spintronics with a focus on the current
challenges in graphene spintronics, and a brief outline of the research work presented in
this thesis.

1.1 Spintronics

Spintronics or spin electronics is a field of study that exploits the intrinsic spin angular
momentum of an electron. Conventional electronics utilizes the charge degree of
freedom of electron and focuses on improving the mobility or conductivity of the
charge carriers. Whereas, spintronics utilizes the spin degree of freedom of an electron
in addition to its charge state, and focuses on generation or manipulation of a spin
polarized population of electrons, aiming at using the electron spins for efficient data
storage and communication methods.
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The origin of spintronics goes back to the first understanding of the electrical
conduction in transition metals by Mott [1, 2] in 1936, who described the conduction
of electrons in ferromagnetic (F) materials as a combination of two individual current
channels, one channel consisting of electrons with spins parallel to the magnetiza-
tion axis of F and the other with electron spins oriented in the opposite direction
(anti-parallel). Due to an exchange splitting between the two spin subbands in the
ferromagnet, the corresponding electrons at the Fermi level (Ef ), which contribute to
the electric current, have different densities of states (DoS) and conductivities. As a
result, the current in F is spin polarized. The idea of the two channel model in F is
further validated by Fert and Campbell [3–8] who studied the electronic transport of
the doped ferromagnets.

The first proof for the existence of a non-equilibrium spin polarization in a material
other than F is provided by Meservey et al. [9] in 1970, who showed that an application
of a magnetic field in the plane of a superconductor (SC) results in a Zeeman splitting
of its quasiparticle DoS. The spin-split DoS of the SC was utilized by Tedrow and
Meservey [10–15] to determine the spin polarization of different Fs and their alloys by
employing a spin polarized tunneling current technique to F/insulator(I)/SC tunnel
junctions.

Instead of using a superconductor as a spin analyzer, Julliere [16] used a F to study
the spin polarized conductance across F/I/F junctions, also known as magnetic tunnel
junctions (MTJs), and reported that the tunneling of the spin polarized electrons
across a F/I interface leads to a large change in the junction resistance when the
magnetization orientation of the two Fs is changed from the parallel to the anti-
parallel configuration. According to the model developed by the author, a relative
conductance variation or a tunneling magnetoresistance (TMR) is defined based on
the conductance of an MTJ in parallel (Gp) and anti-parallel (Gap) orientations, given
by, TMR = Gp−Gap

Gap
= 2P1P2

1−P1P2
where P1 and P2 are the spin polarization of two Fs.

Following the experiments of Meservey and Tedrow [10, 11] on the spin polarized
tunneling in F/I/SC heterostructures, theoretical works of Aronov and Pikus [17], in
1976, suggested the possiblity of producing spin polarization in semiconductors(S) by
flowing an electrical current from F into S, and Aronov [18] suggested an injection of
non-equilibrium spins into metals, however with a small spin polarization. When
a charge current is flowed across the interface of F with a nonmagnet (N) (either
semiconductor or metal), a non-zero spin population will be created in N, near the
interface, which leads to different electrochemical potentials for up-spin and down-
spin electrons near the Fermi level, and their difference is called the spin accumulation.
The non-equilibrium spin accumulation decays away from the interface into bulk.
The characteristic distance over which the spin accumulation survives is called the
spin diffusion length λs =

√
Dsτs where Ds is the spin diffusion coefficient and τs is

the spin relaxation time of N.
According to a nonlocal device geometry proposed by Silsbee [19] in 1980, one
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can use a second F to detect the spin accumulation in N, before the complete decay of
the spin accumulation, at a farther distance from the F/N injector interface. Indeed,
it was later demonstrated experimentally by Johnson and Silsbee [20, 21] in 1985,
that the non-equilibrium decaying spin accumulation can be detected as an electric
voltage due to spin-charge coupling, and the spin relaxation time can be determined
by the Hanle spin precession measurements. These measurements were realized at
cryogenic temperatures in a single crystalline aluminium channel with Permalloy
ferromagnetic injector and detector contacts in the nonlocal geometry. The authors
also developed a theoretical framework [22, 23] to explain these results. In another
independent attempt, van Son et al. [24, 25] theoretically gave a similar explanation
on the charge-spin conversion at a F/N interface.

In a similar MTJ device geometry of Julliere [16] experiments, by replacing the
insulator with a non-magnetic metal or semiconductor, the groups of Fert [26] and
Grünberg [27] independently discovered the giant magnetoresistance (GMR) phe-
nomenon in 1988. A typical GMR device consists of a thin non-magnetic material
sandwiched between two F layers. The resistance of the device changes depending
on the relative orientation of magnetization of the Fs which allows a spin dependent
transmission of the conduction electrons between the F layers through the N layer.
Early measurements on GMR devices were conducted by passing a current in the
plane (CIP) of the layers. Later the GMR measurements were extended by Pratt et al.
[28, 29] to the same device geometry where the current is now injected perpendicular
to the plane (CPP) of the layers which showed similar GMR behaviour but with a
higher magnitude. A theoretical model was proposed by Johnson [30] to explain the
GMR behaviour in the CPP geometry on the basis of spin-coupled interface resistance
formalism, which was previously developed by Johnson et al. [22, 23] and van Son et
al. [24, 25] to understand the experiments involving the conduction of the spin polar-
ized electrons from F into N [11, 31]. Another theoretical framework was developed
on the basis of two-channel conductance for each spin direction to explain the GMR
results of the CPP geometry [32, 33].

The multilayer structure of the GMR devices can be used as a magnetic sensor
and has found its applications for reading the data in hard disk drives, storing bits
of information in magnetoresistive random-access memory (MRAM) devices, and
other devices [34]. The discovery of the GMR led to the 2007 Nobel prize in physics,
awarded to Fert and Grünberg [35, 36].

Compared to the GMR device geometry, the nonlocal measurement geometry
[19] has several advantages for studying spin transport in nonmagnetic materials.
Detection of the spin accumulation in the nonlocal geometry avoids the spurious mag-
netoresistive signals that may arise due to the charge transport such as the anisotropic
magnetoresistance or the Hall effect which may mask small spin signals due to spin
injection in the GMR multilayer geometry. Moreover, a lateral spin transport geome-
try allows for the integration of multiple components, for example, backgate, topgate,
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and for applications in multiterminal devices, for example, three-terminal spin-flip
transistor [37], spin-torque transistor [38, 39], spin field-effect transistors [40–43], and
logic devices [44–46].

Despite the superiority of the nonlocal geometry, it was only Jedema et al. [47] in
2001 who demonstrated the electrical spin injection and detection at room temper-
ature. The authors measured spin transport in all-metallic mesoscopic spin valves
including a variety of materials [48] and demonstrated a controlled spin preces-
sion wherein the spin injection was achieved through an oxide tunnel barrier [49].
Thereafter a significant progress in understanding the spin transport in different
non-magnetic systems was achieved including the zero-dimensional mesoscopic
islands [50, 51], one-dimensional metallic channels [52–64], two-terminal metallic
pillars [65, 66], semiconductors [67–69], superconductors [70–72], magnetic insulators
[73, 74], toplogical insulators [75–78], carbon nanotubes [79, 80], graphene [81, 82],
and transition metal dichalcogenides [83].

1.2 Spintronics materials

The spins undergo certain scattering processes during transport, causing the spin
relaxation. The characteristic distance over which spins are transported is called the
spin diffusion length (λs) and the characteristic time over which the spins do not
dephase is called spin relaxation time (τs). The performance of a spintronics device
is characterized based on these figures of merit. Therefore, it is required to find a
material in which the electron spins can travel long distances without any scattering,
i.e, a material retaining the spin polarization for a long duration.

When an unpolarized charge current is passed through a F conductor, the current
becomes spin polarized due to unequal DoS for up-spin and down-spin electrons. A
current carrying F can be used as a spin polarized current source or a spin injector for
N. Moreover, F can also be used as a spin detector for sensing the spin polarized cur-
rent in N due to spin-charge coupling [20]. However, naturally available ferromagnets
viz., Fe, Ni, Co, and Gd, are not suitable for electrical transport of non-equilibrium
spins due to the presence of a large spin orbit coupling (SOC) in such materials which
leads to a very fast relaxation of spins, making these materials not suitable for data
processing and data communication technologies.

On the other hand, non-magnetic materials, metals or semiconductors, have no
spin polarization at equilibrium due to equal number of both spin states at Ef. How-
ever, an electrical current passing through a F/N interface can inject spin polarized
carriers into N, near the interface. The injected non-equilibrium spin accumulation
in N diffuses away from the interface towards the equilibrium region in the bulk
of N with no spin accumulation. In metals, even though the spin backflow can
be circumvented by inserting a tunnel barrier between the F and metal, the electri-
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cal spin transport in metals faces problem from a relatively short spin relaxation
times, typically τs < 1 ns. Moreover, large carrier density in metals makes it difficult
to manipulate the carrier spins via a dielectric gate in a lateral spin valve device
geometry.

Semiconductor(S) spintronics device physics has also been explored in parallel.
Even though the presence of Schottky barrier at the F/S interface complicates the
spin injection process, the N semiconductors exhibit a large room-temperature spin
lifetimes above 1 ns and long spin relaxation lengths, and electric-field controllable
carrier density which makes N semiconductors viable for the spintronics applications
with a possibility of realizing logic, communication, and storage technologies within
the same material [84].

Another class of materials, organics, are based on carbon element, and display a
small spin-orbit coupling and negligible hyperfine interactions, the two phenomena
deemed to cause relaxation of spins in a semicoductor material. These properties
make organic materials promising for spintronics with a potential for large spin
relaxation times. Newly introduced organic materials such as carbon nanotubes
and graphene are non-magnetic, and are a main subject of interest for carbon-based
spintronics. In fact, since the first demonstration of unambiguous spin transport
in graphene by Tombros et al. [81], graphene has attracted much attention in the
spintronics research community due to its theoretically predicted long spin relaxation
time and large spin relaxation length at room temperature. Moreover, the magnitude
of spin signal in graphene [85] is much higher than in metals [47] and semiconductors
[67].

1.3 Motivation: Graphene spintronics

Two-dimensional graphene is attractive for spintronics due to a number of reasons.
First and foremost is the theoretically predicted long spin relaxation time and large
spin diffusion length which primarily result from the low SOC and negligible hy-
perfine interactions of carbon lattice [86, 87]. Besides, its large carrier mobility and
electric field tunable carrier density make a compelling case for studying the spin
dynamics in graphene.

The first demonstration of spin transport in graphene [81] showed small magni-
tudes of spin transport parameters, and the subsequent efforts [82] improved these
parameters to the significant values by overcoming the challenges due to the underly-
ing substrate, tunnel barriers, and the quality of graphene itself via various device
geometries. However, there are few challenges still remain to bring graphene close to
the spintronics applications.

First is the quality of graphene channel for spin transport. Even though graphene
on hexagonal boron nitride (hBN) substrate was found to give a high electron mobility,
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its spin transport properties are limited by the lithography impurities on the top
surface coming from the device fabrication process [88].

Second is the quality of ferromagnetic tunnel contacts for electrical spin injection
into graphene. In the past decade, a big volume of spintronics research focused on
finding a better way to effectively inject a spin polarized current into graphene via
tunneling contacts having oxide tunnel barriers. The problem with conventional
oxide tunnel barriers is two fold. One is the conductivity mismatch problem due to
the inhomogeneous growth of tunnel barriers resulting in a frequent low-resistance
contacts. This results in a low spin injection efficiency and small spin lifetimes in
graphene. Even with the high resistive contacts, the spin lifetime reported to be very
small. Therefore, besides the contact resistance, morphology of the tunnel barrier-
graphene interface seems to play an important role in determining the spin lifetime in
graphene [88]. This is possibly due to a direct growth of oxide barriers on graphene
which might create roughness and dangling bonds at the interface.

Third is the efficiency of electrical spin injection and detection in graphene. Spin
polarization is akin to fuel for spin transport. Most of the graphene spintronics stud-
ies were focused on aforementioned two challenges in order to achieve the large
spin relaxation lengths and long spin relaxation times while using only a small spin
injection polarization ≈1-10% in graphene which is just enough to study the basic
spin transport physics in graphene. Even with high quality oxide tunnel barriers
reported in the literature, the maximum value of spin injection polarization achieved
was only up to 36% [89]. However, such high polarization values are rarely reported
thereafter, probably due the irreproducibility of high quality tunnel barriers in dif-
ferent laboratories. In order to incorporate graphene spintronics to new avenues
such as quantum dots and GMR-based technology, we need to achieve large spin
polarizations by introducing new materials or new methods.

This thesis addresses these three problems by proposing a new device geometry
for graphene spin valves with hBN tunnel barriers and substrate, and by introducing
a method of applying a bias across the ferromagnetic tunnel contacts.

1.4 Thesis outline

A short summary of the chapters presented in this thesis is as follows,

• Chapter 1 gives a brief introduction to the field of spintronics from both histori-
cal and technological perspectives, and the scope of the thesis in this field.

• Chapter 2 describes the concepts of spin transport in general and derivation
of spin signals in spin valve and Hanle measurements for two, three, and four-
terminal measurement geometries. An account on various definitions of spin
polarization and their relevance to the nonlocal spin transport is also given.
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• Chapter 3 gives a brief overview of the structural and electronic properties of
graphene and hexagonal boron nitride materials.

• Chapter 4 describes the experimental techniques used in this thesis work in-
cluding the device preparation methods and measurement schemes.

• Chapter 5 presents the first demonstration of spin transport in fully hBN encap-
sulated graphene where a monolayer-hBN is used as a tunnel barrier. Using this
new spin valve device geometry we address the problems with the lithography
impurities and the conventional oxide tunnel barriers [90].

• Chapter 6 focuses on a bilayer-hBN tunnel barrier for electrical spin injection
and detection in fully hBN encapsulated graphene. Here we achieve spin-
injection and detection polarizations reaching up to 100% in ferromagnet/bilayer-
hBN/graphene/hBN heterostructures using an electrical bias. Besides, we
demonstrate two-terminal spin valve signals with a large magnetoresistance
ratio which is attractive for practical graphene based spintronic devices [85].

• Chapter 7 presents the spin injection and transport in graphene using two-
layers of large-area chemical vapour deposition (CVD) grown hexagonal boron
nitride tunnel barriers. Our results emphasize the importance of the quality
of the CVD material growth and its transfer process for an efficient spin injec-
tion and transport in graphene spin valves. Moreover, the importance of the
crystallographic orientation of the two layers of hBN is also discussed [91].

• Chapter 8 gives a critical review of the experimental progress on spin transport
in graphene, up until the work done in this thesis, emphasizing on the graph-
ene/hBN heterostructures. A few current challenges and future perspectives
are also given [92].
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Chapter 2

Concepts of spintronics

Abstract

This chapter introduces the concepts required to understand the electrical spin injection,
transport, and detection in nonmagnetic materials. First, a brief introduction is given to
the basic properties of ferromagnetic and non-magnetic materials that are necessary to
understand the physics of electrical spin transport. This is followed by introducing the
two channel model of spin injection across a ferromagnet/nonmagnet interface followed
by derivation of an expression for the spin injection polarization. Thereafter a general
solution to the one dimensional Bloch diffusion equation is given using which the expres-
sions for spin valve and Hanle spin precession signals in the four-terminal nonlocal and
two-terminal geometries are given. A brief account on the various definitions of spin
polarizations used in literature is also given for a clear understanding. In the end, different
kinds of spin relaxation mechanisms are discussed.

2.1 Elementary concepts of spin transport

In standard spin transport formalism, one makes an assumption that up-spin and
down-spin electrons diffuse independently with a weak scattering interactions be-
tween both types of spins. The transport of two spin types can be treated separately
[1] with different diffusion constants D↑(↓), conductivities σ↑(↓), and density of states
(DoS) g↑(↓). For a conductor having an electrical current flow due to an electrostatic
potential, one can define the following characteristics:

1. Chemical potential: Spin accumulation or spin chemical potential (µs) is the
difference between the chemical potentials of the up-spin (µ↑) and the down-
spin (µ↓), and the net charge chemical potential (µ) is the average of spin
dependent electrochemical potentials. All these quantities are related as,

µ = (µ↑ + µ↓)/2,

µs = (µ↑ − µ↓)/2,
µ↑(↓) = µ+ (−)µs.

(2.1)

2. Magnetization: Magnetization (M ) is defined by the difference between the
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number of up-spin (n↑) and down-spin (n↓) electrons, given by

M = µB(n↑ − n↓), (2.2)

assuming each electron has a magnetic moment of one Bohr magneton, µB .

3. Conductivity: The conductivity of each spin channel, σ↑(↓), is related to the den-
sity of states g↑(↓) at the Fermi energy Ef, g↑(↓)(Ef), and the diffusion coefficient
D↑(↓) via the Einstein relation,

σ↑(↓) = g↑(↓)(Ef)e
2D↑(↓) (2.3)

The diffusivity of each spin channel, D↑(↓), is related to the spin dependent
Fermi velocity vF↑(↓) and the mean free path length lmfp↑(↓), given by D↑(↓) =

(vF↑(↓)lmfp↑(↓))/3 where the dimensionality of a three dimensional system is
given by the factor 1/3.

4. Current: The electrical current for two spins j↑(↓) is driven by the gradient of
the electric potential OV and the gradient of the carrier density Oδn↑(↓),

j↑(↓) = −σ↑(↓)OV + eD↑(↓)Oδn↑(↓) (2.4)

with a deviation in the carrier density from equilibrium δn↑(↓) = g↑(↓)δµ, where
δµ is a shift in the chemical potential of charge carriers from its equilibrium
value.

From the above equations, the individual spin current densities can be obtained
as

j↑(↓) =
σ↑(↓)

e
Oµ↑(↓) (2.5)

where µ↑(↓) = δµ− eV is the electrochemical potential of the up-spin, ↑(down-
spin, ↓) subbands.

According to Ohm’s law, a charge current flow is driven by an electric field, E
and is given by j = σE = −σOV .

5. Polarization: A charge current density (j) can be written as a sum of up-spin
current density (j↑) and down-spin current density (j↓), the spin current density
(js), and the current spin polarization Pj are defined as:

Pj =
js

j
=
j↑ − j↓
j↑ + j↓

=
σsOµ+ σOµs

σOµ+ σsOµs
(2.6)

where the charge conductance σ, spin conductance σs, and the conductance spin
polarization Pσ are given by,

Pσ =
σs

σ
=
σ↑ − σ↓
σ↑ + σ↓

(2.7)
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For different DoS at the Fermi level, one can define the total charge DoS (g),
spin DoS (gs), and the density-of-states spin polarization (Pg) as,

Pg =
gs

g
=
g↑ − g↓
g↑ + g↓

(2.8)

Spin transport is characterized by the spin currents due to up-spin (j↑) and
down-spin (j↓), and its spin polarization is commonly expressed in terms of
current spin polarization Pj , and conductivity spin polarization Pσ . Therefore,
the charge and spin current densities (Eq. 2.6) can be written in terms of spin
polarizations as,

j = Pσjs + σ(1− P 2
σ )Oµ,

js = Pσj + σ(1− P 2
σ )Oµs,

Pj = Pσ +
σ(1− P 2

σ )

j
Oµs

(2.9)

6. Drift-Diffusion equation: The transport of spins is described by the spin drift-
diffusion equation [2],

Ds 52 µs −
µs

τ
+ ωL × µs =

dµs

dt
= 0 (2.10)

where µs = µsxx̂ + µsyŷ + µszẑ represents the spin accumulation in three di-
mensions, Ds is the spin diffusion constant, τs is the spin relaxation time, and
ωL =

gµBB
h̄ is the Larmor spin precession frequency caused by the magnetic

field B with, Bohr magneton µB , and the gyromagnetic factor g(=2 for elec-
trons). In the steady state (dµs

dt = 0) under no external influence on spins, the
solution to the above equation for one-dimensional spin transport, say along
the x-direction, is given by,

52µs =
µs

λ2
s

µsx(x) = Ae
− x
λs +Be

+ x
λs

(2.11)

where, λs =
√
Dsτs is the spin relaxation length. For a given set of boundary

conditions, the values of A and B can be evaluated. See Appendix A for special
case of a nonlocal spin transport geometry.

2.2 Standard model of spin injection: a F/N contact

2.2.1 Ferromagnetic materials

Ferromagnetism is a result of collective ordering of electron spins in a material.
Depending on the material, this phenomenon persists below a certain temperature,
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called Curie temperature. The specific ordering of different electrons’ magnetic
moments in a Ferromagnet (F) is regarded as a purely quantum mechanical effect
caused by an exchange interaction between the magnetic moments. An exchange
interaction arises due to Pauli exclusion principle and Coulomb interaction between
electrons.

According to the Stoner model, a combination of a strong Coulomb exchange
interaction and a large DoS at the Fermi level leads to a spontaneous ferromagnetism.
This criterion is met for the 3d transition metal ferromagnets, Fe, Ni, and Co. In these
ferromagnets, the strong exchange interaction leads to different DoS for electrons
with up-spin(↑) and down-spin(↓). As a result, up-spin and down-spin bands are split
spontaneously without needing any external magnetic field, creating a equilibrium
distribution of spins, which is commonly referred to as spin imbalance or spin splitting
of the DoS.

Electrical transport in a ferromagnetic metal is characterized by the conduction
electrons at the Fermi-level (Ef). Since the electrons with up-spin and down-spin have
different DoS at Ef, they both have different conductivities (Eq. 2.3). In the diffusive
regime, conductivities of two spin types in a ferromagnet σF

↑(↓) can be evaluated using
the Einstein relation (Eq. 2.3).

Another property of the ferromagnet pertaining to the unequal density of each spin
type conduction electrons at the Fermi level is the degree of spin polarization (P ). It is
usually given by the difference between the DoS of the majority spin and the minority
spin at the Fermi level, where the majority and minority refers to the spin of the larger
and smaller total electron density. For simplicity, the convention followed here is: the
up-spin is referred to the majority spin which determines the magnetization and the
down-spin is referred to the minority spin. The DoS polarization of a ferromagnet P F

g

can be written by Eq. 2.8.
Let us consider a ferromagnet in contact with a non-magnet (N) where an electric

current is driven from F to N [Fig. 2.1]. The transport of non-equilibrium spins
in F can be described by the diffusion equation 2.11 whose solution is given by:

µF
s (z) = µF

s (0)e
− z

λF
s , as µF

s (z →∞)→ 0. Therefore, the current spin polarization of F,
P F
j , can be written as (using Eq.2.9),

P F
j = P F

σ −
1

jF

µF
s (z)

RF (2.12)

where RF is the effective resistance of F.
Note that the individual values of P F

j and P F
σ of a ferromagnet cannot be mea-

sured directly. One need to calculate or estimate them from an indirect measure-
ment, for example, via tunneling conductance measurements for superconduc-
tor(SuC)/Insulator(I)/F vetical tunneling junctions [3].
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Figure 2.1: Electrical spin injection from a ferromagnet (F) into a nonmagnet (N) across an
isolated F/N junction using a current source I . The contact region of the F/N junction denoted
by ‘C’. Band diagrams represents the density of states (DoS) of F and N. Due to unequal DoS in
F, a non-equilibrium spin accumulation is injected into N near the F/N interface which will
decay into the bulk of N where the equilibrium spin accumulation is zero.

2.2.2 Nonmagnetic materials

In equilibrium, nonmagnetic materials (N) have an equal number of up-spin and
down-spin electrons, i.e., Pg = 0, Pσ = 0, and µs = 0.

However, it is possible to create a non-equilibrium spin accumulation in N by
injecting an already spin polarized current. This can be achieved by passing an
electrical current through F into N (Fig. 2.1). As a result a non-equilibrium spin
accumulation µN

s will be created at the F/N interface (C). The region of N far from the
interface is at equilibrium with µN

s = 0. This difference in spin chemical potential in
N, between the regions close to and far from the F/N contact, drives the spin current
in N.

The transport of non-equilibrium spins in N can be described by the diffusion

equation 2.11 whose solution is given by: µN
s (z) = µN

s (0)e
z

λN
s , as µN

s (z → −∞) → 0.
Therefore, the current spin polarization of N can be written as (using Eq. 2.9),

PN
j =

1

jN

µN
s (z)

RN (2.13)

where RN is the effective resistance of N.
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2.2.3 Spin current across an F/N interface

Charge and spin transport across an interface (C) between two dissimilar materials
can be described by considering a difference in the chemical potentials across interface.
The conductivity spin polarization PC

σ and the current spin polarization PC
j of a F/N

contact are related by,

PC
j = PC

σ +
1

jC

[µF
s (0)− µN

s (0)]

RC
(2.14)

where RC is the effective resistance of the F/N contact

2.2.4 Spin injection polarization: a F/N contact

Assuming the spin current and charge current conservation across the F/N contact,
i.e., the continuity of the charge current j and the spin current js, we can find the
current spin injection polarization PC

in of the F/N contact, defined as PC
j = PC

in = js
j ,

(using Eqs. 2.12, 2.13, and 2.14),

PC
j = PC

in =
P F
σR

F + PC
σR

C

RF +RC +RN (2.15)

This is an important factor for characterizing the spin injection efficiency of a contact.
More about this parameter will be discussed in the following section 2.5.

When the direction of the current is reversed (Fig. 2.1), the spins will flow from N
to F across the F/N contact. Now, the figure of merit for the efficiency of the spin flow
across the F/N junction is called spin extraction. For an isolated vertical F/N contact,
as shown in Fig. 2.1, spin injection and spin extraction processes are equivalent.

2.3 Spin transport in a nonmagnetic channel

Nonmagnetic diffusion channel: The transport of spins in N can be described by
considering two spin current channels for up-spin and down-spin [1], using the spin
drift-diffusion equation 2.10. Let us consider a nonlocal lateral spin valve geometry as
shown in Fig. 2.2 where a current I is injected into the nonmagnet N via ferromagnet
at x=0. This geometry consists of three building blocks, namely, ferromanget (F),
nonmagnetic channel (N), and F/N interface contacts (C). F1(F2) and C1(C2) denote
the ferromagnet and the F/N contact, respectively, at x=0(x=L). A charge current IN

in N flows left (along -x̂) to the injection point, say at x=0, while the injected spin
current IN

s flows in both directions (along -x̂ and +x̂) along the length of N. A voltage
Vnl is measured between the contact at x=L and the reference contact situated far and
the corresponding nonlocal resistance is Rnl =

Vnl
I .
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Figure 2.2: Four-terminal non-local spin transport measurement geometry. A current I is
driven across two injector contacts and the non-local voltage V is measured across two detector
contacts. Inner-injector F/N contact at x=0 is denoted by ‘C1’ and the inner-detector F/N
contact at x=L by ‘C2’.

The nonlocal detection voltage Vnl depends on the spin accumulation in N at x=L,
µN

s (x = L) that is being diffused from its injection point at x=0 (see Appendix A for
the derivation),

Vnl = −P
F2
σ R

F2 + PC2
σ RC2

RF2 +RC2 µN
s (x = L), (2.16)

To obtain µN
s (x = L) in Eq. 2.16, consider a general case where the spins also

precess in the presence of an external magnetic field applied normal to device plane,
i.e, B = Bz ẑ. Transport of spin accumulation in N satisfies the steady-state Bloch
diffusion equation Eq. 2.10, which describes the diffusion of spin accumulation
µN

s = µN
sxx̂+µN

syŷ+µN
szẑ in three-dimensions (3D). However, in the case of an atomically

thin N materials like graphene, spin diffusion in the direction normal to the surface
can be ignored, limiting the diffusion to 2D. Moreover, the spin injection is assumed
to be uniform across the F/N interface, reducing the description of the spin diffusion
further to 1D.

Consider the 1D spin diffusion in N, say, along x-direction. We can solve the

diffusion equation Eq. 2.10 for the steady state (dµ
N
s
dt =0) under the boundary conditions

µN
sx,sy,sz(x −→ ±∞) −→ 0, resulting in (see Appendix A for detailed derivation),

Rnl = ±1

2
PC1

in P
C2
d RN<

{
λNk2

4e−k2L

(1 + 2r1k2)(1 + 2r2k2)− e−2k2L

}[
R1R2

RN2

]
, (2.17)

Here, < denotes the real part, PC1
in is the current spin injection polarization, PC2

d is
the spin detection polarization, k2 = 1

λN
1

1+jωτ , the ri and Ri parameters with i=1 for
contact at x=0 and i=2 for contact at x=L are given by ri = WNσN(RFi + RCi), and
Ri = RFi +RCi +RN where RF, RC, and RN represent the effective resistances of F, C,
and N, respectively The signs ± indicate the relative magnetization orientation of the
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electrodes, ‘+’ for parallel(P, ↑↑) and ‘−’ for anti-parallel(AP, ↑↓). The magnitude of

spin signal is given by4Rs = |
R↑↑nl−R

↑↓
nl

2 |.
The expressions for PC1

in [Eq. A.1] and PC2
d [Eq. A.14] are given by,

PC1
in =

IN
s

I
=
P F1
σ R

F1 + PC1
σ RC1

RF1 +RC1 +RN ,

PC2
d =

V

µN
s (x = L)

=
P F2
σ R

F2 + PC2
σ RC2

RF2 +RC2 ≡ PC2
in
RF2 +RC2 +RN

RF2 +RC2 ,

(2.18)

2.3.1 Four-terminal nonlocal Hanle measurements

Hanle measurements are analyzed for determining the accurate spin transport pa-
rameters of transport channel N. For the Hanle measurements, a magnetic field Bz is
applied perpendicular to the injected spin direction as a result of which spins precess
while travelling through N channel. For tunnel contacts, RC � (RF, RN). This gives

r ∼ WNσNRC ≡ RC

RNλ
N, PC1

in P
C2
d ∼ PC1

σ PC2
σ (Eq. 2.18), and the nonlocal resistance

(Eq. 2.17) can be written as,

Rnl(B) = ±1

2
PC1

in P
C2
d RN<

{
e
− L

λN
√

1+iωτ

√
1 + iωτ

}
(2.19)

which has the same form as found by Johnson and Silsbee(Eq. (B20), Ref. [4]). Sosenko
et al. [5] have also derived the same expression and concluded that fitting the Hanle
measurement data with the above equation was found to give results equivalent to
fitting with the Greeen’s function solution [6] of the diffusion equation 2.10 over time:

Rnl(B) = ±H0

∫ ∞
0

e−
t
τ

√
4πDt

e−
L2

4Dt cos(ωt)dt (2.20)

An explicit integral of Eq. 2.20 using MathematicaTM program yields the same
analytical expression [7] as Eq. 2.19 with H0 = PC1

in P
C2
d RN D

λN .

2.3.2 Four-terminal nonlocal spin valve measurements

For a nonlocal spin valve measurement, Bz=0⇒ ω=0. Then k2 = 1

λN . The measured
spin valve non-local resistance (Eq. 2.17) can be written as,

Rnl = ±1

2
PC1

in P
C2
d RN


2r1
λN

2r2
λN e

− L

λN

(1 + 2r1
λN )(1 + 2r2

λN )− e−2 L

λN


[

R1

RF1 +RC1

R2

RF2 +RC2

]
(2.21)

which has a similar form as of Eq. (3) in Takahashi et al. [8] and Eq. (3) in Popinciuc et
al. [9].
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For tunnel contacts, the above equation can be further simplified into,

Rnl = ±1

2
PC1

in P
C2
d RNe

− L

λN (2.22)

which agrees with Eq. 6 in Takahashi et al. [8].
The four-terminal nonlocal geometry can be used for all-electric injection and

detection of spin transport in a non-local lateral spin valve, as demonstrated for
the first time in the nonmagnetic metals at low-temperature by Jonson and Silsbee
[10](single crystal Al bulk wire, below 77 K), and later at room-temperature by
Jedema et al. [11, 12](mesoscopic Cu strips); in non-magnetic semiconductors at
low-temperatures by Lou et al. [13](n-GaAs, below 70 K) and by van ’t Erve et al.
[14](n-Si, below 10 K), and later at room-temperature (RT) by Saito et al. [15](n-GaAs,
RT), by Suzuki et al. [16](n-Si, RT), and by Tombros et al. [17](graphene, RT).

One can also measure the spin accumulation in a three-terminal geometry which
is equivalent to the 4T non-local Hanle measurement geometry with L=0. See Ap-
pendix A for more details.

2.3.3 Two-terminal spin valve and Hanle measurements

In a two-terminal (2T) device, spin signals can be detected via the spin valve and
the Hanle spin precession measurements, similar to the 4T nonlocal measurement
geometry. However the difference is that in a 2T device, both contacts act as spin
injectors and spin detectors (Fig. 2.3). The contacts are biased in such a way that one
of them acts as spin injector and the other as spin extractor (see Section 2.2.4). When
the bias is reversed, both contacts exchange their roles. Since the charge and spin
current paths are same, the detected signal includes both the charge and the spin
contributions.

For a current I passing through the circuit (Fig. 2.3), the voltage measured is given
by,

V2t(B) = V C1(B)− V C2(B) + IRN(B) (2.23)

where V C1 and V C2 are the voltages that could be detected across the contacts C1 and
C2, and RN is the resistance of the N channel between the contacts. PC1

in denotes the
injection polarization of contact C1.

The above equation V2t can be written for parallel ↑↑ and anti-parallel ↑↓ configu-
ration of the magnetization of contacts C1 and C2.

For the two terminal Hanle measurements, the total measured spin signal4R2t(B) =
V ↑↓2t (B)−V ↑↑2t (B)

I is given by,

4R2t(B) =
[
PC1

in P
C2
d + PC1

d PC2
in
]
RN<

{
e
− L

λN
√

1+jωτ

√
1 + jωτ

}
(2.24)
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Figure 2.3: Two-terminal spin transport measurement geometry. Both the electrical spin
injection and detection carried out using the same two contacts.

For two terminal spin valve measurements, Bz = 0, and the spin signal is mea-
sured while sweeping the magnetic field along the magnetization direction of the
contacts. The resulting two-terminal spin valve signal4R2t is given by,

4R2t =
[
PC1

in P
C2
d + PC1

d PC2
in
]
RNe

− L

λN (2.25)

2.4 Spin conductivity mismatch

2.4.1 Transparent contacts

Let us consider the scenario where there is a small interface resistance of a contact (C),

in other words, ohmic or transparent contact, i.e., RC � (RF, RN), then, PC
in =

PF
σ

1+RN
RF

(from Eq. 2.18). When the resistances of F and N are comparable, i.e., RN ≈ RF, the
spin polarization of the current penetrating into the N reduces moderately to half

of the conductivity polarization of F, PC
in ≈

PF
σ

2 . However, when the resistance of N
is higher than that of F, i.e., RN � RF, the injected current polarization reduces dra-

matically, PC
in ≈ RF

RNP
F
σ ≡ λF

λN
σN

σF
PF
σ

1−PF
σ

2 . Generally, for semiconducting N and metallic

F, λF � λN and σN � σF. As a result, PC
in becomes small. This phenomenon has

been observed experimentally in early attempts of spin injection into semiconductors
through a direct contact of F [18–20]. The issue of a reduced efficiency of the spin
polarization of the injected electrons from F to N is formulated as the conductivity mis-
match problem [20]. The importance of the conductivity mismatch was first raised by
Filip et al. [20] who explained that for an equal or higher conductivity of F compared
to that of N, a very small spin polarization can be injected into N. This results in a
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very small spin signal which can be difficult to detect. Moreover they suggested an
alternate solution of using a semi-magnetic or ferromagnetic SC (also called Heusler
compounds) as spin injection sources. However, these contacts are limited to low
temperatures due to their Curie temperature and required high magnetic fields of the
order of 1.5 T to polarize the contacts which would limit any practical applications,
incorporating these materials.

2.4.2 Tunneling contacts

Later, a solution to the conductivity mismatch problem was proposed by Rashba [21],
and Fert and Jaffres [22]. In order to overcome the conductivity mismatch condition,
i.e., σN � σF (or RN � RF), or to enhance the current spin injection polarization PC

in,
one needs even higher contact resistance of F/N interface, i.e., RC � (RF, RN) [20–23].
This can be achieved by introducing a thin insulating (I) tunnel barrier at the F/N
interface [24–26], i.e., by making a F/I/N tunnel junction one can limit the back flow
of spins from N into F and restore the spin polarization to a significant level. In this
case, the current spin injection polarization PC

in (Eq. 2.18) is dominated by the spin
dependent conductivity or the resistance of the barrier RC, resulting in PC

in ≈ PC
σ . In

literature, PC
σ is often refered to as spin asymmetry coefficient of the barrier γ [22], or

tunneling spin polarization or simply, spin polarization in TMR experiments [27, 28].
Moreover, the conductivity mismatch problem can also be overcome by tuning a
Schottky barrier at F/N interface [13, 29], or by forming a Zener-Esaki tunnel diode
at F/N interface [30–33].

In case of spin injection into graphene, insertion of a tunnel barrier has been shown
to increase the spin injection polarization [34]. The quality of the tunnel barrier and
its interface morphology with graphene also play an important role in determining
the spin injection efficiency [35] and the long distance spin transport [36]. More about
this is discussed in Chapter 6.

2.5 Spin polarization

There are different methods developed for determining the spin polarization in
various device systems: i)spin polarized tunneling or Meservey-Tedrow technique
[37] for contact spin polarization in F/I/N tunnel junctions, ii)point contact Andrew
reflection technique for measuring transport spin polarization of the F system [38–
40], iii)spin wave Doppler technique [41] for measuring current polarization of a
F, iv)spin-resolved photoelectron spectroscopy for DoS spin polarization (Pg) [42],
v)time-resolved Faraday rotation experiments for measuring spin polarization of a
semiconductor interfaced with a ferromagnet [43], and vi)spin valve and Hanle spin
precession measurements in a lateral spin valve geometry [44] for measuring current
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the spin polarization.
In the early works of spin polarized tunneling experiments [3, 37], it was explicitly

assumed that the tunneling spin polarization is completely determined by the spin
polarization of F electrodes. It was even predicted that the tunneling spin polarization
is subjected to change by changing the tunnel barrier [45].

Various definitions of spin polarization of a material are given in the section 2.1.
Generally, the current spin polarization of a material is defined as a ratio of the
spin current Is to the total charge current I flow, Pj = Is

I . Often in literature [40],

the current spin polarization of contact is defined as σC
↑ −σ

C
↓

σC
↑ +σC

↓
, which is actually the

conductivity spin polarization of the contact, PC
σ (Eq. 2.14), and the current spin

polarization of a F is defined as g↑(EF)−g↓(EF)

g↑(EF)+g↓(EF) , which is actually the density spin

polarization of a F, P F
g (Eq. 2.8). The definitions of Pσ and Pg are synonymously

used for defining the current spin polarization Pj . From the definitions given by
Eqs. 2.8, 2.7, 2.6, it is clear that Pg , Pσ , and Pj are inherently different. However, there
is no direct way of measuring these spin polarizations.

In case of F, due to an exchange splitting between the up-spin and down-spin
subbands, the spin DoS at the Fermi level are unequal, resulting in P F

σ 6= 0. The current
carried by the electrons in the bulk of F is spin polarized and the spin polarization of
the current P F

j is defined by Eq. 2.12.
In case of N, in equilibrium, the DoS at Ef of both spin subbands are equal and the

current carried by the spins are equal. Thus the equilibrium current spin polarization
and the equilibrium conductivity spin polarization in the bulk of N are zero, i.e.,
PN
σ = 0, and PN

j = 0. However, a small non-equilibrium spin accumulation can be
created by injecting a spin polarized current in N which gives rise to a spin current
flow and current spin polarization PN

j , defined by Eq. 2.13.
For an F/N contact in a vertical F/N junction, shown in Fig. 2.1, the same for-

malism as above applies where PC
σ and PC

j are related by Eq. 2.15. Note that here,
PC
σ 6= PC

j . Moreover, for an isolated vertical F/N contact the current spin injection
polarization PC

in and the spin extraction polarization are equivalent [46]. On the other
hand, in a lateral non-local four-terminal geometry such as shown in Fig. 2.2, we can
define two types of polarizations for a F/N contact; current spin injection polarization
PC

in and spin detection polarization PC
d (Eq. 2.18). Note that, in contrast to the F/N

contact in the vertical geometry[Fig. 2.1], the mechanism of spin injection and detec-
tion polarizations of a F/N contact in the nonlocal geometry[Fig. 2.2] are different due
to separate paths for charge and spin currents. In other words, PC

in can be written as a
ratio of the spin current to the charge current across injector F/N contact, whereas,
PC

d can be defined as the ratio between the voltage detection to the spin accumulation
underneath the detector F/N contact. Due to similar spin injection phenomenon in
both vertical and nonlocal geometries, the current spin injection polarizations are
same in these two geometries (Eqs. 2.15 and 2.18).
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In the case of electrical spin injection experiments with high resistive tunnel barrier
at a F/N interface i.e, RC � (RF, RN), the current spin injection polarization becomes
equal to the conductivity spin polarization of the contact, i.e., PC

in ∼ PC
σ (from Eq. 2.18).

In literature, for the nonlocal spin transport experiments, these two polarizations are
synonymously used, simply termed as spin injection polarization. Similarly, for the
detector F/N contacts with a high resistive tunnel barrier, one can deduce PC

d ∼ PC
σ ,

termed as spin detection polarization.
Moreover, due to a similar geometry of the F/N interface for the injector and the

detector contacts in a nonlocal spin transport geometry, the detection polarization
is assumed equal to the injection polarization [17], i.e., PC

in ≡ PC
d . However, the pro-

cesses of electrical spin injection and detection are inherently different, and the both
values PC

in and PC
d need to be considered separately for the nonlocal spin transport

measurements

2.5.1 Bias dependence of spin polarization

As discussed in the previous section, insertion of a high resistive insulating (I) tunnel
barrier at the F/N interface would overcome the conductivity mismatch problem.
In such F/I/N contacts, the electrons will tunnel across the barrier whose spin
conductivities (σC

↑(↓)) depend on the bias, say voltage (V), applied across the F/I/N
tunnel junction. In a F/I/N tunnel junction with an high resistive tunnel barrier,
RC � (RF, RN), the majority of the voltage drop occurs across the barrier-channel
interface. Therefore, the bias dependence of the spin conductivities σC

↑(↓)(V ) comes
from the spin dependent conductivities of the ferromagnet and tunnel barrier, and
possibly due to a magnetically proximity coupled N underneath the ferromagnetic
contact [47–49].

One can experimentally observe the bias dependence of the spin injection and
detection polarizations PC

in and PC
d in a nonlocal measurement geometry(see Chap-

ter 6). The bias induced spin polarization has been reported in different tunneling
F/I/N junctions, including (CoFe or NiFe)/Al2O3/Al/SiO2 [50], Co/(1-3 layer)CVD-
hBN/graphene/SiO2 [51], Co/bilayer-hBN/graphene/hBN [52], and Co/two-layer-
CVD-hBN/graphene/hBN [53].

2.5.2 Equivalent circuit for spin injection and detection

An equivalent circuit of the nonlocal measurement geometry of Fig. 2.2 is given in
Figs. 2.4(a,b). Resistors in the unbiased(I = 0) circuit represented by the symbol

and the resistors in the biased(I 6= 0) contacts are by . In case of an
unbiased measurements [Fig. 2.4(a)], the spin is injected with an AC current i and a
voltage v is detected with the lock-in technique. In case of biased measurement, a DC
current Iin is applied across the injector contacts along with a fixed magnitude of i
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Figure 2.4: Equivalent resistor circuit of the nonlocal spin valve measurement geometry with
(a) unbiased spin injection and detection contacts, (b) biased spin injection and unbiased spin
detection contacts. Resistor model for (c) an injection contact and (d) detection contact. Each
resistive element of the device is divided into up-spin and down-spin channels. For unbiased
state, spin resistances of the contacts are constant. Whereas when a bias, for example, DC
injection current Iin is applied, the spin resistances of the contacts change and thus result in
change of the corresponding spin polarization. Here, the equivalent up(down)-spin resistances
of F, C, and N of a F/N junction, near the interface region of length λF + λN , are given by
RF↑(↓) = λF

σF↑(↓)
, RC↑(↓) = 1

σC↑(↓)
, and RN↑(↓) = 2λN

σN
, respectively. The size of resistor box indicates

the relative magnitude of up and down spin resistors.

and the measured v represents the differential change in the spin accumulation in N
underneath the detector contact corresponding to the particular value of the injection
bias Iin. One can also use a DC voltmeter across the detector contacts to measure the
spin accumulation in N underneath the detectors corresponding to the spin injection
by Iin, for a known detection polarization.

For the unbiased state[Fig. 2.4(a)], the spin resistances of a contact are nearly
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constant. Whereas, for the biased state[Fig. 2.4(b)], the spin dependent resistances
of a contact change whose spin dependent conductivities σC

↑(↓)(V ) (or resistances
RC
↑(↓)(V )) can be calculated from the Landauer-Büttiker formalism [54, 55]. Note that

in case of a high resistive tunnel barrier contact, biasing across the F/N contact will
also induce a gating effect for N underneath the contact [48].

Figure 2.4(c) shows the resistor circuit model of an injection contact. A general
equation for the spin injection polarization Pin can be calculated from this circuit
which is same as that of Eq. 2.15. The differential spin injection polarization pin(Iin)

of a contact at a particular injection bias Iin can be calculated by considering the
differential resistances or conductivities of F, C, and N in Eq. 2.15[Fig. 2.4(a)].

Figure 2.4(d) represents the detection of spin accumulation in N using an F/N
interface. In this detector contact, µF adjusts itself so that the total current in the
detector is zero(Eq. 2.6), and is given by µF = µN +Pdµ

N
s , i.e., the chemical potential in

F, µF, changes with respect to that of in N, µN, by a quantity proportional to the spin
accumulation in N, µN

s . The proportionality constant is the spin detection polarization
Pd. The detectable voltage Vd at this contact is the difference between the chemical
potentials of F and N, i.e., Vd = µF − µN. Therefore, the spin detection polarization
of a contact can be defined as the ratio of the voltage that is being detected to the
spin accumulation in N underneath the detector, Pd= Vd

µN
s

. If the measured voltage v

probes the differential change in µN
s , that is being created by the AC current i at a

particular injection bias Iin, then the polarization is termed as differential spin detection
polarization pd(Iin).

2.6 Spin relaxation

Spin relaxation is a process in which the non-equilibrium spin accumulation depolar-
izes to reach at the equilibrium state. Therefore, materials in which the spin transport
is less affected by the spin relaxation processes are attractive for spintronics applica-
tions. One of the key physical quantities for characterizing the spin transport in the
solid state materials is the spin relaxation time which describes the non-equilibrium
spin decay. How long a spin memory or spin information in a material can survive is
determined by a time constant T1 and thus various spintronic device operations are
limited to perform within this time scale.

In the original Bloch equations [56–58] used for describing the nuclear magnetic
resonance, T1 is called thermal or longitudinal relaxation time, and T2 is called
transversal relaxation time. The same equations can be used to describe the dynamics
of the spin accumulation µs with τs being used in place of T1 (in Eq. A.18b) and T2

[in Eq. A.18a of Appendix A]. Here, T1 is called longitudinal spin relaxation time,
and T2 is called transverse spin relaxation time or spin dephasing or decoherence
time. The spins aligned along the direction of the external magnetic field are split
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in the Zeeman energy which is exchanged with the lattice environment until the
spins reach the equilibrium energy state. T1 describes the decay of such spins to the
equilibrium state. In the absence of an external magnetic field, T1 describes the decay
of non-equilibrium spin accumulation. Whereas, T2 describes the decay of coherent
oscillations of spins, which initially precess in-phase, perpendicular to the magnetic
field.

The spin relaxation time can be determined by optical [59, 60] and all-electric
[17, 61] measurements. The longitudinal spin relaxation time T1 can be extracted in
all-electric experiments by measuring the nonlocal spin valve signal4Rs as a function
of the distance L between the spin injector and detector contacts, using Eq. 2.22 with
λN =

√
DT1 provided, spin polarizations of the involved contacts are same. T2 can

be obtained by fitting the experimentally measured nonlocal Hanle signal 4Rs(B)

using Eq. 2.19 with λN =
√
DT2.

In graphene, the values of T1 and T2 are equal [17] in the absence of any external
influence. Therefore, we use τs to denote the general spin relaxation time in accordance
with literature. The following are the important spin relaxation mechanisms identified
in metals and semiconductors [46, 59].

Elliott-Yafet mechanism: When the charge carriers scatter with impurities or
phonons, the momentum scattering causes the spin flip. The spin flip events during
the scattering result in a spin relaxation [62, 63]. The smaller the average time between
the scatterings, faster the momentum scattering and more the chances of a spin flip,
which leads to a smaller spin relaxation time, i.e., τs ∝ τp where τp is the momentum
relaxation time.

D’yakonov-Perel’ mechanism: Spin orbit coupling in a material results in a mo-
mentum dependent effective magnetic field which causes spin relaxation [64]. When
the charge carriers scatter with impurities or phonons, they change their momentum
or velocity. As a result they feel different spin orbit coupled magnetic field which is
similar to the effect of an external magnetic field on a spin polarized current. Therefore
the spin relaxation occurs in between the scattering events. The smaller the average
time between the scatterings, smaller the spin precession, which means, larger the
spin relaxation time, i.e., τs ∝ τ−1

p . Since the strength of the SOC is proportional to the
fourth power of atomic number, Z4, it is not a dominant spin relaxation mechanism
for pure carbon based materials.

Hyperfine interactions: When the electrons are confined to a region with large
number of nuclear spins, the hyperfine interactions of the nuclear spins with electrons
lead to electron spin flip and electron spin dephasing. Morever, when the electrons are
itinerant in the region of a nuclear spin, their random spin orientation gets nullified on
an average [65]. Naturally available graphene is made of two stable isotopes, 12C up to
99% and remaining 1% with 13C. Only 13C has nuclear magnetic moment. Therefore,
the spin relaxation due to hyperfine interactions in graphene is also negligible.
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Chapter 3

Graphene and hexagonal boron nitride

Abstract

In this chapter I briefly discuss the basic electronic properties of the materials used in this
thesis: graphene, hexagonal boron nitride, and their heterostructures. A brief overview on
the crystallographic orientations of graphene, hBN, and their heterostructures has been
provided and their importance in the transport properties is also discussed.

3.1 Graphene

Graphene is a two-dimensional (2D) material with a one atom thick layer of carbon
atoms bonded with sp2 hybridization and has honeycomb-like lattice structure. It is
the first 2D material to be isolated from its bulk form. Graphene is considered as a
building block for various carbon allotropes. In a layer-by-layer stacked structure
bonded via van der Waals forces, it forms 3D graphite. When rolled into a cylindrical
shape, it forms 1D carbon nanotubes. Whereas in a spherical shape, it forms 0D
fullerenes.

The atomic structure of graphene can be visualized as a triangular lattice with a
basis of two atoms per unit cell which are chemically equivalent but different with
respect to lattice symmetry, denoted as A and B in Fig. 3.1(a). These two carbon atoms
per unit cell result in the two inequivalent groups at the corners of the Brillouin zone,
labeled as K and K‘ points in momentum space. From the tight binding calculations,
the energy dispersion relation of the electrons in graphene close to Fermi energy,
around K points can be expressed as:

E = ±h̄νF|~k| (3.1)

where h̄ is the reduced Planck constant, ~k is the wave vector and νF ≈ 1 × 106 ms−1 is
the Fermi velocity of electrons in graphene. Moreover, this linear dispersion relation
can also be obtained from the Dirac Hamiltonian that is used to describe the massless
relativistic particles near K(K’) points. Hence the electrons in graphene are often
referred to as Dirac fermions. Due to a linear energy dispersion, the band structure of
graphene around K and K‘ points is in cone shaped valleys. Both valleys have the
same energy leading to a valley degree of freedom, in addition to the already existing
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Figure 3.1: (a) Hexagonal crystal structure of graphene in real space with lattice parameters a1
and a2, inequivalent atomic positions A and B. (b) Hexagonal crystal structure of boron nitride.
The unit cell is represented by enclosed lattice vectors.

spin degree of freedom. Bulk graphite favours the AB stacking of layers where one
carbon atom lies on top of a carbon atom from the bottom layer and one lies at the
center of the hexagonal lattice [1].

Earlier studies have predicted that the two dimensional crystals were thermo-
dynamically unstable to exist at room temperature [2, 3]. However, it was only in
2004 that the group of Geim from Manchester first isolated a single layer of graphene
from a thick graphite crystal using a scotch tape method onto a commercially available
SiO2/Si substrate, and electrically characterized at room temperature. An optical mi-
croscope can be used for easy identification of graphene flakes down to a monolayer.
This led to a surge of interest in identifying various other 2D materials [4] ever since
revolutionizing the academic and industrial research [5], and the 2010 Nobel Prize in
Physics was awarded to Geim and Novoselov [6].

The density of states of graphene can be tuned via an electrical gating of graphene
when placed on an insulating substrate, typically a SiO2/Si substrate. However, the
electronic mobility of graphene has been found to be influenced by its interaction
with the underlying SiO2 substrate including the carrier scattering with the substrate
roughness, interfacial impurities, atomic defects on substrate, surface optical phonons,
and substrate induced charge inhomogeneities. The quest for an alternative substrate
led to the usage of hexagonal boron nitride (hBN) substrates in 2010 for achieving
high mobility graphene devices.
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3.2 Hexagonal boron nitride (hBN)

Boron nitride (BN) is of great interest for electronics due to its fascinating properties
such as extreme brittleness, low dielectric constant, high thermal conductivity, and
large bandgap, that are highly valued for modern electronic devices. BN exists in
various crystalline forms, including hexagonal, zincblende, and wurtzite, due to
different hybridization modes of its constituent boron and nitrogen atoms. Only its
hexagonal form, hBN, is stable at room temperature and exists in a layered structure
and is isostructural with graphite.

Similar to graphene, boron nitride exists in various allotrope forms [7]: bulk hBN
(3-dimensional), sheets (2-dimensional), nanotube (1-dimensional) and fullerene (0-
dimensional). Both graphene and hBN are 2D crystalline materials, but there exist a
few differences. hBN has a similar hexagonal layered structure to that of graphene
with two chemically inequivalent atoms in a unit cell, i.e., boron and nitrogen atoms
at A and B sublattices, respectively. Unlike graphene, hBN lacks inversion symmetry
[8]. Moreover, the difference in electronegativity between boron and nitrogen sites in
hBN leads to a finite band gap in the band structure of hBN [9]. While graphene is a
zero bandgap semiconducor, hBN is a wide (indirect) bandgap insulator, also referred
to as white graphene [10].

Even though BN has been known for sometime, 2D hBN has only been realized
via mechanical exfoliation [11] after the discovery of graphene. Recently hBN has
attracted a great attention due to its performance enhancement characteristics in vdW
heterostructures with other 2D vdW materials.

Besides the excellent dielectric properties (wide bandgap, κ ≈ 4) of hBN that are
compatible with SiO2, its atomically flat surface free from dangling bonds and charge
traps, is attractive for using it as a dielectric substrate in place of a conventional SiO2

substrate.

3.3 Graphene-hBN heterostructure

In order to improve the mobility and realize band gap engineering in graphene, vari-
ous dielectric substrates have been studied including SiO2 [14], suspended graphene
(air), epitaxial graphene on SiC, mechanically transferred graphene on Al2O3, hBN
[15], and other 2D materials [16, 17]. Among these substrates, hBN was found to be
attractive substrate due to its dielectric properties and atomically flat and dangling
bond free nature.

The discovery of the transfer techniques enabled to fabricate high mobility graph-
ene devices on a hBN substrate [15, 18]. Moreover, these techniques allow us to stack
various 2D materials in any desired order to make vdW heterostructures [17].

Graphene/hBN heterostructures have attracted much attention as a moiré super-
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Figure 3.2: Three types of stacking order of graphene on hBN. (a) AB-stacking with a carbon
on top of boron which is energetically stable. (b) AB’ with a carbon on top of nitrogen. (c)
AA-stacking with carbon on top of both boron and nitrogen. Besides, there exists other irregular
stacking orientations [12, 13].

lattice system. Even though graphene and hBN are isostructural, the lattice parameter
of hBN is about 1.8% larger than that of graphene. This lattice mismatch results in
moiré pattern [19] and induces superlattice periodic potential field even in the unro-
tated graphene/hBN stack which is also realized experimentally in graphene/hBN
heterostructures [20, 21].

The important features of a hBN substrate including an ultra flat surface, dangling
bond free interface with graphene, and low charge inhomogeneities, allowed to realize
exotic electronic phenomena in graphene such as Hofstadter’s butterfly [22] when
the crystallographic lattice orientation of graphene and hBN-substrate are perfectly
aligned forming a moiré superlattice [23–25].

Different crystallographic stacking orientations are possible for graphene/hBN
vdW heterostructures[Fig. 3.2] [26, 27]. Of all these, AB-stacking[Fig. 3.2(a)] is the ener-
getically most favourable where one carbon is on top of the boron atom and one at the
center of BN hexagon. This arrangement makes the two carbon sublattices of graph-
ene inequivalent due to their interaction with the underlying hBN and is estimated to
result in a bandgap of at least 53 meV [26]. The other stackings, AB’[Fig. 3.2(b)] with
a carbon atom on nitrogen and one at the center, and AA[Fig. 3.2(c)] where carbon
atoms lie on top of boron and nitrogen atoms, are energetically unstable.

In practice, during the assembly of graphene on hBN, a careful alignment of
crystallographic directions (usually one can choose their straight edges) is required to
find the superlattice features in transport experiments such as opening of a band gap,
formation of the fractional quantum Hall state, and the Hofstadter quantization at
high magnetic fields [21, 23, 25].

The interface of graphene/hBN creates an opportunity for a modulation of struc-
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tural and electronic properties of graphene. However, the influence of the crystallo-
graphic alignment on spin transport in graphene has not been reported in literature.
For the graphene/hBN devices prepared for spin transport studies in this thesis, a
random transfer of graphene on hBN or hBN on graphene is chosen and thus the
possibility of finding the superlattice features is very low [28].

On the other hand, the realization of the tunneling of electrons across graph-
ene/hBN interface in a graphene-hBN field effect transistor device [29, 30] paved a
way for new type of graphene devices [31, 32]. Interestingly, tunneling of spin polar-
ized electrons across different thicknesses of hBN layers interfaced with graphene
is predicted to enhance the spin polarization up to 100% [33]. Chapter 6 provides
the experimental demonstration of achieving a large differential spin polarization
in bilayer-hBN/graphene/hBN heterostructures. Moreover, Chapter 7 suggests the
possibility of the influence of crystallographic orientation of a two-layer-CVD-hBN
tunnel barrier on the electrical spin injection efficiency.
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Chapter 4

Experimental methods

Abstract

In this chapter I describe the experimental techniques utilized for the work presented in
this thesis. First, the mechanical exfoliation technique for finding individual flakes of
graphene and hBN is described followed by the pick-up and transfer technique for making
graphene-hBN van der Waals heterostructures. For the transfer of CVD grown hBN,
the PMMA assisted transfer method is described. In the end, the measurement setup for
the electrical characterization of the devices and various measurement geometries for the
device characterization are also described.

4.1 Mechanical Exfoliation

Several attempts were made to obtain the thinnest form of the layered materials by
mechanical exfoliation. Thin layers of highly oriented pyrolitic graphite (HOPG)
down to 200 nm were obtained by controlled manipulation of graphite islands using
an AFM tip either on HOPG or as-transferred on any flat substrate [1]. Later, this
method was improved by picking up the HOPG islands using a tip-less AFM can-
tilever followed by stamping the island on a SiO2 substrate in a tapping mode which
resulted in cleaving the slabs of a graphite with minimum thickness 10 nm on the
substrate [2].

While these nanofabrication techniques were good to obtain the thin graphite
films, it was only the simplest method developed by the group of Andre Geim in 2004
resulted in obtaining a single layer of graphite, graphene [3]. This approach utilizes
a household cellophane tape to peel off the layers from HOPG which successively
is pressed down against a SiO2/Si substrate to transfer the flakes. When the tape is
taken away, van der Waals attraction forces between the graphite on the tape and the
substrate leaves thinnest flakes down to monolayer on the substrate. A remarkable
thing about their discovery is the identification of a monolayer graphene flake which
is transparent and difficult to catch with naked eye due to its very small optical
absorption [4, 5] of ≈ 2.3%. The group of Andre Geim utilized the interference effect
of specially chosen 300 nm thick SiO2 on Si substrate in order to increase the optical
contrast of graphene flakes on the substrate [6].
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The exfoliation approach was extended to other materials for the first time by
Novoselov et al. [7] who reported the isolation of single layers of various 2D materials
with high crystalline quality and macroscopic quantity, and stated the possibility of
finding thin layers of hBN. Later it was Pacile et al. [8] who first reported the isolation
of hBN flakes on a SiO2/Si substrate using the exfoliation method.

4.2 Device preparation

In this section, I describe the steps involved in the preparation of a graphene-hBN
heterostructure device for spin transport studies. Briefly, the device preparation starts
with the mechanical exfoliation of graphene and hBN flakes followed by stacking them
using the pick up and transfer technique. Then we use electron beam lithography for
defining the electrodes pattern followed by deposition of the ferromagnetic electrodes
before loading the device in the measurement setup for device characterization.

4.2.1 Exfoliation

1. One needs a clean substrate to exfoliate flakes of graphene and hBN. We use
commercially available SiO2/Si substrates (90 nm or 300 nm thick SiO2 on top
of 500 µm Si. Si is p-doped with resistivity 0.0001-0.0005 Ω-cm). As obtained
SiO2/Si wafers were cut with a diamond scribe to a desired size ∼ 20 mm x 10
mm and cleaned with the ultrasonication treatment; 2 minutes in acetone then 2
minutes in isopropyl alcohol (IPA), followed by blow dry with N2 gas. Finally
the substrate is furnace annealed at 180 ◦C for 10 minutes in order to remove
organic residues and moisture.

2. We use HOPG (ZYA grade, PSI supplies) source for graphene flakes. A thick
layer of graphite is peeled off from a HOPG source using an adhesive tape
(Scotch tape). Another tape is used to peel off graphite from the first tape to thin
down the graphite. It is repeated with two to three new tapes until the graphite
on the last tape is thinned down to an optimum thickness.

3. The final tape with the optimum thickness of graphite is then pressed on top of
a pre-cleaned SiO2/Si substrate. A care should be taken for a uniform adhesion
and removal of any air bubbles by gently pressing from the top using a rubber
eraser or thumb. When the tape is peeled off from the substrate, we can observe
the thick layers of graphite deposited on the SiO2 substrate even with the naked
eye.

4. Boron nitride flakes are exfoliated onto a different SiO2/Si substrate from the
small hBN crystals (∼ 1 mm, supplier: HQ Graphene). The optical contrast of
SiO2 substrate allows the easy identification of hBN down to monolayers [9]. In
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Figure 4.1: The pickup and transfer method for preparing hBN/graphene/hBN van der Waals
heterostructures.

order to achieve an enhanced optical contrast and to easily identify the thinnest
hBN flakes using the optical microscope, we use 90 nm thick SiO2 [10].

5. The substrate with the exfoliated flakes is then scanned with an optical mi-
croscope to search for monolayer graphene or desired thickness of hBN (1-3
layers). Different thicknesses of flakes are identified from the optical con-
trast due to the interference effect with the underlying substrate. The optical
contrast varies with the number of layers of flakes(1,2,3,...), material-type of
flakes(graphene, hBN,...), type of substrate(SiO2, hBN, PDMS,...), thickness of
the substrate(300nm-SiO2, 90nm-SiO2, 10nm-hBN, 100µm PDMS,...), intensity
and wavelength of the light used. Therefore, in the beginning of scanning, we
first find a region with multilayer flakes and find the optical contrast for each
layer which can be used as a reference for identifying the thickness of flakes
that will be identified at the later stages of scanning.

6. Besides the optical contrast analysis, the flake thickness can also be obtained
with an atomic force microscopy (AFM). However, the measured values are
subject to the roughness of the substrate, and the glue residues from the scotch
tape exfoliation. The measured thickness of monolayers of graphene and hBN
using AFM vary 0.4-0.7 nm. An accurate determination of number of layers of
flakes can be done via the Raman spectroscopy [11].

Once the flakes are identified and the thicknesses are determined, we proceed to
prepare graphene-hBN heterostructures.

4.2.2 Pickup and transfer technique

The first transfer technique reported by Dean et al. [12] revolutionized the fabrication
of vdW heterostructure devices. Thereafter many techniques were developed to make
the process relatively easy and impurity free.

A fully encapsulated hBN/graphene/hBN heterostructure is prepared via the
following dry pickup transfer method which was developed in our group [13].
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1. We start with the preparation of a poly-bisphenol-A-carbonate (PC) solution by
dissolving 6 wt.% of PC crystals in a chloroform solvent. We then prepare a thin
film of PC on a glass slide. First, using a pipette, the PC solution is dropped on
top of a glass slide on top of which another glass slide is pressed against to make
a uniform spread of the PC solution. By quickly separating the glass slides, the
evaporation of chloroform gives a thin layer of PC on both glass slides.

2. Next, a small opening of size ≈ 4 x 4 mm2 is cut out from a scotch tape using
which some portion of the PC layer from the previously prepared glass slide is
taken.

3. Now, we prepare another glass slide is prepared with a polydimethylsiloxane
(PDMS) stamp sized ≈ 4 x 4 x 1 mm3 and a scotch tape with PC layer is
transferred on top. The whole set, consisting of the glass-slide/PDMS/PC,
called mask, is used for picking up the pre-exfoliated graphene and hBN flakes
subsequently.

4. The mask is then mounted on a mask aligner set up with the PC layer facing
down. The substrates with the flakes to be picked up are fixed on a chuck of
the mask aligner. Optical microscope is used for aligning the clean region of the
mask with the desired flake to be picked up.

5. The chuck with the substrate can be manually brought close to the mask until
the SiO2 substrate is touching the PC. As soon as the flake is in a contact with
the PC, we stop lifting the chuck and start heating it up to ≈ 60 ◦C. As the
SiO2 substrate heats up, PC in contact will continue to expand and cover the
flake. When the flake is completely covered by the PC, we switch off the heater
to cool down the PC. As a result, PC will contract to its original shape while
picking up the flake from SiO2 substrate. In principle, the above procedure can
be subsequently repeated to pick up multiple flakes.

6. In order to prepare the fully hBN encapsulaed devices in this thesis, we first
picked up the hBN tunnel barrier (mono or bi or tri-layer of hBN)[Fig. 4.1(a)].

7. A single layer graphene (Gr) flake, exfoliated onto a different SiO2/Si substrate
is aligned with respect to the already picked up hBN tunnel barrier flake in the
mask aligner[Fig. 4.1(b)]. When the graphene flake is brought in contact with
the hBN-barrier flake on the PC film, it is picked up by the hBN-barrier flake
due to van der Waals interactions between the flakes.

8. In the last step, the PC/hBN-barrier/Gr assembly is aligned with a thick-hBN
flake on top of another SiO2/Si substrate[Fig. 4.1(c)] and brought in a contact
with the flake. The whole assembly is heated up to ∼ 150 ◦C and the PC film
with the hBN-barrier/Gr is released onto the thick-hBN flake[Fig. 4.1(d)].
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9. The PC film is then dissolved by submerging the stack in a chloroform solution
for three hours at room temperature.

10. After the PC removal, the stack is annealed at 350 ◦C for 5 hours in Ar/H2

environment for removing the polymer residues.

4.2.3 CVD-hBN transfer

For large scale applications, incorporating the chemical vapour deposition (CVD)
grown materials is important. In order to explore this possibility, we also used CVD
grown hBN tunnel barriers. Transfer of exfoliated-hBN tunnel barriers is done via
pickup and transfer method as described above. For the transfer of CVD-hBN, we
adopt a PMMA-assisted transfer (also called as wet-transfer) method [14] which has
been widely used at the lab and industrial scale. The procedure for transferring
CVD-hBN involves the following steps. We used CVD-hBN from two sources: com-
mercially available from Graphene Supermaket Inc. and in-house grown by our
collaborators [15] at Piking University, Beijing, China. The transfer of CVD-hBN
is done in collaboration with the group of Prof. Christian Schönenberger at the
University of Basel, Switzerland.

1. As obtained source of CVD-hBN comes with a monolayer grown on both sides
of a copper (Cu) foil. We spin coat a PMMA (4%, of 950K average molecular
weight dissolved in Anisole, 4000 rpm) layer on one side of the Cu foil to protect
the CVD-hBN layer.

2. The spin coated film is annealed on hot plate at 180 ◦C for 2 minutes to remove
the solvent in the spin coated PMMA.

3. The sacrificial CVD-hBN on the other side is removed using the physical dry
etching (reactive ion etching with O2 plasma, at 10 SCCM, 40 W, 45 sec).

4. Then the copper is removed using the chemical wet etching by floating the
structure PMMA/CVD-hBN/Cu in a contact with an ammonium persulfate
(NH4)2S2O4 etchant solution (87.6 mMol/L in DI water) for 12 hours.

5. While the PMMA/CVD-hBN is still floating, we replace the etchant with deion-
ized (DI) water 3 to 4 times using a pipette. This will clean the contact area of
the PMMA/CVD-hBN assembly from the etchant solution.

6. While the PMMA/CVD-hBN is floating on DI water, we transfer it on to a
desired substrate (either a stack on a SiO2/Si wafer for device preparation or an-
other hBN/Cu/hBN for preparing bi or tri-layers of CVD-hBN) by submerging
it into the water underneath the floating PMMA/CVD-hBN structure.
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7. In Chapter 7, we prepare a two-layer-CVD-hBN stack. For this, above steps are
repeated to prepare the two-layer-CVD-hBN and subsequently transfer on top
of an already prepared graphene/hBN stack on a SiO2/Si substrate.

8. The final substrate with the transferred CVD-hBN layer is baked on a hotplate
at 180 ◦C for 2 minutes to remove the remaining water. This will relax PMMA
and increase the adhesion of CVD-hBN to substrate.

9. Since the PMMA on top is too thick for lithography, eventually, it is dissolved
in acetone at 40 ◦C for 10 minutes.

10. The resulting stack is annealed again in an Ar/H2 atmosphere at 350 ◦C for 12
hours to remove any PMMA residues leftover on the topmost layer.

The PMMA assisted method allows for an easy transfer of a continuous as-grown
CVD-hBN onto any substrate. However, due to the nature of the wet-transfer method,
the resulting electronic quality of the graphene devices can degrade. The residues
of PMMA could dope the graphene. During the wet-transfer, graphene comes
in a contact with DI-water and also the organic residues may get trapped at the
graphene/CVD-hBN interface. The resulting water bubbles at the graphene/hBN
interface may crack the CVD-hBN during the annealing on a hot plate step. Further-
more, un-etched copper residues may contaminate graphene. This process can be
the most time consuming of all the steps involved in preparation of a graphene spin
valve device. The importance of these issues will be discussed in the Chapter 7. In
order to overcome these problems, one can adopt the recently developed dry-transfer
technique where the CVD material can be directly picked up using a thick-hBN flake
and transferred onto a desired substrate.

4.2.4 Lithography for electrodes deposition

The cleaned device from the previous step is ready for the lithography and ferro-
magnetic electrode position. The electrodes are patterned via the electron beam
lithography on the PMMA coated hBN/Gr/hBN stack. The lithography and the
subsequent electrode deposition procedure is same for all the samples prepared in
this thesis.

1. The cleaned device is baked on a hot plate at 180 ◦C for 90 s at atmospheric
pressure to remove any moisture on the device.

2. An e-beam resist PMMA (950K, 4 wt.%) is spincoated on the sample at 4000 rpm
followed by repeating the annealing step to remove any solvent in the resist.

3. A small scratch is made as a reference to design reference markers for EBL. The
design is made using the RAITH software.
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Figure 4.2: Graphene spin valve device during the lithography steps. (a) Optical image of a
fully hBN encapsulated graphene stack. All the flakes are mechanically exfoliated. Thin layer
of encapsulating hBN tunnel barrier (3 layers≈ 1.2 nm) is not visible and is outlined with black
dashed lines. A thik top hBN is additionally used which can be used as a top gate dielectric.
(b) Contacts design for EBL made using RAITH software. (c) Optical image of the device after
lift-off. A small region of under lift-off area close to the stack is probably due to overexposure
of PMMA during EBL. (d) A close up of the stack with electrodes.

4. The device is loaded into an EBL setup and the small alignment markers were
exposed using an electron beam(e-beam) at 10 keV and with 150 µCcm−2 dose.

5. The markers were developed in MIBK:IPA (1:3) solution which selectively
removes the PMMA exposed to the e-beam.

6. Using these markers as a reference, a contact design was made for graphene
using RAITH software. In order to get different switching coercive fields for
different ferromagnetic electrodes, no two contacts were designed with equal
widths. The contacts are also designed in a rectangular shape to avoid the
domain coupling with the regions far from graphene.

7. The device is loaded again into the EBL setup and the contacts were exposed
with the same beam parameters as before.

8. The patterned sample is developed again but this time to remove the exposed
PMMA for contacts. The resulting device is imaged with the an optical micro-
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scope to check the accuracy of positioning of the patterned contacts on graphene.
In case of misplaced contacts, PMMA will be dissolved in acetone at 50 ◦C, fol-
lowed by annealing in Ar/H2 at 350 ◦C and repeat the lithography steps from
the beginning.

9. Now the sample is loaded in electron beam evaporation chamber (Temescal
2000) for the deposition of ferromagnetic cobalt of 60 nm thick on top of the
hBN tunnel barrier. Vacuum pressure is maintained at 1×10−7 mbar during the
deposition. To prevent the oxidation of the cobalt electrodes, they are covered
with a 3 nm thick aluminum layer.

10. The evaporated material on top of the unexposed polymer is removed via the
lift-off process in hot acetone at 50 ◦C, leaving only the contacts in the desired
area. Usually it takes 5-10 minutes. This is followed by rinsing the sample with
IPA and blow dry with N2 gas. The device is then inspected with the optical
microscope again for identifying any anomaly in the deposited contacts.

11. The substrate is then carefully glued on top of a 24-pin chip carrier using a silver
paste while aligning the contacts orientation along the edge of the chip carrier.
This is to make sure that the magnetic filed in our measurement setup is along
the longitudinal direction of contacts.

12. The large FM bond pads of the device and the back gate electrode, p+ + Si, are
connected to the pins of the chip carrier by AlSi (Al 99% and Si 1%) wires which
provide the electrical contact to the external electronics.

13. The chip carrier with the sample is then placed in a sample holder and together
with it is loaded in a vacuum-can and is pumped down to pressures below
1× 10−5 mbar and ready to be electrically characterized with a measurement
setup.

4.3 Measurement setup

The measurement setup consists of a switch box, lock-ins, Keithleys, an in-house
made IV-measurement box, an electromagnet, a power supplier for the magnet,
and a computer with the Labview software to remotely control the aforementioned
instruments.

The chip carrier is clamped on a sample holder, which is electrically connected to
the source/measurement equipment. A representative schematic of the measurement
setup is shown in Fig. 4.3(a). The sample holder is inserted into a vacuum chamber in
a liquid Helium flow cryostat that is fixed in between the poles of the electromagnet,
which can apply a magnetic field up to 1.2 T depending on the separation between the
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Figure 4.3: (a) Schematic of a measurement setup. (b) Schematic side view of a device with
four contacts. (c) Schematic of an equivalent circuit for the device shown in (b). (d)-(h) show
schematic top view of measurement geometries with electrical connections. (d) Two-terminal
geometry for verifying electrical connections of the setup. (e) Two-terminal geometry for
checking connection between the contacts of the device as well as for two-terminal spin valve
and Hanle measurements. (f) Three-terminal geometry for contact characterization as well as
for Hanle measurement. (g) Four-terminal local geometry for graphene characterization. (h)
Four-terminal nonlocal geometry for spin valve and Hanle measurements.
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poles. The electromagnet can be rotated around the cryostat so that the magnetic field
direction can be changed with respect to a fixed orientation of the sample inside the
vacuum can. We try to minimize the time between the post electrode-deposition step
and loading the sample in the vacuum chamber in order to reduce the oxidation of
cobalt electrodes in air. The vacuum chamber is then pumped down to a pressure less
than 10−6 mbar in order to protect the sample from the environmental contamination
that can influence the transport properties of graphene.

All the contacts of the sample are electrically connected to a switch box. The switch
box is connected to the lock-ins or Keithelys via BNC (after its Bayonet mount locking
mechanism and its inventors, Neill Paul and Concelman Carl) and/or LEMO (after
the founder of LEMO company, Léon Mouttet) cables. The switch box is equipped
with three-way switches that act as interconnects between the sample contacts and
the common ground or float or connection with the source/measurement equip-
ment. The lock-ins can source a sinusoidal voltage signal vout with RMS amplitude
between 0 and 5 V at a specified frequency, typically below 20 Hz, and can measure
the voltage signals vin. IV-measurement box consists of a current source and voltage
pre-amplifiers. The current source is controlled by an external voltage. In case of
sourcing an AC current, the external voltage input is from the lock-in while in case
of sourcing the DC current, the voltage input is from the Keithley. The conversion
factor of the current source ranges from 1 pA/V to 100 mA/V. Using our home-made
IV-measurement box, we can also source both the AC and DC currents simultaneously
by giving the voltage input from both lock-in and Keithley to the IV-measurement
box. This feature has been used for the bias dependent differential spin signal mea-
surements in Chapters 6 and 7. The resulting current signal is sourced to the device
via the switch box and the response voltage signal is passed to the pre-amplifier,
again, via switch box.

The voltage pre-amplifier of the IV-measurement box amplifies the signal received
from the sample. The pre-amplified signal is measured via the lock-ins for measuring
a differential signal or Keithleys for measuring a DC signal. The amplification factor
of the pre-amplifiers ranges from 100 to 105. When both AC and DC current sources
are simultaneously applied for spin injection measurements, one can measure the
differential spin signal via thee lock-in and the DC signal via the Keithley. The
measured signals from lock-ins and Keithleys can be read out using the Labview
program on a computer.

4.4 Electrical Characterization

For most of the electrical measurements performed in this thesis, we employed the
low-frequency lock-in detection technique for measuring the differential signals. The
lock-in technique allows to measure the signals of a small magnitude at zero-bias
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at low frequencies (long measurement time). We also utilized the DC detection
technique for finite-bias measurements and for backgate tuning using DC voltmeters
(Keitheleys). A pure DC method allows to measure the signals on a short time scale,
however, usually resulting in a poor signal to noise ratio compared to the lock-in
technique. Therefore, typically, a large magnitude of current, i.e., large-bias is required
for the DC detection method. In order to detect low-bias dependent signals, we use a
DC current source along with an AC current, and detect the differential signal using
the lock-in.

A complete electrical characterization of a graphene device requires to use multiple
measurement geometries, each with its own purpose. For a clear understanding of the
measurements, an equivalent circuit diagrams of electrical connections and the device
are shown in Fig. 4.3 which includes different types of resistors; graphene resistance
Rg , contact resistance Rc that is the sum of the resistances of graphene/tunnel barrier
and the tunnel barrier/electrode interfaces, wire resistance Rw that includes the cable
connectors and the lithographically defined metallic electrodes, and filter resistance
Rf inside the switch box.

4.4.1 Charge transport measurements

Two terminal check-1: Right after loading the sample in the measurement setup,
we first measure the voltage across a short circuit in order to check the electrical
connectivity of the setup. Here we source a current across a running contact and
measure a voltage across the same terminals[Fig. 4.3(d)]. This is a two-terminal
measurement however, graphene does not come into the circuit. We know that all
the filters in the switch box are same. Assuming Rw of all contacts is same, we can
determine Rw. Typical value of Rw ≈ 100-200 Ω.

Two terminal check-2: We then check if all the contacts of the device are work-
ing properly using the two-terminal measurement geometry. Here a current is
passed between two contacts and the voltage is detected across the same pair of
contacts[Fig. 4.3(e)]. The total measured resistance will be Rf,1 + Rw,1 + Rc,1 + Rg +
Rc,2 + Rw,2 + Rf,2. Since Rc and Rg vary for different combination of two terminals,
this geometry does not give a clear information about the nature of the contacts and
the graphene channel, and only used for verifying the functioning of contacts of the
contacts. Following two measurement geometries are used for characterization of
contacts and graphene channel separately.

Three terminal measurement: For the characterization of the contacts, a three-
terminal geometry is used. Here, a current source and voltage detector are connected
to only one terminal[Fig. 4.3(f)]. The total measured resistance will be Rf + Rw + Rc.
Since we know Rw from the first check and that Rf is constant, we can determine
Rc from the three-terminal measurements. Generally, two types of three-terminal
measurements are performed for the electrical characterization of the contacts. One
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is the I-V characterization where a DC current is sourced with the IV-measurement
box as explained before and a DC voltage is measured with a Keithley. The other
one is the differential-Rc Vs I(or V) measurements, where a DC current along with a
fixed magnitude of the AC current is sourced with the IV-measurement box and the
differential signal is measured with the lock-in and the DC voltage is measured with
the Keithley.

Four terminal measurement: Local For the characterization of the charge trans-
port in graphene channel, four-terminal local geometry is used. Here, a current is
sourced between two contacts and a voltage is measured across two contacts in be-
tween[Fig. 4.3(g)]. The total measured resistance, Rg, is only the flake resistance. In
order to measure the charge transport properties of the graphene channel, we apply a
backgate voltage using a Keithley to the gate electrode while measuring Rg .

4.4.2 Spin transport measurements

Four terminal non-local measurement: Spin valve and Hanle signals For spin trans-
port characterization, we use a four-terminal non-local geometry. Here, a current
is passed between two terminals and a voltage drop is measured between the two
terminals which are located outside the charge current path[Fig. 4.3(h)]. Since there
is no charge current flow in the voltage detection circuit, the measured resistance
has no contribution from the charge transport. The ferromagnetic electrodes are spin
selective and the detection voltage is sensitive to the spin accumulation underneath
the detectors that is diffused from the injector contacts. Therefore the measured
non-local voltage is non zero. The non-local spin accumulation is detected in two
types of measurements: i) Spin valve measurements with an in-plane magnetic field
applied along the easy axes of the magnetization of ferromagnetic electrodes, and ii)
Hanle spin precession measurements with the magnetic field applied perpendicular
to the device plane. See Chapter 2 for principles behind these measurements.

Two terminal local measurements: Spin valve and Hanle signals The two-
terminal geometry is much simpler than the four-terminal nonlocal geometry for
characterizing the spin transport. Here, both the current injection and voltage detec-
tion probes are connected across the same two terminals[Fig. 4.3(e)]. The measured
signal is a result of the contact resistances which includes the contribution from the
injected spin accumulation underneath each contact, the channel resistance, and
the diffused spin accumulation from one contact to the other. However, due to a
very small magnitude of the commonly observed spin signals compared to the ac-
companied charge contribution signals, the two-terminal geometry is rarely used
for spin transport studies. Besides, the interpretation of the measurements is often
difficult due to spurious magnetoresistance signals that could mimic the spin signals.
Similar to the nonlocal geometry, one can detect the spin accumulation in the spin
valve and Hanle spin precession measurements in the two-terminal geometry. The
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details are provided in Chapter 2 for principle behind these measurements. See
Chapter 6 for a large magnitude of spin signals measured in the two-terminal spin
valve measurement geometry and Chapter 8 for two-terminal Hanle spin precession
measurements.
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Chapter 5

Spin transport in fully hexagonal boron
nitride encapsulated graphene

Abstract

We study fully hexagonal boron nitride (hBN)-encapsulated graphene spin valve devices
at room-temperature. The device consists of a graphene channel encapsulated between
two crystalline hBN flakes: thick-hBN flake as a bottom gate dielectric substrate which
masks the charge impurities from SiO2/Si substrate and single-layer thin hBN flake as a
tunnel barrier. Full encapsulation prevents the graphene from coming in contact with any
polymer/chemical during the lithography and thus gives homogeneous charge and spin
transport properties across different regions of the encapsulated graphene. Further, even
with the multiple electrodes in-between the injection and the detection electrodes which are
in conductivity mismatch regime, we observe spin transport over 12.5-µm-long distance
under the thin-hBN encapsulated graphene channel, demonstrating the clean interface
and the pinhole-free nature of the thin hBN as an efficient tunnel barrier.

5.1 Introduction

Graphene is considered as an ideal material for spintronics due to its low intrinsic spin-
orbit coupling, small hyperfine interaction, tunable carrier density, and high electron
mobility [1–3] even at room-temperature, which is important for future applications.
Theoretically, it is estimated to show long spin relaxation length (λs) of 100 µm and
high spin relaxation time (τs) of 100 ns [4, 5]. At the moment, experimentally these
values are reported up to λs = 30.5 µm and τs = 12.6 ns [6]. In a quest to figure out
the sources limiting the intrinsic spin transport in graphene, there have been several
experiments, which suggest that the role of underlying substrate and the quality of
tunnel barrier is crucial [7].

The quality of substrate plays an important role in determining the charge and the
spin transport characteristics of graphene. An atomically flat hexagonal boron nitride
(hBN) substrate has shown to provide a good base for high mobility graphene [8]
and long spin relaxation length [9] because hBN has less charged impurities and the

This chapter has originally been published as M. Gurram, S. Omar, S. Zihlmann, P. Makk, C.
Schönenberger, B.J. van Wees, Physical Review B, 93, 115441 (2016).
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thickness of the bottom hBN moves the graphene away from the charged impurities
in the SiO2 substrate. Also, the effect of the electron-hole puddles can be different for
different substrates and it is lower with a hBN substrate [10].

Recently, Kretinin et al. [11] demonstrated the high electronic quality of graphene
by encapsulating it from surroundings with different two-dimensional (2D) crystals
such as hBN and transition-metal dichalcogenide (TMD). However, this device geom-
etry comprised of one-dimensional edge electrodes [8] with a thick semiconducting
TMD top layer which is not compatible for standard four-probe non-local spin trans-
port measurements. In this work, we replace the TMD with an atomically thin-hBN
flake, which serves two purposes. First, it acts as an encapsulating layer. Second, it
acts as a tunnel barrier replacing the conventional oxide tunnel barrier. Therefore,
it allows to probe the charge and the spin transport properties of the encapsulated
graphene with multiple ferromagnetic (FM) electrodes.

The previous studies have shown that the graphene interface with spin-sensitive
ferromagnetic electrodes affects the spin transport behaviour. Further, the conven-
tional oxide tunnel barriers used in spintronic devices suffer from pinholes, inhomo-
geneous coverage, non-uniform growth, and consequently contributing to the low
spin transport properties [7, 12]. A 2D layer of thin hBN with close lattice match to
graphene has been shown to exhibit pinhole-free tunneling characteristics [13, 14].
It is also predicted to enhance the spin injection efficiency from a ferromagnet into
graphene [15].

Yamaguchi et al. [16] first reported spin injection through exfoliated monolayer
hBN tunnel barrier into bilayer graphene resulting in quite low spin transport param-
eters (τs = 56 ps, Ds = 0.034 m2/s, λs = 1.35 µm) and low mobility (µ = 2700 cm2/Vs)
of graphene. Further, Kamalakar et al. [17] and Fu et al. [18] used large-scale chemical
vapour deposited (CVD) bilayer hBN tunnel barriers for spin injection into graphene.
The spin polarization increased with CVD hBN barriers. However, the quality of
graphene channel is limited by the wet transfer technique used for transferring CVD
hBN on to graphene. In contrast, we use a dry pick-up and transfer technique [19] in
order to completely cover the underlying graphene with a thin hBN flake, which acts
a tunnel barrier and also shields the graphene from external polymers and chemicals
during the lithography process.

It is also worth discussing here that the previous reports on spin transport in
hBN encapsulated graphene are quite promising in terms of improved spin transport
parameters [20, 21]. However, extracting the correct spin transport parameters is
not straightforward due to inhomogeneous spin transport behaviour of the hBN-
encapsulated and the non-hBN-encapsulated graphene regions. A similar behaviour
is also observed for partly suspended high mobility graphene [22]. Using our device
geometry, we can achieve more homogeneous charge and spin transport behaviour
in the graphene channel compared to the previously reported results.

In this work, we report a fully hBN-encapsulated graphene spintronics device to
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overcome the three aforementioned challenges, namely, (1) the influence of underlying
substrate, (2) the influence of tunnel barrier interface, and (3) the inhomogeneity in
graphene channel. We use a dry pick-up technique which prevents the graphene
from external doping and results in more homogeneous charge and spin transport
parameters at room-temperature.

5.2 Device fabrication

The hBN/graphene/hBN stack is prepared following the dry pick-up and transfer
technique [8, 19]. The graphene and hBN flakes were obtained by the exfoliation
of highly oriented pyrolytic graphite (HOPG, SPI Supplies, ZYA grade) and hBN
powder (HQ graphene). A 90-nm-thick SiO2/Si substrate is used for exfoliation and
identification of graphene and thin hBN flakes as it gives a good optical contrast to
search for thinner graphene [23] and hBN [24] flakes down to a monolayer.

A polydimethylsiloxane (PDMS) polymer stamp prepared with polycarbonate
(PC) layer is used to pick-up the flakes. At first, a glass substrate with PDMS/PC is
used to pick up a thick top-hBN flake which is used to pick up the thin-hBN flake fol-
lowed by picking up the graphene flake. Then, the PC/top-hBN/thin-hBN/graphene
stack is released onto a thick bottom-hBN on a SiO2(300 nm)/Si substrate by melting
the PC layer. Next, the PC layer is dissolved in chloroform for 5 h at 50 ◦C, followed
by annealing in Ar/H2 atmosphere at 350 ◦C for 12 h to remove the leftover PC
residues on top of the thin hBN and the top-hBN. It is important to note that the
graphene beneath the thin-hBN does not come in contact with polymers during the
fabrication due to the full encapsulation by hBN flakes.

Thereafter, electron-beam lithography is used for patterning of electrodes on
the poly(methyl methacrylate) (PMMA) coated stack followed by electron-beam
evaporation to deposit 65 nm of ferromagnetic cobalt (Co) for spin sensitive electrodes.
Cobalt is capped with 4 nm thick aluminum (Al) layer to prevent it from oxidation. A
schematic of the layer-by-layer device structure is shown in Fig. 5.1(a).

An optical micrograph of the fabricated device is shown in Fig. 5.1(b) where the
graphene and the thin-hBN flakes are outlined with the black and the white dashed
lines respectively. Due to a slight misalignment during the pick-up process, a region
of 0.1-0.2 µm width along the top edge of the graphene flake is not covered by the
thin-hBN. However, the electrodes in-between E2 and E5 are deposited on top of
the thin hBN layer, avoiding the uncovered top-edge graphene region. The thin-
hBN encapsulated graphene does not come in contact with polymers whereas the
graphene regions which are not covered by the thin hBN are touched by PC and
PMMA polymers during the fabrication.

We performed atomic force microscopy (AFM) imaging to find the thickness of
each flake used in the device fabrication. It is found to be 0.40 nm for graphene and
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Figure 5.1: (a) Schematic of the proposed fully hBN-encapsulated graphene spin valve device.
(b) An optical microscope image of the fabricated device on SiO2(300 nm)/Si substrate with
multiple ferromagnetic cobalt electrodes (65 nm) with aluminum capping layer (4 nm) denoted
as E(1-6). The graphene flake (0.4 nm) is completely supported underneath by the thick
bottom hBN (21 nm) flake and encapsulated by the thin-hBN (0.52 nm) layer between the
electrodes E2 and E5. The different regions of the thin-hBN encapsulated graphene channel are
denoted as Ch(1-4) with the double arrows. The boundaries of graphene and thin-hBN flakes
are outlined with black and white dashed lines respectively. (c) Room-temperature square
resistance (Rsq) for different graphene channel regions as a function of backgate voltage (Vbg).
The corresponding electron mobility values are given in the legend.

0.52 nm for thin-hBN layer. These values are in close agreement with the experimen-
tally reported thickness for single-layer (1L)-graphene [25] and 1L-hBN [14, 17].

5.3 Results and Discussion

We report the measurements for the different regions of fully encapsulated graphene
channel as labeled in the optical image shown in Fig. 5.1(b). Specifically, Ch1 (4.5 µm,
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between E2 and E3) and Ch3 (3 µm, between E4 and E5) regions consist of graphene
encapsulated by thin hBN. Ch2 (5 µm, between E3 and E4) region comprised of
graphene encapsulated by the thin hBN. On top of the thin-hBN, we put thick top-
hBN (6nm) flake which serves as a topgate dielectric. Finally, Ch4 (12.5 µm, between
E2 and E5) consists of region across the whole thin-hBN encapsulated graphene.

The resistance area product (RcA) for graphene/hBN/graphene tunnel junction is
reported to scale exponentially with the number of hBN layers [14]. We characterize
the thin-hBN/graphene interface resistance (Rc) using a three-probe measurement
scheme. TheRcA product for the electrodes E(2-5) is found to be in the range of 0.3-1.1
kΩµm2 which agrees with the reported values for single-layer hBN tunnel barriers
[14, 17, 18]. Both the AFM and the RcA product analysis confirm the single-layer
nature of the thin-hBN flake.

All the measurements are carried out at room-temperature in a vacuum of 10−6

mbar. Charge transport measurements are carried out in a local four-probe measure-
ment scheme. An ac current is passed between electrodes E1 and E6 [Fig. 5.1(b)], and
the voltage drop is measured across the electrodes for different transport channel
regions in-between. The measured square resistance (Rsq) is presented in Fig. 5.1(c)
for three different graphene channel regions Ch1, Ch2, and Ch3. The square resistance
for the thin-hBN encapsulated regions [in Ch(1-3)] shows charge neutrality point
(CNP) around -12 V and for the top-hBN encapsulated part of the Ch2 region show it
around -23 V. A small bump at -12 V in Rsq data for Ch2 region corresponds to the
thin-hBN encapsulated parts on either side of the top-hBN.

The field effect mobility (µ) of graphene channel is calculated by fitting the Rsq

data [Fig. 5.1(c)] using the relation, Rsq = 1/(neµ + σ0) + ρs, where e is the electronic
charge, n is the carrier density, σ0 is the residual conductivity at the CNP, and ρs is
the contribution from short-range scattering [26, 27]. The fitted values of the electron
mobility for three different regions are µCh1 = 8600 cm2/Vs, µCh2 = 11800 cm2/Vs,
and µCh3 = 8200 cm2/Vs. The close values of mobility at different regions reflect
that the graphene channel is homogeneous under the thin-hBN encapsulation. A
relatively higher value of mobility for Ch2 region is attributed to the central top-hBN
encapsulated graphene while the remaining thin-hBN encapsulated graphene (Ch1
and Ch3) on either side of top-hBN has an uncovered graphene edge of 0.1-0.2 µm
width which are exposed to polymers during the fabrication.

The spin transport measurements are performed in a four probe non-local geome-
try [Fig. 5.2(a)] at room-temperature using standard ac lock-in technique with currents
of 10 - 20 µA. We inject a spin polarized current using an ac current source (Iac) and
measure the non-local voltage (Vnl) while sweeping an in-plane magnetic field (By)
parallel to the long axis of the ferromagnetic electrodes. The width of the electrodes is
varied from 0.2 µm to 0.8 µm in order to switch magnetization of the electrodes at dif-
ferent coercive fields. As the By is swept from a negative magnetic field to a positive
field, steps in Rnl(=Vnl/Iac) are observed whenever the magnetization of the two inner
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Figure 5.2: (a) Schematic of the four probe non-local geometry for the spin valve and the Hanle
measurements. Spin valve signals measured at Vbg = 30 V for the top-hBN encapsulated (Ch2,
between electrodes E3 and E4) region (b), and across the whole thin-hBN encapsulated (Ch4,
between electrodes E2 and E5) region (d). The corresponding Hanle signals and fitting curves
(c) and (e). The insets in (b) and (d) show the measurement geometry and the length of the
graphene channel.

electrodes changes between parallel and anti-parallel configurations. The influence
of the outer electrodes will be diminished if chosen far from the injection/detection
electrodes, resulting in a typical two-level spin valve signal. In order to assess the
spin transport nature of graphene, we extract the spin relaxation parameters from the
Hanle spin precession measurements.

Hanle measurements are carried out in a four probe non-local spin valve geometry
as shown in Fig. 5.2(a) while the magnetic field is applied perpendicular (Bz) to the
device plane. As the polarization of the injected spins is along the y-direction, Bz

causes the spins to precess in x-y plane with a Larmor frequency ωL = geµBBz/h̄,
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where the Lande g factor g = 2, µB the Bohr magneton and h̄ the reduced Plank
constant. In order to eliminate the background magnetoresistance effects, we analyze
the effective Hanle spin signal, ∆Rnl = (R↑↑nl -R↑↓nl )/2, whereR↑↑(↑↓)nl is the Hanle signal
for the parallel (anti-parallel) magnetization configuration of the injection and the
detection electrodes. The resulting precession data ∆Rnl are fitted with the stationary
solutions to the 1D Bloch equation in the diffusion regime; Ds52 ~µs− ~µs/τs+ ~ωL× ~µs =

0, where µs is the spin chemical potential, Ds is the spin diffusion constant, and τs is
the spin relaxation time.

The spin valve signals for the Ch2 region and across the whole thin-hBN encap-
sulated (Ch4) region are shown in Figs. 5.2(b) and 5.2(d), measured at the backgate
voltage of 30 V. The corresponding Hanle signals and their fitting curves are shown
in Figs. 5.2(c) and 5.2(e).

The extracted value of τs for different channel regions [Ch(1-4)] is in the range of
135-176 ps, Ds is of 0.11-0.18 m2/s, and the corresponding value of the spin relaxation
length λs (=

√
Dsτs) is of 4.2-5.1 µm. The charge diffusion coefficient (Dc) calculated

from the resistivity (Rsq) data in Fig. 5.1(c) is in the range of 0.07-0.09 m2/s. As the
values of Dc and Ds are in a reasonable agreement, we confirm the reliability of Hanle
fitting [22, 28].

As we can see from the Hanle fitting data [Figs. 5.2(c) and 5.2(e)], the spin relax-
ation parameters do not differ much for different encapsulated regions under thin
hBN. Besides, the mobility values also lie close to each other [Fig. 5.1(c)]. It indicates
that a consistent charge and spin transport behaviour is observed across different
regions of the thin-hBN encapsulated graphene.

The values of spin relaxation parameters are quite low compared to the graphene
on hBN [9] or even partly encapsulated by hBN [20]. The thin-hBN flake is of single-
layer and it resulted in low interface resistance (Rc) values for the electrodes E(2-5),
0.6-2.1 kΩ which lie in the same order of the spin resistance (Rλ) for the thin-hBN
encapsulated graphene, 0.4-1.4 kΩ where Rλ = Rsqλs/W , W = 1.8 µm is the width of
the graphene. These values imply that the device is within the conductivity mismatch
regime [28]. A similar behaviour is also reported by Yamaguchi et al. [16] with
exfoliated 1L-hBN and Fu et al. [18] with CVD 1L-hBN tunnel barriers.

It is also important to note in our device that the ferromagnetic cobalt electrodes on
top of the thin-hBN layer are deposited in order to avoid contact with the uncovered
(by thin-hBN) graphene edge [Fig. 5.1(b)]. The proximity of the stray magnetic field
from the ends of the cobalt electrodes (between E2 and E5) can act as an additional
dephasing field and influence the spin transport in graphene. Also, the uncovered
region is exposed to the PC and PMMA polymers during the fabrication which can
reduce the mobility and spin relaxation time.

Further, we would like to emphasize that the spin diffusion is detected across
12.5-µm length of thin-hBN encapsulated (Ch4) graphene region [Fig. 5.2(d-e)] which
consists of multiple electrodes in-between the spin injection (E2) and the spin detection
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(E5) electrodes [Fig. 5.1(b)]. The conventional oxide-barrier/graphene interfaces
are reported to act as spin sinks especially when their Rc lie close to Rλ [12, 28, 29]
which hinders the long distance spin transport in graphene with multiple electrodes.
Whereas, within the conductivity mismatched regime, our device still performs better
than the device with oxide barriers, which might have pinholes. Hence, we attribute
the observed long distance spin transport behaviour to the pinhole free nature of the
thin-hBN layer and to the clean interface of thin hBN with the graphene compared to
the deposited oxide tunnel barrier.

We would also like to point out that we do not observe the very long spin relaxation
length or high spin relaxation time as in the case of partly hBN encapsulated graphene
stack reported by Guimarães et al. [20], and it is worthwhile to mention the differences
between our device and the stack reported in Ref. [20]. In our device, PMMA
residues lie at the thin-hBN/cobalt electrode interface which might affect the spin
injection/detection in a different way than in the stack reported in Ref. [20], which
has PMMA residues between the graphene and the oxide tunnel barrier. Further, our
device shows lower mobility and charge diffusion constant which also translates to
the lower spin relaxation length.

Furthermore, using our device structure we can control the electric field and the
carrier density independently with the top and the bottom gate electrodes. This allows
us to study (i) the electrical control of spin information in graphene [20], and (ii) the
spin transport across the p/n junctions created by the topgate and the non-topgate
encapsulated graphene. It is interesting to study the spin transport across the p/n
junction, which acts as a barrier for the transmission of spins, and results in high
magnetoresistance and sensitivity in a spin valve transistor [30].

A contour plot for the square resistance of the Ch2 region (RCh2
sq ) as a function of

topgate voltage (Vtg) and backgate voltage (Vbg) is shown in Fig. 5.3(a). The charge
neutrality point (CNP) appears as a line with a slope of -0.034 which is equivalent
to the ratio of the top and bottom gate dielectric capacitances. The maximum Rsq of
the CNP appears at Vbg ≈ -22.7 V, Vtg ≈ 0 V and decreases along either side of the
line. It is a characteristic behaviour observed with single layer graphene [20]. The Vtg

independent feature around Vbg = -22.7 V appears due to the sides of the top-hBN
encapsulated region that are non-topgated between the electrodes E3 and E4 [21].

We can create an effective electric field in the top-hBN encapsulated part of the
Ch2 region by modulating the topgate voltage and the backgate voltage [31]. The
perpendicular electric field can induce a Rashba spin orbit field in graphene [20] which
can be used to manipulate the spin transport properties of the topgate encapsulated
graphene channel.

The maximum value of the electric field created within the range of applied Vtg and
Vbg is 0.22 V/nm. We do not observe a significant dependence of the spin relaxation
time on the electric field. We attribute this to the lower field compared to the Rashba
field (0.7 V/nm) applied in the case of Guimarães et al. [20].
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and p-p'-p junction configurations. (b) Spin relaxation time as a function of topgate voltage at
different backgate voltages. The dashed red lines outline the data corresponding to the four
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Within the Ch2 region, carrier density in the nontopgate encapsulated parts is
controlled by Vbg whereas the central topgate encapsulated part is controlled by
both Vbg and Vtg. This clearly resulted in four quadrants representing different p/n
junction configurations [32] as indicated in Fig. 5.3(a). Due to the novelty of our
device fabrication we could see four quadrants compared to the similar geometry
reported in Ref. [20] and [21]. The nontopgated graphene regions in Ref. [20] and
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[21] are highly n-doped by the polycarbonate. However, in our case, graphene in the
topgated region as well as the nontopgated region is protected by the thin hBN and is
not doped by polymers. So, we are also able to access the p-doped characteristics of
the non-topgated regions.

A strong dependence of the spin relaxation time (τs) among the four junction
configurations is observed as shown in Fig. 5.3(b). On average, the relaxation time is
increased when the n(n’)-doped region changes to p(p’)-doped region. This can be
observed at different topgate voltages as we move from n-n’-n region to n-p’-n region,
and further to p-p’-p region. A possible explanation for the observed behaviour is that
the contacts can induce a slight doping, as can be seen from the asymmetric square
resistance of graphene in Fig. 5.1(c). This might result in an additional p-n interface in
the p-doped regime, decoupling the contacts from the channel and resulting in higher
spin relaxation time for holes. Furthermore, the gate dependence of spin lifetime in
Fig. 5.3(b) does not show a dip around the CNP [20, 33] possibly due to the influence
of p-n junctions formed at the edges of the topgated graphene channel near the CNP.

5.4 Conclusions

In conclusion, we demonstrate a fully hBN-encapsulated graphene device for spin-
tronics applications. We show that the full encapsulation of graphene results in homo-
geneous charge and spin transport properties at room-temperature. Charge transport
measurements show uniform mobility across different regions of the encapsulated
graphene. Spin transport measurements show that a uniform spin relaxation length
across different channel regions is achieved with the crystalline hBN encapsulation.
Further, our device shows spin transport across the whole thin-hBN encapsulated
region of 12.5-µm length even in the presence of conductivity mismatch electrodes,
demonstrating the potential of using hBN as a tunnel barrier for graphene spintronics.
The dual gate geometry allowed us to study the effect of electric field on the spin
transport. However, we do not observe a significant dependence due to the low
values of achieved electric field. Moreover, we observe a strong dependence of the
spin relaxation time on different p/n junction configurations. Further investigation is
necessary to explain this behaviour.
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Chapter 6

Bias induced up to 100% spin-injection and
detection polarizations in ferromagnet/bilayer-
hBN/graphene/hBN heterostructures

Abstract

We study spin transport in a fully hBN encapsulated monolayer-graphene van der Waals
heterostructure at room temperature. A top-layer of bilayer-hBN is used as a tunnel
barrier for spin-injection and detection in graphene with ferromagnetic cobalt electrodes.
We report surprisingly large and bias induced (differential) spin-injection (detection)
polarizations up to 50% (135%) at a positive voltage bias of +0.6 V, as well as sign
inverted polarizations up to -70% (-60%) at a reverse bias of -0.4 V. This demonstrates the
potential of bilayer-hBN tunnel barriers for practical graphene spintronics applications.
With such enhanced spin-injection and detection polarizations, we report a record two-
terminal (inverted) spin-valve signals up to 800 Ω with a magnetoresistance ratio of 2.7%,
and achieve spin accumulations up to 4.1 meV. We propose how these numbers can be
increased further, for future technologically relevant graphene based spintronic devices.

6.1 Introduction

Recent progress in the exploration of various two-dimensional materials has led
to special attention for van der Waals (vdW) heterostructures for advanced graph-
ene spintronics devices. For graphene spin-valve devices, an effective injection
and detection of spin-polarized currents with a ferromagnetic (FM) metal via effi-
cient tunnel barriers is crucial[1, 2]. The promising nature of crystalline hexagonal
boron nitride(hBN) layers as pin-hole free tunnel barriers[3] for spin injection into
graphene[4–8] has been recently demonstrated. However, due to the relatively low
interface resistance-area product of monolayer-hBN barriers, there is a need to use a
higher number of hBN layers for non-invasive spin injection and detection[9]. Theo-
retically, large spin-injection polarizations have been predicted in FM/hBN/graphene
systems as a function of bias with increasing number of hBN layers[10].

This chapter has originally been published as M. Gurram, S. Omar, B.J. van Wees, Nature Communica-
tions, 8, 248 (2017).
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Kamalakar et al.[11] reported an inversion of the spin-injection polarization for
different thicknesses of chemical vapour deposited (CVD)-hBN tunnel barriers, as
well as an asymmetric bias dependence of the polarization using multilayer CVD-
hBN/FM tunnel contacts. The observed behaviour was attributed to spin-filtering
processes across the graphene/multilayer-hBN/FM tunnel contacts.

In order to explore the potential of hBN tunnel barriers for graphene spin valve
devices, one can study the role of current/voltage bias for spin-injection and detection
with ferromagnetic electrodes. Application of a bias across the FM/hBN/graphene
tunneling contacts a) allows to widen the energy window up to ∼ 1 eV for additional
spin polarized states in the FM and graphene to participate in the tunneling spin-
injection and detection processes, b) induces a large electric-field between the FM and
graphene which can modify the tunneling processes, c) provides electrostatic gating
for the graphene which could change the carrier density between electrons and holes,
and d) is predicted to induce magnetic proximity exchange splitting in graphene of
up to 20 meV[12, 13].

Here we show that bilayer-hBN tunnel barriers are unique for spin-injection
and detection in graphene, with (differential) polarizations unexpectedly reaching
values close to ± 100% as a function of the applied DC bias at room temperature.
Furthermore, we demonstrate a two-terminal (inverted) spin-valve with a record
magnitude of the spin signal reaching 800 Ω with magnetoresistance ratio of 2.7%.

6.2 Results

6.2.1 Four-terminal non-local spin transport

We study the spin transport in fully hBN encapsulated graphene, prepared via dry
pick-up and transfer method[14] to obtain clean and polymer free graphene-hBN
interfaces[4] (see Methods for device fabrication details). We use a four-terminal non-
local measurement geometry to separate the spin current path from the charge current
path (Fig. 6.1a). An AC current (i) is applied between two Co/2L-hBN/graphene con-
tacts to inject a spin-polarized current in graphene. The injected spin accumulation in
graphene diffuses and is detected non-locally (v) between the detector contacts using
a low frequency (f=10-20 Hz) lock-in technique. For the spin-valve measurements, the
magnetization of all the contacts is first aligned by applying a magnetic field By along
their easy axes. Then By is swept in the opposite direction. The magnetization reversal
of each electrode at their respective coercive fields appears as an abrupt change in the
non-local differential resistance Rnl (= v/i). Along with a fixed amplitude i of 1-3 µA,
we source a DC current (Iin) to vary the bias applied across the injector contacts. In
this way, we can obtain the differential spin-injection polarization of a contact, defined
as pin = is

i = dIs
dI where Is (is) are the DC (AC) spin currents, and study in detail
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Figure 6.1: Device layout and measurement scheme. a A layer by layer schematic of the
vdW heterostructure of the 2L-hBN/graphene/thick-hBN stack with FM cobalt electrodes.
A measurement scheme is shown for the non-local spin transport measurements with a DC
current bias Iin and AC current i, applied across the injector contacts and a non-local differential
(AC) spin signal v is measured using a lock-in detection technique. A DC current bias Id can
also be applied in order to bias the detector contact. b An optical microscopic picture of the
vdW heterostructure. Scale bar, 5 µm. The black-dashed line outlines the hBN tunnel barrier
flake. The red-dashed line outlines the monolayer region of the hBN tunnel barrier flake (see
Supplementary Note 1 for the optical microscopic picture of the tunnel barrier). A schematic of
the deposited cobalt electrodes is shown as orange bars and the Co/hBN/graphene contacts
are denoted by numbers 1, 2,.., and 13. The orange-dashed lines represent the unused contacts.
Cobalt electrodes from 2 to 5 are either fully or partially deposited on top of the monolayer
region of the tunnel barrier flake while the electrodes from 6 to 12 are exclusively deposited on
the bilayer region. The width of the cobalt electrodes (2 to 12) is varied between 0.15 and 0.4
µm.

how pin of the contacts depends on the applied bias. We observe with bilayer-hBN
tunnel barrier that the magnitude of the differential spin signal ∆Rnl at a fixed AC
injection current increases with the DC bias applied across the injector (Fig. 6.2a, 6.2c).
Moreover, a continuous change in the magnitude of ∆Rnl between -4.5 Ω and 2.5 Ω as
a function of DC current bias across the injector, and its sign reversal close to zero bias
can be clearly observed (Fig. 6.3a). A similar behaviour is also observed for different
injection contacts.

In Hanle spin-precession measurements, where the magnetic field Bz is swept
perpendicular to the plane of spin injection, the injected spins precess around the
applied field and dephase while diffusing towards the detectors. We obtain the spin
transport parameters such as spin-relaxation time τs and spin-diffusion constant Ds

by fitting the non-local Hanle signal ∆Rnl(Bz) with the stationary solutions to the
steady state Bloch equation in the diffusion regime; Ds52 µs − µs/τs + γBz × µs = 0.
Here, the net spin accumulation µs is the splitting of spin chemical potentials spin-up
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µ↑ and spin-down µ↓, i.e., (µ↑ − µ↓)/2 and γ is the gyromagnetic ratio. In order to
obtain reliable fitting parameters, we probe the Hanle signals for a long spin transport
channel of length L = 6.5 µm. We measure the Hanle signals for different DC current
bias and obtain the fitting parameters τs ∼ 0.9 ns, Ds ∼ 0.04 m2s−1, and λs ∼ 5.8 µm.
We estimate the carrier density n ' 5 × 1012 cm−2 from the Einstein relation and
the carrier mobility µ ∼ 3000 cm2V−1s−1 form the Drude’s formula, by assuming
Ds = Dc[15], where Dc is the charge-diffusion constant. Both the mobility and spin
relaxation time are relatively low, which could be due to the ineffective screening of
the very thin (∼ 0.7 nm) top-layer of bilayer-hBN from the contamination on the top
surface. Due to non-functioning backgate of the device, we could not measure the
carrier density dependence of these parameters. For the calculation of mobility, see
Supplementary Note 8.

6.2.2 Spin-injection polarization

Since λs does not change due to the bias applied between the injector contacts, the
bias dependence of the non-local differential spin signal ∆Rnl in Fig. 6.2 and Fig. 6.3a
is due to the change in spin-injection polarization. From ∆Rnl in Fig. 6.3a, we can
obtain the differential spin-injection polarization of the injector contact 8, p8

in from[16]

∆R8−9
nl =

Rsqλs

2W

[
p8

inp
9
de
−L
λs
]
, (6.1)

using a known unbiased detection polarization of detector 9, p9
d (see Supplementary

Note 3 for the analysis and calculation of p9
d), the length between contacts 8 and 9,

L8−9 = 1 µm, the square resistance Rsq ∼ 400 Ω, and the width W = 3 µm of graphene.
The non-local spin signal as a function of bias due to the spin injection through 8 is
obtained from ∆R8-9

nl (Iin) = (R↑↑↑nl (Iin)−R↑↓↑nl (Iin))/2, where R↑↑↑nl (Iin) is the non-local
signal measured as a function of Iin when the magnetization of contacts 7, 8, and 9
are aligned in ↑ , ↑ , and ↑ configuration, respectively. We find that p8

in changes from
-1.2% at zero bias to +40% at +25 µA and -70% at -25 µA (Fig. 6.3b). It shows a sign
inversion which occurs close to zero bias. The absolute sign of p cannot be obtained
from the spin transport measurements and we define it to be positive for the majority
of the unbiased contacts (Supplementary Note 3).

The observed behaviour of the (differential) polarization is dramatically different
from what has been observed so far for spin-injection in graphene, or in any other
non-magnetic material. For spin-injection/detection with conventional ferromagnetic
tunnel contacts, the polarization does not change its sign close to zero bias. It can be
modified at high bias[17]. However, in our case we start with a very low polarization
at zero bias which can be enhanced dramatically in positive and negative directions.

The above analysis is repeated for other bilayer-hBN tunnel barrier contacts with
different interface resistances. Figure 6.4a shows pin for four contacts plotted as a
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Figure 6.2: Non-local spin-valve and Hanle measurements at different DC bias across the
injector. a,c: Non-local differential spin-valve signal Rnl (= v/i) as a function of the magnetic
field By applied along the easy axes of the Co electrodes, for a short (L = 1 µm) (a), and a long
(L = 6.5 µm) (c) spin transport channel. An offset at zero field is subtracted from each curve for
a clear representation of the data. The vertical dashed lines correspond to the switching of the
electrodes at their respective coercive fields. The switch of the outer detector 13 is not detectable
as it is located far (> 2λs) from the nearest injector. The legend shows the applied injection
DC current bias Iin values. The up(↑) and down(↓) arrows represent the relative orientation
of the electrode magnetizations. The three arrows in (a) correspond to the contacts 7, 8, and
9, and the two arrows in (c) correspond to the contacts 7 and 11, from left to right. The insets
in a and c show the measurements schematics, injection AC current (i) and the DC current
bias (Iin), the respective contacts used for the spin current injection, and non-local differential
voltage (v) detection. The differential spin signal in a due to spin injection through 8 is ∆R8-9

nl

= (R↑↑↑nl − R
↑↓↑
nl )/2, and in c due to spin injection through 7 is ∆R7-11

nl = (R↑↑nl − R
↑↓
nl )/2. b,d:

Non-local (differential) Hanle signal ∆Rnl(Bz) as a function of the magnetic field Bz. b(d)
shows ∆Rnl measured for the short(long) channel, corresponding to the spin injector contact
8(7) and measured with the detector contact 9(11). The measured data is represented in circles
and the solid lines represent the fits to the data. Hanle signals in b at different injection bias
values ∆R8-9

nl (Bz) = (R↑↑↑nl (Bz)−R↑↓↑nl (Bz))/2. The two vertical dashed lines in d correspond to
the fields where the Hanle signals cross zero.
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Figure 6.3: Bias enhanced non-local differential spin signal and large differential spin-
injection polarization at room temperature. a Non-local spin signal ∆R8-9

nl (Iin) corresponding
to the spin current injected through contact 8 and detected via contact 9, as a function of the DC
current bias (Iin) applied across the injector. The solid line represents the spin signal ∆R8-9

nl (Iin)
for a continuous sweeping of the Iin bias, while the dots are extracted from the Hanle signals
∆R8-9

nl (Bz) at Bz=0, measured at different bias (from Fig. 6.2b). b Differential spin-injection
polarization of the injector contact 8, p8

in as a function of Iin, calculated from the ∆R8-9
nl (Iin)

(Eq. 6.3) data plotted in a.

function of the voltage bias obtained from the respective ∆Rnl(Iin). All contacts
show similar behaviour, where the magnitude of pin increases with bias and changes
sign close to zero bias. For the same range of the applied voltage bias, contacts
with either 1L-hBN or TiO2 tunnel barriers do not show a significant change in the
spin polarization (Supplementary Notes 6 and 10). This behaviour implies that the
observed tunneling spin-injection polarization as a function of the bias is unique to
bilayer-hBN tunneling contacts.

6.2.3 Spin-detection polarization

We now study the effect of the bias on spin-detection. The (differential) spin detection
polarization pd of a contact is defined as the voltage change (∆V ) measured at the de-
tector due to a change in the spin accumulation underneath (∆µs) (see Supplementary
Note 2 for the derivation and details),

pd =
∆V

∆µs/e
(6.2)



6

6.2. Results 71

where ∆V = i
[
∆Rin−dnl (Id)

]
is measured as a function of the detector bias Id, and

∆µs/e =
iRsqλs

2W pine
−L/λs . In a linear response regime at low bias, pd should resemble

pin because of reciprocity. However, in the non-linear regime at higher bias, they can
be different. A comparison between Fig. 6.4a and 6.4b shows that the bias dependence
of pin and pd is similar (see Supplementary Note 4 for determining pd as a function of
bias). However, we find that pd of contact 9 can reach more than 100% above +0.4 V
(corresponding electric field is +0.06 V/Å). We note that the presence of a non-zero
DC current in the graphene spin transport channel between injector and detector
could modify λs due to carrier drift, and consequently the calculated polarizations
have a typical uncertainty of about 10% (Supplementary Note 9). Although there
is no fundamental reason that the biased detection polarizations pd cannot exceed
100% (see Supplementary Note 2), it could be that our observation of over 100%
polarization is due to effect of the drift which is expected to have a bigger effect on
the accurate determination of pd(I) as compared to pin(I) (Fig. 6.1a). Due to heating
effect at the injector, there is also a possibility of thermal spin injection, which might
result in an enhanced contact polarization. We make a rough estimate for this effect
and find that the thermal effects due to large values of DC current are negligible
on the spin transport as explained in the Supplementary Note 7. We also verify the
consistency of our approach from the calculation of DC spin injection polarization as
shown in the Supplementary Note 5.

Concluding, we have obtained a dramatic bias induced increase in both the
differential spin-injection and detection polarizations, reaching values close to ±100%
as a function of applied bias across the cobalt/bilayer-hBN/graphene contacts.

6.2.4 Two-terminal local spin transport

A four-terminal non-local spin-valve scheme is ideal for proof of concept studies, but
it is not suitable for practical applications where a two-terminal local geometry is
technologically more relevant. In a typical two-terminal spin-valve measurement
configuration, the spin signal is superimposed on a (large) spin-independent back-
ground. Since we have found that the injection and detection polarizations of the
contacts can be enhanced with DC bias, the two-terminal spin signal can now be
large enough to be of practical use. For the two-terminal spin-valve measurements,
a current bias (i + I) is sourced between contacts 8 and 9, and a spin signal (differ-
ential, v and DC, V ) is measured across the same pair of contacts as a function of By

(inset, Fig. 6.5a). Figure 6.5a, 6.5c shows the two-terminal differential resistance R2t

(=v/i) and the two-terminal DC voltage V2t, respectively, measured as a function of
By. As a result of the two-terminal circuit, both the contacts are biased with same I
but with opposite polarity, resulting in opposite sign for the injection and detection
polarizations. Therefore we measure an inverted two-terminal differential spin-valve
signal R2t with minimum resistance in anti-parallel configuration. We observe a
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Figure 6.4: Differential spin-injection (pin) and detection (pd) polarizations of the
cobalt/bilayer-hBN/graphene contacts. a Differential spin-injection polarization pin of four
contacts with 2L-hBN tunnel barrier, as a function of the DC voltage bias V . Top axis represents
the corresponding electric-field (=V /thBN, thBN ≈ 7 Å, the thickness of 2L-hBN barrier) induced
across the Co/2L-hBN/graphene contacts. Note that the ∆Rnl used to calculate p8

in in Fig. 6.3b
is obtained from a different data set. b Differential spin-detection polarization pd of contacts 8
and 9 as a function of DC voltage bias V applied across the detector while the injector bias is
fixed at Iin = +20 µA. The insets in a and b show pin and pd of contacts at zero bias, respectively.
The top x-axis in a and b indicates the electric field corresponding to the applied bias across the
contacts.

maximum magnitude of change in the two-terminal differential (DC) signal ∆R2t

(∆V2t) of about 800 Ω (7 mV) at I = +20 µA, where ∆R2t(I) = R↑↑2t (I) − R↓↑2t (I) and
∆V2t(I) = V ↑↑2t (I)− V ↓↑2t (I) represent the difference in the two-terminal signals when
the magnetization configuration of contacts 8 and 9 changes between parallel(↑↑)
and anti-parallel(↓↑). A continuous change in ∆R2t and ∆V2t can be observed as a
function of DC current bias (Fig. 6.5b and 6.5d).

The magnetoresistance (MR) ratio of the two-terminal differential spin signal is a
measure of the local spin-valve effect, and is defined as (R↓↑2t −R

↑↑
2t )/R↑↑2t , where R↑↓2t

(R↑↑2t ) is the two-terminal differential resistance measured in the anti-parallel (parallel)
magnetization orientation of the contacts. From the spin-valve signal, we calculate
the maximum MR ratio of -2.7% at I = +20 µA.

Since we have already obtained the differential spin-injection and detection polar-
izations of both the contacts 8 and 9 as a function of bias (Fig. 6.4), we can calculate
the two-terminal differential spin signal from

4R2t(I) =
[
p9

in(Iin)p8
d(−Id) + p8

in(−Iin)p9
d(Id)

] Rsqλs

W
e
− L
λs (6.3)
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The calculated differential signal4R2t(I) is plotted in Fig. 6.5b. A similar analysis
can be done for the two-terminal DC spin signal4V2t(I) (Supplementary Note 2) and
is plotted in Fig. 6.5d. Even though there is an uncertainty in the calculation of pd

due to a possible effect of carrier drift between the injector and detector, we get a
close agreement between the measured and calculated signals in different (local and
non-local) geometries. This confirms the accurate determination of the individual
spin-injection and detection polarizations of the contacts.

Furthermore, we can now calculate the total spin accumulation in graphene,
underneath each contact in the two-terminal biased scheme, due to spin-valve effect.
The results are summarized in Table 6.1. The maximum spin accumulation, beneath
contact 9, due to spin-injection/extraction from contacts 8 and 9 reaches up to 4.1
meV for an applied bias of I = +20 µA. It is noteworthy that such a large magnitude
of spin accumulation in graphene at room temperature has not been reported before.

6.3 Discussion

Recent first-principles calculations of the proximity exchange coupling induced in
graphene by Zollner, K. et al.[12] have predicted that an applied electric field in
Co/hBN/graphene system can reverse the sign of the proximity-effect-induced equi-
librium spin polarization in graphene (shown specifically for the case of 2L-hBN).
Although this study is related to our experimental geometry, the exchange inter-
actions are not relevant for the current discussion, because we do not observe any
signature of (bias induced) exchange coupling on the shape of the Hanle signals (such
as, as observed by Leutenantsmeyer, J. et al.[18] and Singh, S. et al.[19]) except for the
magnitude of the spin signals. Another study by Lazić et al.[13] on the tunable prox-
imity effects in Co/hBN/graphene has predicted that the system can be effectively
gated, and both the magnitude and the sign of the equilibrium spin polarization of
the density of states at the Fermi level can be changed due to transverse electric field.
However, the spin polarization of the injected current is not calculated. Although
these results are relevant to our study, further research is required to understand the
results.

According to the first-principles transport calculations[10], the bias dependent
spin-current injection efficiency from Ni into graphene increases up to 100% with the
number of hBN tunnel barrier layers. However, these calculations do not show any
sign inversion of the spin injection efficiency and do not predict any special role of
bilayer-hBN. Therefore, we will not speculate further here on possible explanations
of our fully unconventional observations. We note however that further research
will require the detailed study of the injection/detection processes as a function of
graphene carrier density, in particular the interaction between contact bias induced
and backgate induced carrier density. Via these measurements one could also search
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Figure 6.5: Large inverted two-terminal spin-valve effect at room temperature.a Two-
terminal differential spin-valve signal R2t(=v/i) and c two-terminal DC spin-valve signal
V2t, as a function of By at two different DC current bias values. The inset in a illustrates the
two-terminal spin-valve measurement configuration. The arrows ↑↑ (↓↑) represent the parallel
(anti-parallel) orientation of the magnetization of contacts 8 and 9, respectively, from left to
right. The vertical dashed lines represent the coercive fields of contacts 8 and 9. b Two-terminal
differential spin signal ∆R2t(I) and d two-terminal DC spin signal ∆V2t(I), as a function of the
DC current bias I . The calculated two-terminal spin signals from the individual spin-injection
and detection polarizations of contacts 8 and 9 are also shown in b and d.

for possible signatures of the recently proposed magnetic proximity exchange splitting
in graphene with an insulator spacer, hBN[12, 13].

In conclusion, by employing bilayer-hBN as a tunnel barrier in a fully hBN en-
capsulated graphene vdW heterostructure, we observe a unique sign inversion and
bias induced spin-injection (detection) polarizations between 50% (135%) at +0.6 V
and -70% (-60%) at -0.4 V at room temperature. This resulted in a large change in the
magnitude of the non-local differential spin signal with the applied DC bias across
the Co/2L-hBN/graphene contacts and the inversion of its sign around zero bias.
Such a large injection and detection polarizations of the contacts at high bias made it
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µs underneath 8
(meV)

µs underneath 9
(meV)

↑↑ ↓↑ ↑↑ ↓↑
injected by 8 1.8 -1.8 1.6 -1.6
injected by 9 2.1 2.1 2.5 2.5

Total µs 3.9 0.3 4.1 0.9

Table 6.1: Large spin accumulation underneath the contacts. Spin accumulation µs in graph-
ene, beneath the contacts, in the two-terminal spin-valve geometry at bias I = +20 µA. The
arrows ↑↑ (↓↑) represent the parallel (anti-parallel) orientation of the magnetization of contacts
8 and 9 respectively, from left to right. Bold values represent the total spin accumulation in
different magnetization orientation of contacts.

possible to observe the two-terminal differential and DC spin signals reaching up to
800 Ω, and magnetoresistance ratio up to 2.7% even at room temperature. Moreover,
we obtain a very large spin accumulation of about 4.1 meV underneath the contacts
in a two-terminal spin-valve measurement.

Note that we have been conservative in biasing the contacts to prevent breakdown
of the 2L-hBN barriers. By increasing the bias to the maximum theoretical limit of ∼
±0.8 V[20], we expect that we can increase the polarizations even further. Also one
can increase the width of the contacts by a factor of 5 to about 1 µm (yet far below
λs) which will reduce the background resistance of two-terminal spin-valve signal by
the same factor, and allow to apply a maximum current bias up to 100 µA[21]. This
could result in two-terminal spin signal above 50 mV and MR ratio beyond 20%. The
corresponding change in spin accumulation could reach up to 40 meV underneath the
contacts, exceeding the room temperature thermal energy (kBT ∼ 25 meV). Such high
values of spin accumulation will open up an entirely new regime for studying spin
transport in graphene and for applications of graphene based spintronic devices[2].

6.4 Methods

Sample preparation

A fully encapsulated hBN/graphene/hBN heterostructure is prepared via a dry
pickup transfer method developed in our group [14]. The graphene flake is exfoliated
from a bulk HOPG (highly oriented pyrolytic graphite) ZYA grade crystal (supplier:
SPI) onto a pre-cleaned SiO2/Si substrate (tSiO2=300 nm). A single layer is identified
via the optical contrast analysis. Boron nitride flakes (supplier: HQ Graphene) are
exfoliated onto a different SiO2/Si substrate (tSiO2=90 nm) from small hBN crystals (∼
1 mm). The thickness of the desired hBN flake is characterized via the Atomic Force
Microscopy (AFM). For the stack preparation, a bilayer-hBN (2L-hBN) flake on a
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SiO2/Si is brought in contact with a viscoelastic PDMS (polydimethylsiloxane) stamp
which has a polycarbonate (PC) film attached to it in a transfer stage arrangement.
When the sticky PC film comes in a contact with a 2L-hBN flake, the flake is picked up
by the PC film. A single layer graphene (Gr) flake, exfoliated onto a different SiO2/Si
substrate is aligned with respect to the already picked up 2L-hBN flake in the transfer
stage. When the graphene flake is brought in contact with the 2L-hBN flake on the
PC film, it is picked up by the 2L-hBN flake due to van der Waals force between
the flakes. In the last step, the 2L-hBN/Gr assembly is aligned on top of a 10 nm
thick-hBN flake on another SiO2/Si substrate and brought in contact with the flake.
The whole assembly is heated at an elevated temperature ∼ 150◦C and the PC film
with the 2L-hBN/Gr is released onto the thick-hBN flake. The PC film is dissolved by
putting the stack in a chloroform solution for three hours at room temperature. Then
the stack is annealed at 350◦C for 5 hours in an Ar-H2 environment for removing the
polymer residues.

Device fabrication

The electrodes are patterned via the electron beam lithography on the PMMA
(poly(methyl methacrylate)) coated 2L-hBN/Gr/hBN stack. Following the devel-
opment procedure, which selectively removes the PMMA exposed to the electron
beam, 65 nm thick ferromagnetic (FM) cobalt electrodes are deposited on top of the
2L-hBN tunnel barrier for the spin polarized electrodes via electron-beam evaporation.
Vacuum pressure is maintained at 1× 10−7 mbar during the deposition. To prevent
the oxidation of the cobalt, the ferromagnetic electrodes are covered with a 3 nm thick
aluminum layer. The material on top of the unexposed polymer is removed via the
lift-off process in hot acetone solution at 50◦C, leaving only the contacts in the desired
area.

Data availability

The data that support the findings of this study are available from the corresponding
authors upon request.
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6.5 Supplementary information

Supplementary Note 1: Device characterization

An optical microscopy image of the 2L-hBN flake and its AFM thickness measurement
is shown in Supplementary Fig. 6.6. Charge and spin transport measurements in
graphene are performed using low-frequency (21 Hz) lock-in measurements. All
measurements are performed in vacuum (∼ 1 × 10−7 mbar) at room temperature.
In order to eliminate the effect of the contact resistances, the graphene resistivity
was characterized using a four-terminal local geometry by applying an AC current
between contacts 1-13 and measuring the voltage drop across a pair of contacts
in between 1 and 13 (see Fig. 1b of the main text). The square resistance Rsq of
graphene is consistently found to be ∼ 400 Ω for different regions, suggesting that
the background doping profile is uniform in the fully encapsulated graphene flake.

(a) (b)

Figure 6.6: hBN tunnel barrier characterization.(a) An optical microscopic image of the hBN
tunnel barrier flake on a Si/SiO2 substrate (tSiO2= 90 nm) where the lighter contrast regions
indicate the single-layer hBN. (b) An AFM height profile of the 2L-hBN corresponding to the
red line drawn in a, showing a thickness value ∼ 0.7 nm.

The differential contact resistances Rc(=dV/dI) of the cobalt/2L-hBN/graphene
interface were characterized using a three-terminal connection scheme. For example,
to determine the differential resistance of contact 9, a small and fixed AC current (i)
along with a DC current bias (I) is applied between contacts 9-1, and a differential
(AC) voltage is measured between 9-13 (Supplementary Fig. 6.7a) while sweeping the
DC bias I . The resulting data is plotted in the Supplementary Fig. 6.7b. The non-linear
behaviour of the high resistive contacts is an indication of the tunneling nature of
the 2L-hBN tunnel barrier, whereas the nearly constant differential resistance in the
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Figure 6.7: Electrical characterization of tunnel barrier. (a) Three-terminal connection scheme
for measuring the interface resistance of the cobalt/hBN/graphene contacts (see Supplementary
Note 1). (b) Differential contact resistance of all the contacts as a function of the DC bias applied
across the cobalt/hBN/graphene interfaces.

applied bias range, is a characteristic of a transparent (ohmic) contact. For our sample,
the differential contact resistances are in the range of 4 - 130 kΩ, and the data is
summarized in the Supplementary Table 6.2.

Contact #
Rc (kΩ)
(at V=0)

Width of contact (L)
(µm)

Rc*Area
(kΩ.µm2)

Rc/Rλ
No. of hBN layers

of the barrier
2 4.82 0.25 3.61 6.23 1
3 4.34 0.20 2.60 5.61 1
4 4.74 0.17 2.41 6.12 1
5 4.73 0.20 2.83 6.11 1
6 3.82 0.40 4.58 4.93 2
7 12.7 0.35 13.3 16.4 2
8 16.7 0.25 12.5 21.6 2
9 38.8 0.15 17.5 50.3 2
10 128 0.20 77.1 166 2
11 6.41 0.40 7.69 8.28 2
12 10.2 0.35 12.2 13.2 2

Table 6.2: A summary of all the used contacts. Here Rλ = Rsqλs/W = 773 Ω is the spin
resistance of the graphene flake with the width W = 3 µm, spin-relaxation length λs = 5.8 µm,
and Rsq ∼ 400 Ω. The number of hBN layers is determined from the optical contrast analysis of
the optical microscopic images and the AFM measurements.
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Supplementary Note 2: Expressions for spin-injection and
detection polarizations, and two-terminal local spin-signal

Injection polarization

We derive an analytical expression for a DC/AC spin injection and detection polar-
izations. In our measurements, we observe that the measured polarization depends
on the applied DC current bias (I) across the contact. For the DC current injection,
the DC polarization of an injector contact Pin is defined as:

Pin(I) =
Is

I
(6.4)

where Is is the DC spin current and I is the injected DC charge current. Similarly, the
AC (differential) polarization of the injection contact pin, in the presence of a DC bias
current I , is defined as:

pin(I) =
is
i

(6.5)

where is is the AC spin current and i is the injected AC charge current.
In our experiment, we apply a DC current at the injector contact along with a

small and fixed magnitude of the AC current. The total injected spin current can be
represented as:

Is(I + i) = Pin(I + i)× (I + i) (6.6)

Supplementary Eq. 6.6 can be expanded in to a Taylor series. For a small and
fixed AC current i, the second order terms can be neglected and the expression can be
rewritten as:

Is(I) +

(
dIs

dI

)∣∣∣∣
I

× i = Pin(I)× I +

{
Pin(I) +

(
dPin

dI

)∣∣∣∣
I

× I
}
× i (6.7)

The AC (differential) polarization can then be written as:

pin(I) =
dIs

dI
=
is
i

= Pin(I) +

(
dPin

dI

)∣∣∣∣
I

× I (6.8)

Supplementary Eq. 6.8 can be used for a consistency check between the measured
pin and Pin(I) (Supplementary Fig. 6.11).

In our case, we observe that pin approximately scales linearly with bias I , implying

that dPin
dI ∼ constant. Supplementary Eq. 6.8 then gives Pin ≈ 1

2pin(I).
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Detection polarization

The spin-detection polarization is defined as a voltage measured at the detector due
to the spin accumulation underneath the detector contact. A charge current 4I
will flow in the ferromagnet via a spin-charge coupling due to a change in the spin
accumulation4µs underneath the detector:

4I = 4µs(
dI↑
dV
− dI↓

dV
) (6.9)

where the net spin accumulation µs is the splitting of spin chemical potentials
spin-up µ↑ and spin-down µ↓, i.e., (µ↑ − µ↓)/2. Note that Supplementary Eq. 6.9
holds under the condition of independent spin channels. For a fixed current bias I at
the detector, to compensate for4I , the change in the voltage4V at the detector will
give rise to a change in the charge current4I in the opposite direction:

4I = 4V (
dI↑
dV

+
dI↓
dV

) (6.10)

Solving Supplementary equations 6.9 and 6.10 leads to:

4V
4µs

=

dI↑
dV −

dI↓
dV

dI↑
dV +

dI↓
dV

=
dI↑ − dI↓
dI↑ + dI↓

=
dIs

dI
(6.11)

Since the spin accumulations underneath the detector contacts are generally small,
this equation is valid for both the DC detector polarization Pd and the differential
detector polarization pd, i.e.,

Pd(I) = pd(I) =
dIs

dI
= pin(I) (6.12)

Note that electrons can only inject one spin h̄/2 (up or down), which implies that
Pin(I) is restricted below ± 100%. However, this does not hold for the differential
injection polarization pin as well as detection polarizations pd(I) and Pd(I) which can
in principle exceed±100% in case of applied bias. Note however that when a detector
is biased, it will also inject spins resulting in a spin accumulation underneath the
detector. When the detector is fully spin polarized, the spin induced voltage V cannot
exceed the total spin accumulation ±µs, total/e (due to injector and detector). As it can
be seen from the Table I of the main text, this condition is always satisfied, since the
sum of the spin induced voltages cannot be larger than µs, total/e = (3.9+4.1)/e = 8 mV
which is in agreement with the signal in Figure 5d of the main text.

Two-terminal local spin signals

We can calculate the bias-dependent two-terminal spin signal, provided the spin
injection and detection polarizations are known. For the two-terminal measurements,
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the injector and detector are both biased with the same DC current I but they are
biased with opposite polarity. The two-terminal DC spin signal 4V DC

2t between
contacts 8 and 9 (See Fig. 5 in the main text) can be written as:

4V DC
2t = I × [P 9

in(I)P 8
d (−I) + P 8

in(−I)P 9
d (I)]×

Rsqλs

W
× e−

L
λs (6.13)

which is equal to V ↑↑2t (I)− V ↓↑2t (I), the difference in two-terminal DC voltage signal
V DC

2t when the magnetization configuration of contacts 8 and 9 changes between
parallel(↑↑) and anti-parallel(↓↑) (see the main text).

Similarly, the two-terminal differential spin signal4RAC
2t between contacts 8 and

9 (See Fig. 5 in the main text) can be written as:

4RAC
2t = [p9

in(I)p8
d(−I) + p8

in(−I)p9
d(I)]×

Rsqλs

W
× e−

L
λs (6.14)

which is equal to R↑↑2t (I)−R↓↑2t (I), the difference in the two-terminal differential
signalRAC

2t when the magnetization configuration of contacts 8 and 9 changes between
parallel(↑↑) and anti-parallel(↓↑).

Here L is the separation between the contacts 8 and 9. pin and pd are obtained by
following the procedure explained in the Supplementary Notes 3.

Supplementary Note 3: Determining the bias dependent
spin-injection polarizations from non-local spin signals

In a typical non-local spin-valve measurement, a differential voltage signal vnl, mea-
sured by a detector contact ’d’ with differential detection polarization pd, located at a
distance L from an injector contact ’in’ with differential injection polarization pin, is
given by

vnl =
iRsqλs

2W
pinpde

−L/λs (6.15)

where Rsq is the square resistance of graphene, λs is the spin relaxation length in
graphene and W is the width of the graphene flake.

Consider a group of five contacts 7, 8, 9, 10, and 13 in Supplementary Fig. 6.8a,
where the current (I + i) is injected through a ferromagnet in contact 8 and extracted
through 7, and the total differential spin accumulation is detected as a non-local
differential voltage, using a low-frequency lock-in detection scheme, between the
contacts 9 and 13 v9−13

nl .
The non-local voltage measured with the magnetization of the contacts 7, 8, 9, and

13 are aligned in one direction (say ↑↑↑↑) is given by,
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Figure 6.8: Schematics of the measurement configurations for determining the spin-
injection polarization of the contact 8. (a) Measuring non-local spin signals as a function
of bias on injector contact. (b) Measuring unbiased non-local spin signal with the two detector
contacts 9 and 10.

v9−13
nl (↑↑↑↑) =

iRsqλs

2W

[
p9

(
p8e
−L8−9/λs − p7e

−L7−9/λs
)
− p13

(
p8e
−L8−13/λs − p7e

−L7−13/λs
)]

(6.16)
In our measurements, the outer detector 13 is far enough from the injectors (L7−13,

L8−13 > 2-3*λs) to not detect any spin signal and serves as a reference detector for the
rest of the analysis. So, the non-local differential resistance Rnl = vnl/i detected by 9
due to injection from 7 and 8 is given by

R↑↑↑nl =
Rsqλs

2W

[
p9

(
p8e
−L8−9/λs − p7e

−L7−9/λs
)]

(6.17)

In a spin-valve measurement, when the magnetization of one of the contact (say,
8) switches, the resulting non-local resistance can be written as,

R↑↓↑nl =
Rsqλs

2W

[
p9

(
−p8e

−L8−9/λs − p7e
−L7−9/λs

)]
(6.18)

The detected signals in the Supplementary equations 6.17 and 6.18 include the
contribution of spin signal from the outer injector 7 (second term of the expressions)
as well as some field independent background signal.

Since the only change in Supplementary equations 6.17 and 6.18 is due to contact
8, the non-local spin signal measured by 9 corresponding to the spin accumulation
created only by 8 is obtained from

∆R8−9
nl =

R↑↑↑nl −R
↑↓↑
nl

2
=
Rsqλs

2W

[
p9

(
p8e

−L8−9
λs

)]
(6.19)
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As explained above, one can determine the spin signal measured via inner detector
contact 9 correspond to the spin injection through inner injector contact 8 as given
by Supplementary Eq. 6.19. Further, as shown in Supplementary Fig. 6.8(b), we can
simultaneously measure the spin signal via inner detector contact 10 corresponding
to the spin injection through inner injector contact 8, given by

∆R8−10
nl =

R↑↑↑nl −R
↑↓↑
nl

2
=
Rsqλs

2W

[
p10

(
p8e

−L8−10
λs

)]
(6.20)

The contact polarization of the contacts 9 and 10 can be expressed as a ratio of
4R8-9

nl and4R8-10
nl i.e.

p9

p10
=
4R8-9

nl

4R8-10
nl

e
−L9−10

λs (6.21)

In order to determine the unbiased values of detector polarizations p9 and p10, we
need one more equation with these variables which is obtained by measuring4Rnl

between 9 and 10, by applying only an AC injection current between contacts 7 and 9
and measuring a non-local voltage between 10 and 13. The effect of the outer injector
contact 7 is subtracted using the procedure described above(see Supplementary
equations 6.16 - 6.19). Now we obtain:

∆R9−10
nl =

Rsqλs

2W

[
p10

(
p9e

−L9−10
λs

)]
(6.22)

We can obtain the product p9 × p10 from Supplementary Eq. 6.22 and the ratio p9
p10

from Supplementary Eq. 6.21 and thus determine the unbiased polarizations p9 and
p10.

Using the unbiased polarization values of detectors obtained from Supplementary
equations 6.21 and 6.22, we can determine the bias dependent polarization of the
injector contact 8 from the two non-local spin signals measured via contacts 9 (Sup-
plementary Eq. 6.19) and contact 10 (Supplementary Eq. 6.20), independently. The
resulting differential spin-injection polarization of contact 8 is plotted in Supplemen-
tary Fig. 6.9(b).

The above procedure is repeated with three more different groups of contacts
to determine the differential polarization of injection contacts, and the results are
plotted in the Supplementary Fig. 6.9(a-d). The results are also summarized in the
Supplementary Table 6.3.

Supplementary Note 4: Determining the bias-dependent
detector polarizations

In order to measure the bias dependent detector polarization of contact 9, we keep
the injector contact 8 at a fixed DC current bias I , where p8(I) is known from the
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Figure 6.9: Differential spin-injection polarization for different injector contacts as a func-
tion of DC voltage bias across the injector. The spin injection into graphene from the FM
cobalt is facilitated via a 2L-hBN tunnel barrier, clearly demonstrating the change in the magni-
tude and the sign of the injector polarization as a function of the bias current I . The injection
polarizations of contact 7 p7 in (a), contact 8 p8in (b), contact 9 p9 in (c), and contact 10 p10 in (d)
are shown.

previous measurements, and sweep a bias current Id across the detector 9. We apply a
fixed I and a small i through the injector electrode 8 and measure a non-local signal at
detector 9 via low-frequency lock-in detection method, while sweeping the DC current
bias Id across the detector 9 (Supplementary Fig. 6.10). Note that the spin transport
is non-local only for the AC measurements. For the DC measurements we have a
non-zero charge current and an electric field in the spin transport channel between
contacts 8 and 9. A differential non-local signal4R8-9

nl is measured as a function of
detector bias current Id and can be expressed via Supplementary Eq. 6.19. Here, we
know the spin-injection polarization p8(I) obtained from the previous measurements
(Supplementary Note 3) and can extract the spin detection polarization as a function
of the bias current Id using Supplementary Eq. 6.19 (see the main text).
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At V = 0 At V = +Vmax At V = -Vmax

Set of contacts
Injector-detector

(in− d)
pin

(%)
pd

(%)
∆Rin−dnl

(Ω)
pin

(%)
∆Rin−dnl

(Ω)
pin

(%)
7-8 p8 = -2.0 -1.5 24.5 2.3 -38.5

7-8-9
7-9

p7 = 1.4
p9 = 1.1 0.5 17.3 -1.1 -42.6

8-9 p9 = 1.3 1.2 26.9 -1.9 -50.0
8-9-10

8-10
p8 = -2.3

p10 = 3.0 1.6 22.9 -3.8 -52.6

9-10 p10 = 2.4 3.7 51.3 -5.2 -71.0
9-10-11

9-11
p9 = 4.3

p11 = 3.2 3.9 61.8 -4.5 -70.8

10-11 p11 = 3.2 1.9 23.2 -2.6 -31.6
10-11-12

10-12
p10 = -1.7

p12 = 2.0 0.9 23.1 -1.5 -37.9

Table 6.3: A summary of spin-valve signals and obtained differential spin-
injection/detection polarizations. ∆Rin−dnl (V ) is the non-local signal from spin-valve
data when the injection bias V applied across the injector(in) and measured via detector(d),
pin(V ) is the differential injection polarization of injector contact at bias V, calculated from the
analysis explained in the Supplementary Notes 4, and Vmax(min) is the maximum(minimum)
bias applied across the injector. Here, the detector polarization pd at zero bias obtained from
following the analysis described in the Supplementary Note 3.

87 109 13

I+i

v

Id

Figure 6.10: Measurement geometry for biasing the detector to measure the spin-detection
polarization

Supplementary Note 5: Differential polarization from DC
polarization

The differential spin-injection polarization pin(I) can be expressed as the sum of DC

injection polarization Pin(I), and
(

dPin(I)

dI

)∣∣∣∣
I

I (Supplementary Eq. 6.8). We deter-



6

86 6. Bias induced up to 100% spin-injection and detection polarizations ...

mine the differential spin-injection polarization of contact 8 p8
in(I) as explained in the

Supplementary Note 3. A similar analysis is used to determine the DC spin-injection
polarization of contact 8 P 8

in(I) from the DC spin transport measurements where a
non-local spin signal is measured via a DC voltmeter. Supplementary Fig. 6.11 shows
p8

in(I) determined both from the measurements and from the analytical expression
Supplementary Eq. 6.8. The measured and the calculated differential polarization
(pin(I)) are in a good agreement, supporting the consistency of our approach.
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Figure 6.11: Differential spin injection polarization obtained from AC and DC spin trans-
port measurements.Differential spin-injection polarization of contact 8 obtained from the
measurements (black curve) and from the analytical expression Supplementary Eq. 6.8 (red
curve).

Supplementary Note 6: Low interface resistance contacts

As indicated in the optical microscope picture in Fig. 1b of the main text and Supple-
mentary Fig. 6.6a, a part of the hBN tunnel barrier flake consists of a monolayer(1L)-
hBN region. The contacts from 2 to 5, either fully or partially deposited on top of the
monolayer region of the tunnel barrier flake, show low interface resistance of ≈ 4-5
kΩ, whose differential interface resistance Rc (= dV/dI) is constant as a function of
bias (Supplementary Fig. 6.7b).

Supplementary Figure 6.12 shows the non-local spin-signal corresponding to the
spin injection through the low Rc contacts 2 and 4, as a function of the applied bias.
For a comparison, the spin signal for the high Rc contact 9, ∆R9-10

nl is also shown.
For the same range of the applied voltage bias, low Rc contacts with 1L-hBN tunnel
barriers do not show significant change in the spin signal as well as no sign reversal
around zero bias. Whereas the high resistive contacts, for example 9, with 2L-hBN
tunnel barriers, show a large modulation as well as change in sign of the non-local



6

6.5. Supplementary information 87

spin-signal.
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Figure 6.12: Non-local spin signal with mono and bi-layer of hBN barrier.Comparison of
spin signals from low and high resistive contacts with 1L-hBN and 2L-hBN barriers.

For the used contacts Rc/Rλ > 5 (see Supplementary Table 6.2) and L/λ ≈ 1, the
maximum reduction in τs due to the contact induced spin relaxation is within 10% [9].
Here, Rλ=Rsqλs/W with square resistance Rsq ∼ 400 Ω, width W = 3 µm of graphene,
and spin-relaxation length λs = 5.8 µm.

Supplementary Note 7: Spin-injection due to heating

We use a large value of DC current up to ±20 µA, in order to modulate the spin-
injection and -detection polarizations of contacts, which might raise the electron
temperature underneath significantly and could inject spins into graphene via a spin-
dependent Seebeck effect [22]. We can roughly estimate the electron temperature in
graphene due to Joule heating (V I ∼ 10 µW) at the interface, provided the hBN-SiO2

thermal resistance (Rth) is known.
Since the thermal conductivity of hBN (κ ∼ 380 Wm−1K) is 200 times higher than

SiO2 (κ ∼ 1.2 Wm−1K), the heat flow will be limited by the SiO2 thermal conductivity.
The effective contact area is about 1 µm2 and in this area, the heat will flow and spread
approximately 1 µm in the SiO2/Si reservoir. The effective thermal resistance Rth of
the reservoir will be approximately 3 ×105 KW−1. An increase in the temperature
4T due to heating can be related as:

4T = QRth (6.23)

where Q is the heat transport rate i.e., heating at the interface. We obtain4T ∼ 3 K
on SiO2/Si substrate.
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The high value of the DC current will heat up the tunnel junction and could mimic
a spin accumulation due to temperature gradient and the spin dependent Seebeck
coefficient of the interface [22]. In our experiments, however, we also demonstrate
the modification of the spin-detection polarization along with the spin-injection
polarization, which cannot be explained via these effects. Therefore, the effect of
heating on the spin transport can be disregarded in our case.

Supplementary Note 8: Carrier density estimation under-
neath the contact

In graphene, the carrier density can be estimated from the Einstein relation:

σ =
1

Rsq
= e2Dcν(EF) (6.24)

where Dc is the charge diffusion coefficient, ν(EF) is the density of states at the Fermi
energy EF, which given by the following equation:

ν(E) =
gsgv2π|E|
h2v2

F
(6.25)

where gs = 2 and gv=2, are the spin degeneracy and the valley degeneracy of the
electron, respectively, and vF = 106 m/s, is the Fermi velocity of the electron. The
density of the carriers n can be estimated by integrating Supplementary Eq. 6.25 from
zero to EF:

n =
gsgvπE

2
F

h2v2
F

(6.26)

Using Supplementary equations 6.25, 6.26, and 6.24, n can be obtained from [23]:

n =

(
hvF

Rsq2e2√gsgv
√
πDc

)2

(6.27)

For our device, we measure Rsq ∼ 400 Ω. In the absence of the magnetic moments,
the charge (Dc) and the spin spin diffusion coefficient (Ds) will be equal[15]. From
the spin transport measurements, we extract Ds = 0.04 m2/s and use this value to
estimate n in the graphene flake from Supplementary Eq. 6.27 ∼ 5*1012 cm−2. Using
the relation σ = neµ, we estimate the carrier mobility µ ∼ 3000 cm2V−1s−1.

When a bias is applied across a cobalt/2L-hBN tunnel barrier, it modifies the
carrier density underneath the contact [24]. In order to estimate this, we assume that
initially, the graphene is undoped (EF = 0) underneath the contact. However, the
actual doping is unknown. On applying the bias V , the Fermi level is changed by
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Figure 6.13: Bias dependent spin signal with oxide tunnel barrier. (a) DC contact resistance
Rc(= V/I) of a Co/TiO2/graphene tunnel barrier shows a non-linear behaviour as a function of
DC current bias I , implying a tunneling behaviour of contacts. (b) A spin-valve measurement
for graphene with TiO2 tunnel barriers. An offset at zero field is subtracted from the non-local
resistance. (c) Non-local spin signal4Rnl for the spin injection through an injector electrode
with TiO2 tunnel barrier a function of DC current bias. Arrows indicate the direction of the
bias sweep. In contrast to the contacts with 2L-hBN tunnel barriers (Supplementary Fig. 6.12),
the contacts with TiO2 barriers show no change in the magnitude and the sign of the injection
polarization as a function of I .

4EF:

4n =
gsgvπ4E2

F

h2v2
F

(6.28)

which can be related with the external bias V with the following relation:

4n = Co(V − 4EF

e
) =

ε0εr
d

(V − 4EF

e
) (6.29)
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Here,Co is the geometrical capacitance of the 2L-hBN tunnel barrier, ε0 is the dielectric
permittivity (= 8.85× 10−12 F/m), εr is the relative dielectric permittivity of the hBN
(∼ 4), e is the electronic charge, and d is the thickness of the tunnel barrier (= 7Å).
Now, we can obtain4EF by combining Supplementary Eq. 6.28 and 6.29:

4EF =
±
√

1 + 4ceV − 1

2c
(6.30)

where c = (4πde2)/(h2v2
Fε0εr)

We obtain4EF and4n from the equations 6.30 and 6.28. For the applied bias V ∼
± 0.6 V across the tunnel barrier, n can be modified up to ± 8*1012 cm−2, implying
that it is possible to tune the carrier density underneath the contact from p- to n-type
or vice versa around the charge neutrality point.

Supplementary Note 9: Drift effects on spin injec-
tion/detection polarization and spin transport

Jozsa et al.[25] reported an enhanced differential spin-injection polarization using
the pinhole Al2O3 barriers from 18% at zero DC current bias upto 31% at +5 µA bias,
while it approaches zero at reverse bias due to a strong local carrier drift near the low
resistive regions beneath the contact. On the contrary, we observe an increase in the
magnitude of the differential polarization and a change in the sign on reversing the
bias. This indicates that the observed behaviour in our device is not due to the carrier
drift.

0 1 0 2 0 3 0 4 0
- 8 0 0

- 6 0 0

- 4 0 0

- 2 0 0

0

 8 - 7  ( 1 . 5 µ m )
 9 - 8  ( 1 . 0  µ m )
 9 - 7  ( 2 . 5  µ m )

 R 2t(Ω
)

B y  ( m T )

Figure 6.14: Additional two-terminal spin valve signals. Two-terminal differential spin-valve
signal R2t as a function of By at DC current bias of +20 µA for three different pairs of contacts.
An offset resistance at zero magnetic field is subtracted from each spin valve data for a clear data
representation. The legend indicates the pairs of contacts involved and the contact separations.
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The presence of a non-zero electric-field in the graphene spin transport channel
could also modify λs. The spin relaxation length due to the positive drift field
(upstream of spins)λ+, and due to the negative drift field (downstream of spins) λ−
can be calculated from[21]

1

λ±
= ± vd

2Ds
+

√(
1√
τsDs

)2

+

(
vd

2Ds

)2

(6.31)

Here vd = µE is the drift velocity of the electron(or hole) in an electric-field E =

IRsq/L, µ is the field-effect carrier mobility, and L is length of the spin-transport
channel. For an applied bias of 20 µA and channel length of 1 µm with a carrier
mobility ∼ 3000 cm2V−1s−1, the calculations lead to λ+ = 4.9 µm and λ− = 6.7 µm,
whereas the spin relaxation length obtained from the Hanle fitting, under zero bias, is
5.8 µm which is nearly equal to the average of λ+ and λ−. The polarization values,
obtained using λ+ or λ−, differ by 10%, compared to that extracted using λs in the
absence of the drift field. This implies that the injector and detector polarizations also
have a similar uncertainty.

Supplementary Note 10: Bias dependence for
Co/TiO2/graphene tunneling contacts

We also perform the same experiment on a reference sample with TiO2 tunnel
barriers. The contact resistance for FM electrodes with the TiO2 was around 40 kΩ

which is comparable to the interface resistance of the contacts with a 2L-hBN tunnel
barrier. However, we do not see any sign reversal of the non-local spin-signal (4Rnl)
within the range of applied bias I on injector contact. Also, the magnitude of4Rnl is
hardly modified (Supplementary Fig. 6.13).

Supplementary Note 11: Additional two-terminal spin
valves

Here, we show additional results of two-terminal differential spin valve signals for
contact configurations with a contact separation of 1.5 m and 2.5 m. The two-terminal
spin valve measurement configuration is depicted in the inset of Fig. 5 of the main
text.
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Chapter 7

Spin transport in two-layer-CVD-
hBN/graphene/hBN heterostructures

Abstract

We study room-temperature spin transport in graphene devices encapsulated between a
layer-by-layer-stacked two-layer-thick chemical vapour deposition (CVD) grown hexagonal
boron nitride (hBN) tunnel barrier, and a few-layer-thick exfoliated-hBN substrate. We find
mobilities and spin-relaxation times comparable to that of SiO2 substrate based graphene
devices, and we obtain a similar order of magnitude of spin-relaxation rates for both
the Elliott-Yafet and D’Yakonov-Perel’ mechanisms. The behaviour of ferromagnet/two-
layer-CVD-hBN/graphene/hBN contacts ranges from transparent to tunneling due to
inhomogeneities in the CVD-hBN barriers. Surprisingly, we find both positive and
negative spin polarizations for high-resistance two-layer-CVD-hBN barrier contacts with
respect to the low-resistance contacts. Furthermore, we find that the differential spin-
injection polarization of the high-resistance contacts can be modulated by dc bias from -0.3
to +0.3 V with no change in its sign, while its magnitude increases at higher negative bias.
These features point to the distinctive spin-injection nature of the two-layer-CVD-hBN
compared to the bilayer-exfoliated-hBN tunnel barriers.

7.1 Introduction

Two-dimensional (2D) van der Waals heterostructures of graphene and hexagonal
boron nitride (hBN) have gained a lot of attention for charge[1–3] and spin[4–7]
transport studies in high electronic quality graphene. An atomically flat and dangling
bonds free hBN dielectric provides a neutral environment to probe the intrinsic
transport properties of graphene. High-mobility graphene encapsulated between
two thick-exfoliated-hBN dielectrics resulted in a large spin-relaxation length up
to 24 µm with spin diffusion[6], and up to 90 µm with spin drift[8]. However, an
efficient injection of spin-polarized current into graphene is challenging with the
conventional oxide tunnel barriers which suffer from pinholes and inhomogeneous
growth[9, 10], and result in irreproducible and low spin-injection polarizations[9, 11].
Recent progress in exploring different 2D materials revealed that the atomically thin,

This chapter has originally been published as M. Gurram, S. Omar, S. Zihlmann, P. Makk, Q.C. Li, Y.F.
Zhang, C. Schönenberger, B.J. van Wees, Physical Review B 97, 045411 (2018).
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insulating, and pinhole-free nature of single crystalline hBN makes it a promising
tunnel barrier[12] for electrical spin-injection and detection in graphene[13].

Combining high-mobility graphene with an exfoliated-hBN tunnel barrier resulted
in a uniform mobility and spin-relaxation length across different regions of the encap-
sulated graphene[14]. Furthermore, a fully hBN-encapsulated monolayer-graphene
with exfoliated-hBN tunnel barriers showed differential spin polarizations of 1-2%
with monolayer-hBN contacts[13–16], up to 100% with bilayer-hBN contacts[16], and
up to 6% with trilayer-hBN contacts[17]. Thicknesses of more than three layers are
not suitable for spin-injection[15, 17, 18] due to very high tunneling interface resis-
tance. However, for large-scale spintronics applications, it is important to incorporate
large-area chemical vapour deposition (CVD) grown hBN tunnel barriers in spin
valves[18–21] and magnetic tunnel junctions[22, 23]. Therefore, it is interesting to
combine high-mobility graphene with the efficient CVD-hBN tunnel barriers for
spintronics devices.

The potential of CVD-hBN as a tunnel barrier for electrical spin-injection into
graphene has been recently explored[18–21]. Electrical injection of spin current using
a monolayer-CVD-hBN tunnel barrier is inefficient[18, 19, 21] due to its low contact
resistance-area product RcA leading to the spin conductivity mismatch problem[24].
This can be overcome by increasing the number of layers, which would increase
the RcA value leading to an efficient injection of spin current. In addition, the spin-
injection efficiency is expected to be higher for a bilayer hBN barrier than for a
single layer hBN barrier[25]. However, practically, controlled and direct growth of
bilayer or multilayer(> 1 layer) CVD-hBN is difficult[26]. Therefore, for our samples,
we prepare a two-layer-CVD-hBN tunnel barrier via layer-by-layer stacking of two
individual monolayers of CVD-hBN. Note that this two-layer-CVD-hBN is different
from the bilayer-CVD-hBN in that the former is layer-by-layer-stacked using two
individual monolayers while the latter is as-grown.

Furthermore, previously reported spin-transport studies in graphene with CVD-
hBN tunnel barriers incorporated a bare SiO2/Si substrate[18–21]. Even though hBN
substrates have not been reported to enhance the spin-relaxation times of graphene
compared to the SiO2/Si substrate[4], it can increase the mobility and thus the carrier
diffusion.

Therefore here we combine few-layer exfoliated-hBN as a substrate and two-
layer-CVD-hBN as a tunnel barrier to obtain both high mobilities and high spin
polarizations. The mobility of graphene is surprisingly below 3400 cm2V−1s−1, and
spin-relaxation time is lower than 400 ps. In contrast to the results by Kamalakar
et al.[21], we observe both positive and negative spin polarizations for high-RcA

contacts with respect to the low-RcA contacts.
We have a similar system to that reported by Gurram et al.[16], wherein the

observed behaviour of bias-dependent differential spin-injection polarization pin is
unique to the bilayer nature of the hBN barrier. Our system is distinctively dif-
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Device graphene
CVD-hBN

source
RcA

(kΩµm2)
Rsq

(kΩ)
µ

(cm2V−1s−1)
Dc

(m2s−1)
Ds

(m2s−1)
τs

(ps)
Rc
Rs

L
λs

Dev1 1L GSM 1.7-10.8 0.7-4.2 3400 0.01-0.03 0.01-0.03 343-404 0.81-12.97 0.61-1.14
Dev2 1L GSM 0.5-1.2 1.7-2.8 90 0.01-0.02 - 79-162 0.12-3.11 0.15-2.65
Dev3 3L in-house [27] 1.4-8.6 0.3-0.5 255 0.06-0.07 0.01-0.02 96-105 13.64-77.81 0.84-1.19

Table 7.1: Summary of the characteristics of the three devices. The number of layers of graphene
is denoted by 1L for monolayer and 3L for trilayer. The source of the CVD-hBN tunnel barrier
is denoted by GSM for Graphene Supermarket Inc. The rest of the symbols have the same
meaning as in the text.

ferent from the exfoliated-bilayer-hBN tunnel barrier as it consists of two individ-
ually stacked CVD hBN monolayers. This allows us to investigate whether the
spin-injection efficiency depends only on the barrier thickness or also on different
parameters such as relative crystallographic orientation or the quality of the inter-
faces. Therefore, we also studied the bias-dependent pin for high-RcA contacts, and
we found that the behaviour of pin for two-layer-CVD-hBN is different from that of
the bilayer-exfoliated-hBN barrier in two ways. First, there is no change in sign of
pin close to zero bias, and the sign does not change within the applied dc bias range
of ±0.3 V. Second, the magnitude of pin increases only at higher negative bias. Our
results represent progress in attaining promising two-layer-CVD-hBN tunnel barriers,
but they point to the utmost importance of the transfer process.

7.2 Device fabrication

We have prepared three devices, labelled, Dev1, Dev2, and Dev3 (see Table 7.1 for a
summary of their characteristics). The devices have similar geometry, which is shown
in Fig. 7.1a. CVD-hBN for Dev1 and Dev2, is obtained from Graphene Supermarket,
Inc. and for Dev3, it is grown in-house by two of the authors[27]. Moreover, Dev1
and Dev2 consist of monolayer-exfoliated-graphene, while Dev3 consists of trilayer-
exfoliated-graphene.

The device fabrication is done in two stages. First, the stack of graphene/bottom-
hBN on a SiO2/Si substrate is prepared using the dry pick-up and transfer method[28].
Then the two-layer-CVD-hBN tunnel barrier is transferred on top of the stack via the
conventional wet transfer method[29].

In the first stage, we prepared a graphene/bottom-hBN stack on a SiO2/Si sub-
strate. The flakes of graphene and bottom-hBN (typically, ≈10-15 nm thick) sub-
strate were exfoliated from highly oriented pyrolytic graphite (HOPG, SPI Supplies,
ZYA grade) and hBN-powder (HQ graphene), respectively, on top of a pre-cleaned
SiO2(300 nm)/Si substrate using the conventional scotch tape method[30]. The re-
quired flakes were identified via an optical microscope and atomic force microscopy.
To make the graphene/bottom-hBN stack, we followed the dry pick-up procedure
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Figure 7.1: (a) Schematic of the devices prepared with two-layer-CVD-hBN tunnel barriers. A
slight displacement in the vertical position of the boron and nitrogen atoms of the tunnel barrier
represents a crystallographic misalignment between the two CVD-hBN layers. C1-C4 denote
the contacts used for the measurements. Other contacts are not shown. (b) Representative
three-terminal I-V curves for three devices, labeled Dev1, Dev2, and Dev3. High-resistance
(HR) and low-resistance (LR) contacts are denoted in the legend with symbols and solid-line
data, respectively. Within Dev2, all contacts show similar LR behaviour to that of shown here.
Parts (c), (d), and (e) show the square resistance Rsq of the graphene channel as a function of
backgate voltage Vbg, for devices Dev1, Dev2, and Dev3, respectively.

described in Refs.[28] and [14]. In short, we used a glass substrate supporting a poly-
dimethylsiloxane (PDMS) stamp prepared with a polycarbonate (PC) layer to pick up
a graphene flake. Then, the PC/graphene stack is released onto a thick bottom-hBN
on a SiO2(300 nm)/Si substrate by melting the PC layer. The PC layer is dissolved in
chloroform for 5 hours at room temperature. In order to remove the PC residues from
the pick-up and transfer process, the stacks were annealed in an Ar/H2 atmosphere
at 350 ◦C for 12 h.

In the second stage, we first prepared the two-layer-CVD-hBN from two individual
monolayers of CVD-hBN. This is achieved as follows. We start with monolayer-
CVD-hBN, grown on both sides of a copper (Cu) foil. We spin-coat PMMA on
one side of the Cu foil to protect the CVD-hBN layer and use physical dry etching
(O2 plasma) to remove the CVD-hBN on the other side. We then use chemical wet
etching to remove the copper by floating the structure PMMA/CVD-hBN/Cu in
contact with ammonium persulfate (NH4)2S2O4 etchant solution for 12 h. While the
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PMMA/CVD-hBN is still floating, the etchant is replaced with deionized (DI) water
several times to clean the etchant liquid from the contact area of the PMMA/CVD-
hBN. Then we transfer the cleaned PMMA/CVD-hBN on top of another as-obtained
CVD-hBN/Cu/CVD-hBN foil to get the two-layers of CVD-hBN on one side of the
Cu foil.

The resulting two-layer-CVD-hBN/Cu/CVD-hBN structure is etched following
the same process as before. While the PMMA/two-layer-CVD-hBN is still float-
ing on DI water, we transfer it on to the already prepared graphene/bottom-hBN
stack on a SiO2/Si substrate. Then the final stack is put on a hotplate at 180 ◦C
for 2 min to remove the remaining water. Since the PMMA on top is too thick for
lithography, we dissolve it in acetone at 40 ◦C for 10 min. The resulting two-layer-
CVD-hBN/graphene/bottom-hBN device is annealed again in an Ar/H2 atmosphere
to remove any PMMA residues leftover on the topmost layer.

The electrodes were patterned on the PMMA spin-coated stack using electron
beam lithography, followed by deposition of ferromagnetic cobalt (Co, 60 nm) capped
with aluminum (Al, 5 nm) using electron beam evaporation, and lift-off in acetone at
40 ◦C for 10 minutes. A schematic of the final device is depicted in Fig. 7.1(a).

Note that the layer-by-layer-stacking of two individual monolayers of CVD-hBN
does not guarantee a crystallographic alignment between the monolayers. The mis-
alignment between the two CVD-hBN layers is schematically represented by a slight
displacement in the vertical position of the atoms in Fig. 7.1(a).

7.3 Results

The electrical characterization of the devices is done using a low-frequency lock-in
detection technique. All the measurements were carried out at room temperature
under vacuum conditions.

The contact resistance of the ferromagnetic tunneling contacts plays a crucial role
in determining its spin injection and detection efficiencies[16, 21]. Therefore, we
have characterized the contacts using the three-terminal measurement scheme. The
three-terminal current-voltage (I-V) characteristics of contacts from three devices are
shown in Fig. 7.1(b).

The differential contact resistance-area product, RcA, of the contacts measured
from the three-terminal scheme at zero bias is found to be in the range 1.0-10.8 kΩµm2.
In the literature[12, 14, 16, 18, 19], the reported values of RcA for monolayer-hBN fall
below 4.0 kΩµm2, and for bilayer-hBN they fall above 4.0 kΩµm2. Based on these
values of RcA, we divide all the contacts of the three devices into two categories,
namely, high-resistance (HR, > 4.0 kΩµm2) and low-resistance (LR, ≤ 4.0 kΩµm2)
contacts. Accordingly, Dev1 and Dev3 show contacts ranging from LR to HR, and
Dev2 shows only LR contacts. LR(HR) contacts of all devices showed linear(non-
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linear) I-V behaviour [Fig. 7.1(b)], which is probably due to the transparent(tunneling)
nature of the two-layer-CVD-hBN barriers.

The spread in the RcA values could be due to the inhomogeneous growth of
CVD-hBN, thickness variation from the wrinkles at the interfaces of two-layer-CVD-
hBN/graphene and monolayer-CVD-hBN/monolayer-CVD-hBN during two sepa-
rate wet transfer processes, and PMMA residues at the interfaces of cobalt/two-layer-
CVD-hBN and monolayer-CVD-hBN/monolayer-CVD-hBN. The low-resistance of
the contacts even with two-layers of CVD-hBN can be attributed to the presence
of pinholes coming from the inhomogeneous coverage of CVD-hBN, and cracks in
CVD-hBN that might be induced during the transfer processes or the annealing step.

We use a four-terminal local measurement scheme to characterize the charge
transport in graphene where we apply a constant magnitude of AC current i across
the outer-electrodes [C1 and C4 in Fig. 7.1(a)] and measure the voltage drop v across
the inner-electrodes (C2 and C3) while sweeping the backgate voltage Vbg. Here, the
highly p-doped Si is used as a backgate electrode. The backgate bias Vbg dependence
of the square resistance Rsq = v

i
W
L of the graphene in three devices is shown in

Figs. 7.1(c)-7.1(e) where W and L are the width and length of the graphene transport
channel. Typical values of Rsq were observed for monolayer graphene in Dev1 and
Dev2, whereas a very low Rsq for Dev3 is due to the trilayer nature of its graphene
[see Table 7.1]. The field-effect mobility of electrons is obtained by fitting the Rsq data
using the relation, Rsq = 1

neµ+σ0
+ρs, with n, the carrier density, e, the electron charge,

µ, the mobility, σ0, the residual conductivity, and ρs, the contribution from short-range
scattering[14, 31]. The fitting resulted in a surprisingly low electron mobilities µ =
3400 cm2V−1s−1 for Dev1, 90 cm2V−1s−1 for Dev2, and 255 cm2V−1s−1 for Dev3. It
should be noted that the bottom layers of few-layer-thick graphene could screen the
gate-induced electric field. However, it was reported that for multilayer graphene
up to five-layers, the bulk carrier density determined from the Hall measurements
agrees approximately with the backgate-induced carrier density[32]. Therefore, we
assume that the obtained value of the field-effect mobility of trilayer-graphene in
Dev3 is correct.

We use the four-terminal nonlocal measurement scheme[10, 14] shown in Fig. 7.2(a)
to characterize the spin transport in graphene. A spin polarized current is injected
across a pair of injector contacts [C1 and C2 in Fig. 7.2(a)] with a constant magnitude of
the AC current i = 1 µA, and the diffused spins along the graphene channel are probed
as a voltage v across different pairs of detector contacts [C3 and C4 in Fig. 7.2(a)],
located outside the charge-current path. The nonlocal differential resistance is given
by Rnl = v

i .
For a clear interpretation of the results presented here, we give RcA values of the

(inner) injector-(inner) detector contacts pair [C2 - C3 in Fig. 7.2(a)]. Dev1 consists
of contacts whose RcA values are 1.7 kΩµm2-10.8 kΩµm2(LR-HR), Dev2 with 1.2
kΩµm2-1.0 kΩµm2 (LR-LR), and Dev3 has two sets of contacts; namely set1 with 4.7
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Figure 7.2: (a) Schematic of the four-terminal nonlocal measurement geometry for the spin-
valve and the Hanle measurements. (b), (c), and (d) show nonlocal differential spin-valve
signals Rnl(By) as a function of the magnetic field By measured at the carrier densities 0, 1
× 1012, and 4 × 1012 cm−2 for the devices Dev1, Dev2, and Dev3, respectively. Horizontal
dashed lines represent the background level of the spin-valve signal. The vertical dashed line
in (d) represents the magnetization switching field of the (inner) injector contact. Since the
outer-detector contact in Dev3 is also sensitive to the injected spin, we see three switches in
its spin-valve signal. Parallel (P) and anti-parallel (AP) magnetization configurations of the
(inner) injector-(inner) detector contacts pair are denoted by crosses for each spin-valve signal.
The nonlocal differential Hanle signals Rnl(Bz) measured corresponding to the spin valves in
(b), (c), and (d), as a function of the magnetic field Bz, when the (inner) injector-(inner) detector
magnetizations are aligned in P and AP configurations are given in (e), (f), and (g), respectively.
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Figure 7.3: Data extracted from the Hanle spin-precession measurements for devices Dev1,
Dev2, and Dev3 at different electron carrier densities. (a) Nonlocal Hanle spin-precession
signal ∆Rnl = (RP

nl − RAP
nl )/2 at Bz = 0. Note that ∆Rnl for Dev3(for set1 contacts) remains

negative for all densities. (b) Carrier diffusion constants determined from the charge Dc, and
the spin Ds transport measurements, lines and symbols, respectively. Ds for Dev2 is not given
due to unreliable values obtained from the Hanle fitting. We assume Ds = Dc[33] for Dev2 and
use Dc values to fit the Hanle data ∆Rnl(Bz), and we obtain τs. Dc for Dev3 is calculated from
the effective density of states of three-layer graphene[34]. (c) Spin relaxation times τs.

kΩµm2-1.4 kΩµm2 (HR-LR), and set2 with 8.6 kΩµm2-2.3 kΩµm2 (HR-LR).
For nonlocal spin-valve measurements, a magnetic fieldBy is swept along the easy

axes of the Co contacts. Magnetization switching of the contacts at their respective
coercive fields results in sharp changes in the nonlocal differential resistance Rnl(By)

value as shown in Figs. 7.2(b)-7.2(d). The injector-detector pair of Dev1 consisting
of LR-HR contacts showed a regular spin-valve signal with higher Rnl for a parallel
(P) configuration and lower Rnl for an anti-parallel (AP) configuration of the relative
magnetization orientation of the contacts, i.e., the nonlocal differential spin signal
∆Rnl = (RP

nl − RAP
nl )/2 > 0 [Fig. 7.2(b)]. A similar behaviour is also observed for

Dev2 with LR-LR contacts pair [Fig. 7.2(c)]. Interestingly, Dev3 consisting of HR-LR
contacts showed an inverted spin-valve signal ∆Rnl < 0 [Fig. 7.2(d)], whereas HR-HR
and LR-LR combinations of the injector-detector pair resulted in regular spin-valve
signals ∆Rnl > 0.

In order to determine the spin-transport parameters, we measure nonlocal dif-
ferential Hanle spin precession signals Rnl(Bz) for which a magnetic field (Bz) is
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applied perpendicular to the plane of the spin injection, causing the injected spins to
precess in-plane with a Larmor precession frequency ωL =

gµBBz
h̄ , where g=2 is the

Landé factor, µB is the Bohr magneton, and h̄ is the reduced Planck constant. The
Hanle signals RP(AP)

nl (Bz), measured for three devices, when the relative magnetiza-
tion orientation of the injector-detector contacts are set in P(AP) configurations are
shown in Figs. 7.2(e)-7.2(g). P and AP configurations correspond to the spin-valve
signals shown in Figs. 7.2(b)-7.2(d). Dev1 and Dev2 showed regular Hanle signals
Rnl(Bz) for P (black curve) and AP (red curve) configurations, whereas Dev3 showed
an inverted Rnl(Bz).

A pure Hanle spin signal ∆Rnl(Bz) is obtained by eliminating the spin-independent
signals via ∆Rnl = (RP

nl−RAP
nl )/2. We assume uniform spin injection along the length

of the Co/two-layer-CVD-hBN/graphene contacts, and we fit the ∆Rnl(Bz) data with
the one-dimensional steady-state solution to the Bloch equation: Ds 52 ~µs − ~µs/τs +

~ωL × ~µs = 0, with ~µs, the spin accumulation, Ds, the spin-diffusion constant, and τs,
the spin-relaxation time. From the fitting of the Hanle spin signals ∆Rnl measured at
different carrier densities, we obtain the value of τs to be lower than 280 ps for Dev1,
80 ps for Dev2, and 100 ps for Dev3.

To study the influence of the LR contacts on spin transport[24, 35–37], we calculate
the values of (Rc/Rs, L/λs) parameters. Here Rs = Rsqλs/W is the spin-resistance
of the graphene with λs =

√
Dsτs, the spin-relaxation length, and the ratio Rc/Rs

quantifies the back-flow of injected spins into the contacts[24]. For the devices Dev1,
Dev2, and Dev3 at different carrier densities we find the values of (Rc/Rs, L/λs) in
the range of (0.81-12.97, 0.61-1.14), (0.12-3.11, 0.15-2.65), and (13.64-77.81, 0.84-1.19),
respectively. According to the analysis by Maassen et al.[24] on contact induced
spin-relaxation in Hanle spin-precession measurements, the low-Rc/Rs values for
Dev1 and Dev2 indicate that the spin-relaxation in graphene is influenced by spin-
absorption at the LR contacts and resulted in underestimated values of the spin-
transport parameters obtained via Hanle data fitting. Therefore, we estimate the true
values of Ds and τs for Dev1 and Dev2 by taking the effect of the low-Rc/Rs contacts
into account[24]. For Dev3, high values of Rc/Rs indicate that the spin-absorption
by contacts is negligible, and we can safely assume that the fitted values of Ds and τs

represent the true values. For all devices, the corrected values of Ds and τs are plotted
in Figs. 7.3(b)-7.3(c) as a function of the electron carrier density. For Dev1 and Dev3,
we observe a good correspondence between the values of Dc and Ds within a factor
of 2, confirming the reliability of our analysis[10, 38]. After the correction, the value
of τs increased to 400 ps for Dev1, and to 160 ps for Dev2. Even after the correction,
such a low value of τs for these devices indicates that the spin-relaxation within the
graphene channel is dominant.
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7.4 Discussion

To prepare our devices using CVD-hBN barriers, we used a similar method to that
of Fu et al.[19] and Kamalakar et al.[18, 21] except, we used additionally a thick-
exfoliated-hBN as a substrate. However, despite having the bottom-hBN substrate,
we do not observe an enhancement in the mobility of graphene[4].

From Fig. 7.3(c), it is clear that even after including the correction from the spin-
absorption due to the low-Rc/Rs contacts[24], the value of τs is still lower than 400
ps for all three devices. We do not observe an increased τs in our devices with
two-layer-CVD-hBN encapsulating tunnel barriers, compared to the monolayer-CVD-
hBN[18–20] encapsulating barriers. In contrast, in the case of an exfoliated-hBN
encapsulating tunnel barrier, increasing the number of layers from monolayer to
bilayer resulted in an increase of τs due to large RcA contacts and enhanced screening
of polymer contamination by bilayer-hBN[14–16, 39].

The lower values of spin-relaxation times and mobilities for our hBN-based graph-
ene devices with top CVD-hBN tunnel barrier encapsulation can be attributed to
several factors, such as the quality of graphene due to the wet transfer process, the
non-uniform CVD-hBN barrier, their improper interface, and the proximity of the
lithography residues. The growth of CVD-hBN can suffer from the inhomogeneous
surface coverage, and the copper etching steps could also damage the CVD-hBN and
leave some under-etched residues, leading to uneven interfacial growth of ferromag-
netic cobalt on top[15], which may cause spin-dephasing in graphene via randomly
oriented magnetic fringe fields near the contacts[40]. Moreover, during the wet trans-
fer of CVD-hBN, some unwanted contamination may get trapped at the interface
with graphene, and graphene itself comes in direct contact with DI water. Even
though we dry the stack right after the transfer of CVD-hBN on a hot plate, we do
not know how many impurities are removed. Furthermore, we use a two-layer (not
the as-grown bilayer) CVD-hBN tunnel barrier, which may come with additional Cu
residues, water molecules, or any hydrocarbon molecules trapped in between the two
hBN layers from the preparation steps. During the transfer of one CVD-hBN layer on
top of another, even foldings or shrinking of the individual layers can occur.

To investigate the possible spin-relaxation phenomenon causing the low spin-
relaxation times for graphene in our devices, we analyze the data in Fig. 7.3 by
following Zomer et al.[4]. We consider Elliott-Yafet (EY) and D’Yakonov-Perel’ (DP)
mechanisms contributing to the spin-relaxation in graphene and we analyze the
relation between τs and momentum relaxation time, τp, using the equation[4],

ε2
Fτp

τs
= ∆2

EY +

(
4∆2

DP

h̄2

)
ε2

Fτ
2
p (7.1)

where, εF is the Fermi energy of graphene, and ∆EY and ∆DP are the spin-orbit
coupling strengths of EY and DP mechanisms, respectively.
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Figure 7.4: The linear fits (solid lines) of the data using Eq. (7.1) give the spin-orbit coupling
strengths of the EY and DP spin-relaxation mechanisms, ∆EY and ∆DP, respectively, for three
devices. The inset shows the data and fits close to zero. A reliable value of ∆EY for Dev2 is not
obtained due to the non-monotonic relation between τs and n[4][see Fig. 7.3(c)].

The fits to the data for three devices, shown in Fig. 7.4, using the above equation
give ∆EY and ∆DP. We calculate the spin-relaxation rates due to EY and DP mech-

anisms from τ−1
s,EY =

∆2
EY

ε2Fτp
and τ−1

s,DP =
4∆2

DPτp
h̄2 . The values of (τ−1

s,EY, τ−1
s,DP) for Dev1,

Dev2, and Dev3 are found to be in the range of (0.2-2.7, 2.0-2.5) ns−1, (-, 10.3-13.8)
ns−1, and (0.6-1.8, 8.4-9.4) ns−1. Due to the nonlinear nature of the plotted data for
Dev2, it cannot be accurately fitted with Eq. 7.1. The relaxation rates for both EY and
DP mechanisms are in the similar order of 109 s−1, and a clear dominance of either of
the mechanism cannot be distinguished.

From the regular spin-valve and Hanle signals for Dev1 [Figs. 7.2(b) and 7.2(e)], it
is evident that the differential spin-polarizations of the LR and the HR contacts have
the same sign. On the contrary, from the inverted spin-valve and Hanle signals for
Dev3 [Figs. 7.2(d) and 7.2(g) for set1], at zero dc bias (Vin=0V), we deduce that the
spin-polarization of the HR contact has an opposite sign with respect to that of the
LR contact.

Note that the absolute sign of the spin-polarization cannot be determined from the
nonlocal spin-transport measurements. For each device, we assume the polarization
of the LR contact to be positive. Therefore, for the two-layer-CVD-hBN tunnel barrier
contacts, we find both positive and negative spin-polarizations for the HR contacts
(in the range, 4.7-10.8 kΩµm2) with respect to the LR contacts (in the range, 1.0-
2.4 kΩµm2), i.e., there is no consistent correlation between the RcA values of the
HR contacts and their polarization signs (positive or negative). This behaviour is
different from the resutls reported by Kamalakar et al.[21], wherein a layer of CVD-
hBN tunnel barrier with variable thickness (1-3 layers) is used, and the sign of the
spin-polarization is reported to be positive only for the contacts with RcA ≤ 25

kΩµm2 and negative for RcA ≥ 170 kΩµm2. The authors of Ref. [21] used a layer
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of CVD-hBN with a spatial distribution of thickness varied between 1 and 3 layers.
Note however, that, this multilayer-CVD-hBN has not been layer-by-layer-stacked but
as-grown with inhomogeneous thickness, and the observed behaviour was attributed
to the spin-filtering at the cobalt/hBN interface. Since we do not have a perfect
Bernal-stacked bilayer CVD-hBN tunnel barrier, we cannot comment on the possible
spin-filtering mechanism for the negative polarization of the HR contacts observed
here.

In fact, a recent study with bilayer-exfoliated-hBN barriers by Gurram et al.[16]
reported that at zero dc bias, different contacts (withRcA in the range 4.6-77.1 kΩµm2)
showed different signs (positive or negative) of differential spin-polarizations which
is also observed here with the two-layer-CVD-hBN barriers. However, in contrast to
the layer-layer-stacked two-layer-CVD-hBN, mechanically exfoliated bilayer-hBN is
expected to have a crystallographic orientation. Therefore, it makes it more difficult
to comment on a possible mechanism causing negative polarization.

Now we study the bias-dependence of the differential spin-signals ∆Rnl and
differential spin-injection polarization pin of the two-layer-CVD-hBN contacts. A
recent report by Gurram et al.[16] on the effect of bias applied across the ferromagnetic
contacts with a bilayer-exfoliated-hBN barrier revealed a dramatic behaviour of ∆Rnl

and pin, where the sign of the differential polarization is reversed at a very small bias,
and its magnitude is increased with bias even up to 100%. In light of these results,
it is interesting to study the bias dependence of the pin of the two-layer-CVD-hBN
barrier contacts.

In case of application of a bias across a ferromagnetic tunneling contact with trans-
parent regions (i.e., a tunnel barrier with pinholes), one would observe an increase (de-
crease) in the magnitude of the spin-signal with positive bias for holes(electrons)[11]
due to a strong local carrier drift in graphene underneath the metallic electrode. More-
over, the carrier density in graphene underneath such contacts cannot be modified via
the back gate voltage as it is partially screened by the proximity of the metal electrode.
For ferromagnetic tunneling contacts (i.e., a tunnel barrier without any pinholes),
since the voltage drop occurs across the tunnel barrier, one can study the bias induced
polarization of the contacts[16, 21].

To bias the injector contact, we sweep dc current bias (Iin) along with a fixed
amplitude of AC current i = 1 µA. We use the standard lock-in detection technique
to measure the voltage (v) across the nonlocal detector contacts, and we obtain the
nonlocal differential resistance Rnl(Iin) = v

i at each value of the applied injection
current bias Iin. Figure 7.5 shows the nonlocal differential spin-signals ∆Rnl =

(RP
nl − RAP

nl )/2, measured at zero magnetic field, as a function of the bias applied
across the injector contacts in Dev2 and Dev3.

For Dev2 with LR contacts, application of the current bias up to±50 µA (equivalent
voltage bias, Vin ≈ ±0.07 V) across the injector resulted in a small change in ∆Rnl of
around 0.06 Ω[Fig. 7.5(a)]. The signal ∆Rnl is measured when the entire graphene
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Figure 7.5: (a) Nonlocal differential spin-signal ∆Rnl as a function of the injection bias Vin for
Dev2 with LR-LR injector-detector contacts pair, and for Dev3 with two different sets of HR-LR
injector-detector contacts pairs. Inversion of the spin-signal for Dev3 is due to the inverse
polarization of the HR injector contact with respect to the LR detector [see Figs. 7.2(d) and
7.2(g) for set1]. The dashed line represents ∆Rnl = 0. RcA values of the respective injector
contacts, at zero bias, are given in the legend. The left axis of (b) and (c) shows bias-dependent
∆Rnl for set1 and set2 contacts of Dev3, respectively, at different carrier densities ranging from
electrons (n > 0) to holes (n < 0). The legend in (c) shows the carrier density in cm−2. The
right axis of (b) and (c) shows differential spin-injection polarization pin at an electron density
of 3.4×1012 cm−2 for set1 and 4×1012 cm−2 for set2, respectively.

channel is p-type at the carrier density n = -5×1012 cm−2. Within the bias range
of ±0.07 V, the magnitude of ∆Rnl increases(decreases) with the positive(negative)
bias. Therefore, this behaviour could be due to transparent regions of the LR injector
resulting in a finite voltage drop in the graphene leading to a strong local carrier drift
underneath the metallic Co electrode[11].

For Dev3, Fig. 7.5(a) shows two sets (labelled, set1 and set2) of data for two
different injector-detector contacts pairs. Each set consists of a HR injector and a LR
detector. Under zero bias condition i.e., Vin = 0, both sets show an inverted spin-valve
and Hanle signals Rnl [shown in Figs. 7.2(d) and 7.2(g) for set1]. When a dc current
bias is applied across the injector contact up to ±40 µA (equivalent voltage bias Vin

≈ ±0.3 V for set1, and ≈ ±0.2 V for set2), the value of ∆Rnl changes in a peculiar
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way, which is independent of the gate voltage[Figs. 7.5(b) and 7.5(c), for set1 and set2,
respectively]. The sign of ∆Rnl remains the same within the applied gate and bias
range. Interestingly, the magnitude of ∆Rnl increases at large negative bias.

The bias-dependent spin-signals ∆Rnl for Dev3 in Fig. 7.5(a) are measured when
the entire graphene channel is n-type. Within the bias range; ±0.3 V for set1 and
±0.2 V for set2, the magnitude of ∆Rnl increased(decreased) for the higher nega-
tive(positive) bias. Moreover, we also measured the same behaviour when the carrier
density of the graphene between the electrodes was changed to the vicinity of the
charge-neutrality point and to the p-type, using the back gate voltage[Figs. 7.5(b)-
7.5(c)]. These observations imply that the carrier density in graphene underneath the
contact is screened by the metallic Co electrode due to possible transparent regions in
the HR injectors of Dev3. Due to the HR nature of the injectors in Dev3, the voltage
drop is mostly across the two-layer-CVD-hBN tunnel barrier. At a small bias range
close to zero, we observe a peculiar behaviour of ∆Rnl that does not comply with the
contact induced local carrier drift[11]. We attribute this behaviour to bias-induced
spin polarization of the two-layer-CVD-hBN tunnel barrier.

We also measured Hanle spin-signals ∆Rnl(Bz) at different injection current biases
for set1 and set2 contacts of Dev3. Using the values of λs obtained from the fitting
of ∆Rnl(Bz) data measured at different injection bias, we calculate pin of the (inner)
injector contact using the following equation[10]:

∆Rnl = pinpd

(
Rsqλse

− L
λs

2W

)
, (7.2)

where, pd is the differential spin-detection polarization of the (inner) detector. We
assume that pd is constant, as the bias is applied only across the injector contact, and
is equal to the unbiased pin of the injector, i.e., pd = pin(Vin = 0). The resulting pin at
different injection bias voltages for the injectors in set1 and set2 are shown on the right
y-axes of Figs. 7.5(b) and 7.5(c), respectively. The change in pin as a function of bias
nearly follows the change in ∆Rnl, and the sign of pin remains negative. Moreover,
the magnitude of both ∆Rnl and pin increases at higher negative bias, and the value
of pin reaches up to -15% at -0.3 V for set1, and at -0.2 V for set2 contacts of Dev3.

Kamalakar et al.[21] showed a similar inversion behaviour of spin-signals for
thicker (2-3 layers) CVD-hBN barriers over a large range of bias, ±2 V, where the
magnitude of the spin-signal decreases at large injection bias voltages |Vin|> 0.5 V.
However, the authors of Ref. [21] do not report the data for smaller bias voltages
|Vin|< 0.5 V, the range within which we measure the differential spin-signal ∆Rnl and
differential spin-polarization pin (|Vin|< 0.3 V). Note that we used the low-frequency
lock-in detection, technique which helps to measure the spin-signals even at a very
small dc bias[16], which is difficult with the pure dc measurements[21]. On the other
hand, a recent report by Gurram et al.[16] with a bilayer-exfoliated-hBN tunnel barrier
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showed a dramatic change in ∆Rnl and pin with the applied bias, and their sign
inversion was near zero bias. We do not observe such inversion in the sign of the
spin-signals with bias for the two-layer-CVD-hBN barriers. This points to the different
nature of the bilayer-exfoliated-hBN and two-layer-CVD-hBN tunnel barriers with
respect to spin-injection.

7.5 Conclusions

In conclusion, we have investigated room-temperature spin-transport in graphene,
encapsulated by a layer-by-layer-stacked two-layer-CVD-hBN tunnel barrier and a
few-layer-thick exfoliated-hBN substrate. Even though the graphene is supported by
the bottom-hBN substrate, its mobility is quite low and thus resulted in small diffu-
sion constants. The lower values of mobilities and spin-relaxation times compared to
the already reported graphene on hBN devices are attributed to the conventional wet
transfer technique used for transferring the CVD-hBN tunnel barrier, and possible
copper residues trapped in between the two CVD-hBN monolayers and at the inter-
face with graphene. We analyze the spin-transport data by considering Elliott-Yafet
and D’Yakonov-Perel’ spin-relaxation mechanisms, and we find no clear dominance
of either of the mechanisms.

For the cobalt/two-layer-CVD-hBN/graphene/hBN contacts, we find no corre-
lation between the RcA values of high-resistive contacts and the sign of the spin-
polarization. Furthermore, spin-polarization of the high-resistance contacts remains
reversed with respect to the low-resistance contacts, within ±0.3 V bias, and its mag-
nitude increases at large negative bias. This behaviour is different from what has
been reported for the contacts with high-resistive thick-CVD-hBN barriers, bilayer-
exfoliated-hBN barriers, and oxide barriers.

We emphasize that the two-layer barrier is different from the bilayer, where the
former is just an assembly of two individual monolayers and the latter is as-grown.
Despite having equivalent thicknesses, the two-layer-CVD-hBN barrier shows a
completely different bias dependence of the spin-injection compared to that of the
bilayer-exfoliated-hBN barrier[16]. This implies that the quality and the relative
alignment of two monolayers of hBN might play a significant role in determining the
tunneling characteristics.

We observe a large magnitude of differential spin-polarization up to 15% at -
0.2 V bias, and it could be enhanced further with application of higher bias for
high-resistance contacts with two-layer-CVD-hBN barriers, which is promising for
spintronics applications. However, in order to establish the role of CVD-based hBN in
graphene spintronics, it is important to prepare a clean device without hampering the
quality of graphene for long distance spin-transport. For this purpose, the recently
proposed dry transfer technique for CVD-grown materials[41] could be adopted
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to greatly improve the quality of graphene spin-valve devices. Futhermore, we
expect that a controlled growth of bilayer-CVD-hBN[26] tunnel barriers followed
by dry transfer on top of recently obtained high-quality CVD-graphene[42] could
help to expand the role of CVD-grown materials for spintronics in van der Waals
heterostructures.
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Chapter 8

Electrical spin injection, transport,
and detection in graphene-hexagonal boron ni-
tride van der Waals heterostructures: progress
and perspectives

Abstract

The current research in graphene spintronics strives for achieving a long spin lifetime,
and efficient spin injection and detection in graphene. In this article, we review how
hexagonal boron nitride (hBN) has evolved as a crucial substrate, as an encapsulation
layer, and as a tunnel barrier for manipulation and control of spin lifetimes and spin
injection/detection polarizations in graphene spin valve devices. First, we give an overview
of the challenges due to conventional SiO2/Si substrate for spin transport in graphene
followed by the progress made in hBN based graphene heterostructures. Then we discuss
in detail the shortcomings and developments in using conventional oxide tunnel barriers
for spin injection into graphene followed by introducing the recent advancements in using
the crystalline single/bi/tri-layer hBN tunnel barriers for an improved spin injection and
detection which also can facilitate two-terminal spin valve and Hanle measurements at
room temperature, and are of technological importance. A special case of bias induced spin
polarization of contacts with exfoliated and chemical vapour deposition (CVD) grown
hBN tunnel barriers is also discussed. Further, we give our perspectives on utilizing
graphene-hBN heterostructures for future developments in graphene spintronics.

8.1 Introduction

Spin injection, transport, and detection are three fundamental processes in spintronics,
and the control over these processes is crucial for designing new types of spintronic
devices.Various materials have been investigated to realize these phenomena for
practical spintronic applications. Graphene has found its place in spintronics due
to its favourable properties such as low spin-orbit coupling and small hyperfine
interactions [1, 2]. Besides, graphene offers a large carrier mobility and an electrostatic-
gate tunable carrier density from the electrons to the holes regime. In the past decade,

This chapter is currently under review as M. Gurram, S. Omar, B.J. van Wees, Submitted to 2D
Materials, (2017). ArXiv:1712.07828. (Review article)
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a huge amount of research has been carried out in a direction towards bringing
graphene’s predicted expectations to realize practical applications. Much of the
effort has gone into finding solutions to the key challenges in graphene spintronics
including, among many others, finding effective tunnel barriers for efficient spin
injection and detection, and a clean environment for long distance spin transport in
graphene. Along the way, the discovery of various two-dimensional (2D) materials
with distinctive physical properties and the possibility of fabricating van der Waals
(vdW) heterostructures with graphene, has increased the figure of merit of graphene
spintronic devices. Especially, recent findings of using hexagonal boron nitride (hBN)
as a substrate and as a tunnel barrier for graphene spin valve devices has attracted a
lot of attention.

In this review we present recent developments in spin transport in graphene-
hBN vdW heterostructures and discuss the role of hBN as a gate dielectric substrate
and as a tunneling spin injection/detection barrier for graphene spintronic devices.
We first focus on the early research on graphene spin valves with conventional
SiO2/Si substrates, and discuss drawbacks of oxide dielectric substrates. Then we
give an account of the progress in different techniques developed for fabricating
graphene-hBN heterostructures, and chronologically examine the progress in hBN
supported graphene spin valves. Next, we describe the drawbacks of various oxide
tunnel barriers and discuss the recent emergence of atomically thin layers of hBN as
tunnel barriers for improved spin injection and detection in graphene. Finally, we
share a few interesting perspectives on the future of spintronics with graphene-hBN
heterostructures.

8.2 Spin transport measurements

Spin transport in graphene is usually studied in a nonlocal four-terminal geometry,
schematically shown in Fig. 8.1(a). A charge current i is applied between C1-C2
contacts and a nonlocal voltage-drop v is measured across C3-C4 contacts. Usually the
nonlocal signal is defined in terms of a nonlocal resistance Rnl = v/i. A non-zero spin
accumulation is created in graphene underneath C1 and C2 due to a spin-polarized
current through the ferromagnetic (FM) electrodes entering into graphene, and it
diffuses along both positive and negative x-directions. Ideally, the charge current
is only present in the local part between C1-C2, therefore, the nonlocal voltage is
only due to the spin accumulation diffused outside the charge current path. For spin
transport measurements, one needs at least two ferromagnetic electrodes, one for
spin injection and one for spin voltage detection. The outer electrodes of C1 and
C4 can also be nonmagnetic and serve as reference electrodes. For simplicity of the
measurement data analysis, they can be designed far away from the inner electrodes
and do not contribute to the spin transport.
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Figure 8.1: Four-terminal non-local characterization of spin transport in hBN dielectric
based graphene spin valve devices. (a) Schematic of a four-terminal non-local measurement
geometry used for spin valve and Hanle spin precession measurements. An AC current i is
sourced across a pair of injector contacts and a voltage v is measured across another pair of
detector contacts. (b) Non-local spin valve signal Rnl measured for graphene on hBN substrate
[3] [device B1 in Fig. 8.2] as a function of the magnetic field By applied along the easy axes
of the ferromagnetic cobalt electrodes. Magnetization switching of three out of four contacts
is denoted by A, B, and C. Hanle spin precession signals Rnl(Bz) measured as a function of
the magnetic field Bz applied perpendicular to the plane of the spin injection are shown in
(c) for graphene on hBN substrate [3] [device B1 in Fig. 8.2], (d) for graphene encapsulated
from the top and the bottom by thick-hBN dielectric [4] [device B2 in Fig. 8.2], and (e) for
graphene in a bottom-up fabricated device with a large-area top-hBN substrate [5] [device C3
in Fig. 8.2]. Figures (b) and (c) are reproduced with permission from Ref. [3], ©2012 American
Physical Society; (d) from Ref. [4], ©2015 American Physical Society; and (e) from Ref. [5],
©2016 American Chemical Society.

For spin valve measurements, an in-plane magnetic field By is applied along
the easy axis of the ferromagnets, y-direction[Fig. 8.1(a)]. Initially all the electrodes
have their magnetization aligned in the same direction. This configuration is called
the parallel (P) configuration. Then By is applied in the opposite direction. When
the magnetization of a FM electrode C2 or C3 reverses its direction, there is a sharp
transition registered in v or RNL, and the magnetizations of electrodes in C2-C3
become aligned in the anti-parallel (AP) configuration with respect to each other. On
further increasing By, the second electrode also switches its magnetization direction,
and now again both electrodes are aligned in P configuration. It completes the spin
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valve measurement[Fig. 8.1(b)]. The difference between the magnitude of nonlocal
signal in P and AP states, i.e., ∆Rnl = (RP

nl − RAP
nl )/2, is termed as nonlocal spin

signal or nonlocal magnetoresistance and appears due to the diffusion of the spin-
accumulation in the nonlocal part.

The presence of the spin accumulation is confirmed by Hanle spin precession
measurements[Figs. 8.1(c-e)]. Here, a magnetic field Bz is applied perpendicular to
the plane of graphene. The spins injected via C2 in the x-y plane of graphene precess
around Bz and get dephased while diffusing towards C3. The dephasing of the spins
is seen in a reduced ∆Rnl as a function of Bz. Spin transport parameters such as
spin lifetime τs, spin diffusion constant Ds, and spin relaxation length λs(=

√
Dsτs)

are obtained by fitting the Hanle data with the steady state solution to the one-
dimensional Bloch equation: Ds 52 ~µs − ~µs/τs + ~ωL × ~µs = 0, where ~µs is the spin
accumulation, ~ωL =

gµBBz
h̄ is the Larmor frequency with g=2, the Landé factor, µB, the

Bohr magneton, and h̄, the reduced Planck constant.
The values of τs and Ds obtained from the spin transport measurements are often

used for identifying the spin relaxation mechanism in graphene [3, 6–8]. There are
two possible mechanisms that are believed to cause spin relaxation in graphene. One
is the Elliott-Yafet (EY) mechanism [9, 10] in which the electron spins relax via the
momentum scattering at impurities/defects and as a result τs is proportional to the
momentum relaxation time τp. The other one is the D’Yakanov-Perel’ (DP) mechanism
[11] in which the electron spins dephase in between the two scattering events under
the influence of local spin-orbit fields and τs is inversely proportional to τp.

8.3 Challenges due to conventional oxide substrates

Due to the 2D nature of single layer graphene, its carrier density is confined within one
atomic thickness, making its surface extremely susceptible to the surroundings. This
sensitivity of graphene poses a big challenge while measuring its intrinsic properties.
On the other hand, at the same time, the sensitivity is valuable for incorporating
physical properties via proximity effects that do not exist in pristine graphene in the
first place [12, 13].

In order to make a field-effect transistor (FET), one needs a dielectric environment.
The presence of a substrate is necessary to support graphene and to make it useful for
device applications. However, the environment that comes with the substrate plays a
crucial role in determining the electronic transport properties of graphene.

The ability to image the atomically thick regions of graphene on a SiO2 surface
using an optical microscope led to the discovery of monolayer graphene [14]. Very
soon after the discovery, the pioneering work of Tombros et al. [15] first demonstrated
the electrical spin injection and detection in the non-local four-terminal geometry
over a micrometer distance in a monolayer graphene on a SiO2/Si substrate at room
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temperature (RT) [device A1 in Fig. 8.2]. It was further proved by the Hanle spin
precession measurements that the spin signal was indeed due to the transport of
electron spins in graphene.

The charge and spin transport characteristics of the early reported graphene spin
valve devices on SiO2/Si substrate viz., mobility µ below 5000 cm2V−1s−1, spin
lifetime τs below 500 ps, and spin relaxation length λs up to 2 µm [15, 16], were
several orders of magnitude lower than the predicted values τs ≈ 1 µs and λs ≈ 100
µm [1, 2]. Such low values were believed to be due to extrinsic impurity scattering
introduced during the device preparation, and the underlying SiO2/Si substrate.
Similar experimental observations were reported subsequently [16–20], and pointed
out that the charge impurities and adatoms on SiO2/Si substrate are the possible
sources of an enhanced spin scattering in graphene.

The SiO2/Si substrate is shown to degrade the electronic quality of graphene
due to i)corrugations imparted by its surface roughness, ii)scattering induced from
impurity charge traps in oxide [21, 22], iii)surface phonons causing a weak temper-
ature dependent spin relaxation [23], and iv)electron-hole puddles due to charge
impurity disorder on the substrate [24, 25]. These observations suggest that, besides
the impurities, the underlying SiO2/Si dielectric substrate also affects the pristine
charge and spin transport properties of graphene.

Several attempts have been made to improve the graphene spin valve device
architecture for overcoming the aforementioned challenges due to a SiO2/Si substrate.
An account of various device geometries developed over the past decade is given
in Fig. 8.2. In order to avoid impurities and disorder coming from the underlying
SiO2/Si substrate, either it should be removed or replaced. One way to completely
remove the influence of the substrate is to suspend graphene [device C2 in Fig. 8.2]
which resulted in a very high mobility (∼105 cm2V−1s−1) devices [26]. However,
the suspended regions are subjected to ripples and strain [27], and are very delicate,
causing fabrication challenges. Spin transport in these devices is limited by the
polymer supported regions of the suspended graphene resulting in τs ≈ 120− 250 ps
and λs ≈ 1.9−4.7 µm [28, 29]. Another way to overcome the imperfections of SiO2/Si
is to epitaxially grow graphene directly on a substrate such as silicon carbide (SiC)
[30, 31][device C1 in Fig. 8.2]. However, the localized states present in SiC were found
to influence the spin diffusion transport through interlayer hopping mechanisms [32].

Over the past years few other substrates have also been used for graphene spin
valve devices to add additional functionalities to graphene. These include, a SrTiO3

(STO) substrate for an epitaxial growth of highly spin polarized La0.67Sr0.33MnO3

(LSMO) contacts for graphene [33], a Y3Fe2(FeO4)3 (YIG) substrate as a magnetically
proximity coupling ferromagnetic insulator [34, 35], and recently used transition
metal dichalcogenide (TMDC) substrates to proximity induce spin-orbit coupling in
graphene [36–47].

Among all the different substrates proposed for studying spin transport in graph-
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Figure 8.2: Progress in device architecture towards graphene-hBN heterostructures for
probing the electrical spin transport in graphene. Early spin transport measurements in
graphene were performed using a device geometry (A0) with FM/graphene transparent con-
tacts. Next, tunnel barriers were introduced into the spin valve structures (A1). From there
onwards, the progress in the device architecture can be divided into three categories, indicated
by three arrows.Spin injection and detection polarizations enhanced with atomically thin hBN
tunnel barriers represented via route A1-A2-A3. Improvement in the quality of graphene by
encapsulating with thick-hBN dielectrics from the top and bottom is represented via route
A1-B1-B2-B3-B4-A4, and by using different substrate environments is represented via route
A1-C1-C2-C3-C4. In all the devices except A1, C1, and C2, hBN is used for different purposes
such as substrate (A3-A4, B1-B4, C3-C4), top-gate (B2-B4), and tunnel barrier (A2-A3, B4, C4).
Legends denote different materials used for fabricating the devices. These device geometries
have been used in many studies, for example, A0 in Refs. [48–51], A1 in Refs. [6, 7, 15–19, 52–
64], A2 in Refs. [65–70], A3 in Refs. [8, 71, 72], A4 in Ref. [73], B1 in Ref. [3], B2 in Refs.
[4, 74, 75], B3 in Ref. [76], C1 in Refs. [30–34, 42], C2 in Refs. [28, 29], C3 in Refs. [5, 77, 78], and
B4 and C4 are the proposed new geometries.
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ene, it was found that a few nanometer thick hBN can serve as an excellent dielectric
substrate to overcome some of the aforementioned problems are for improving the
transport characteristics and studying the intrinsic properties of graphene. Atomically
thin hBN belongs to the 2D family of layered materials and is an isomorph of graphite
with similar hexagonal layered structure with a small lattice mismatch [79] of ∼ 1.8%.
It is an insulator with a wide bandgap [80] ∼ 5.7 eV and can be exfoliated from boron
nitride crystals down to a monolayer [81, 82], similar to graphene. In contrast to
SiO2/Si substrates, the surface of hBN is atomically smooth, has few charge inho-
mogeneities [83], is chemically inert, free of dangling bonds due to a strong in plane
bonding of the hexagonal structure, and exerts less strain on graphene [84]. Moreover,
the dielectric properties [85, 86] of hBN including a dielectric constant ∼ 4 and a
breakdown voltage ∼ 1.2 Vnm−1, are comparable to SiO2, favouring the use of hBN
as an alternative substrate without the loss of dielectric functionality.

Indeed, among the 2D materials, hBN has been demonstrated to be an excellent
dielectric substrate for graphene field-effect transistors [87–90] and spin valves [3, 4,
74, 77], showing excellent charge and spin transport characteristics where graphene on
hBN showed very high electronic quality with mobility reaching up to∼ 15,000-60,000
cm2V−1s−1 [87, 91][device B1 in Fig. 8.2] and enhanced spin transport parameters:
spin lifetime τs ∼ 2-12.6 ns [5] and spin relaxation length λs ∼ 12-30.5 µm [4, 5, 74].

8.4 Fabrication: graphene-hBN heterostructures

In order to utilize the aforementioned excellent substrate properties of hBN, one
needs to be able to place graphene on the surface of hBN.Various methods have been
developed for transferring graphene onto other 2D materials or substrates. These
methods can be classified into two categories; methods that require the growth of
graphene directly on top of other 2D materials or substrates, and methods that require
the transfer of graphene from one substrate to on top of desired 2D materials or
substrates. The former methods are of considerable interest for batch production and
is still under developing stage for device applications [92–95]. The latter methods
have been developed at laboratory scales and are currently in use for fabricating
vdW heterostructure devices combining various 2D materials. Here we briefly review
the progress in developing the transfer methods for fabricating graphene-hBN vdW
heterostructures[Fig. 8.2] for spin transport studies.

The possibility of transferring the exfoliated graphene from a SiO2/Si substrate
to other substrates was first demonstrated by Reina et al. [96]. The first reported
2D heterostructure device, a graphene field-effect transistor on hBN, was fabricated
by Dean et al. [87] by transferring an exfoliated graphene flake onto an exfoliated
hBN flake. This method involves the exfoliation of graphene onto a polymer stack,
polymethyl-methacrylate (PMMA)/water-soluble-layer(aquaSAVE), followed by dis-
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solving the water soluble layer in a DI water bath before transferring onto a hBN
substrate, and is thus referred to as “polymer transfer method”. To achieve high
quality of graphene, it is important to protect its surface from coming in a contact
with any solvent. Therefore, the same authors [87] later improved this method to
avoid any possible contact with water by replacing the water-soluble-layer with a
polyvinyl chloride (PVC) layer which allowed to peel off the PMMA layer without
the need to expose graphene/PMMA to water and thereby achieving a fully “dry
transfer method” [97]. In a dry transfer method, the interfaces, except the top surface,
do not come in a contact with the lithography polymers or any solvents used during
the device preparation. However, the polymer contact with a graphene or hBN flake
leaves residues which need to be removed by a thermal annealing step, typically in
an intert Ar/H2 atmosphere at 300 ◦C [87] or in Ar/O2 at 500 ◦C [98] for a few hours.

In order to prepare multilayer (>2 layer) heterostructures, a layer-by-layer transfer
method [99] was proposed which is equivalent to repeating the dry transfer step
[97] followed by the annealing step for transfer of each layer. This layer-by-layer
stacking method in principle lacks the control over the crystallographic orientation of
the crystals. Moreover, it results in bubbles, wrinkles, and leaves some unavoidable
adsorbates at the interfaces of the staked layers which deteriorate the intrinsic quality
of the heterostructure. Even during the device fabrication process, the regions of
graphene for metallization get exposed to the lithography polymers and leave some
residues which are difficult to remove, resulting in low quality electrode-graphene
interfaces [99, 100].

The presence of bubbles and wrinkles in a hBN-graphene-hBN heterostructure
device [101] limits the mobility of the graphene flake [102]. The problems with folds
and bubbles in graphene on hBN can be reduced by using a transfer technique with
the aid of an optical mask, developed by Zomer et al. [91], using which only up to
5% region of the transferred graphene flakes showed bubbles or wrinkles. The spin
valve devices prepared using this method [3] showed an enhanced charge-carrier
diffusion with mobilities up to 40,000 cm2V−1s−1 and spin transport signatures over
lengths up to 20 µm. This method requires the exfoliation of graphene onto a polymer
mask before transferring onto a targeted substrate. The method was later tested by
Leon et al. [103] with a slight modification, where the graphene flake on a polymer
coated substrate can be transferred onto a desired location on another substrate.
One drawback of these methods [91, 103] is the difficulty in finding graphene flakes
exfoliated on the polymer layer. Moreover the presence of bubbles and wrinkles,
due to multiple transfer-annealing processes in a graphene-hBN device [101] limits
the graphene mobility [102] and the quality of the electrode interface with graphene
[104, 105].

For the assembly of multiple graphene and hBN layers, without exposing the
interfaces to polymers and for minimizing the interfacial bubbles, Wang et al. [106]
developed the “vdW transfer method” in which one hBN flake on a polymer layer



8

8.5. hBN as a dielectric substrate for graphene spin valves 119

is used for picking up other 2D materials on SiO2/Si substrates via van der Waals
interactions which is stronger between hBN and graphene than that between graphene
and SiO2, or hBN and SiO2. The graphene channel region encapsulated between the
top and bottom hBN flakes does not come in a contact with any polymer, limiting
the interfacial bubbles and does not require the annealing step unlike previously
reported encapsulated graphene devices [99, 103]. However, this method is useful
only for fabricating 1D contacts along the edges of graphene[device A4 in Fig. 8.2], and
the 1D ferromagnetic contacts [73, 107] are yet to be proven suitable for fabricating
spintronic devices over the traditionally used (2D) ferromagnetic tunnel contacts
[15, 71]. Moreover this method is ineffective for picking up graphene flakes longer
than the top-hBN flake on the polymer layer.

Later, Zomer et al. [108] developed the “fast pick up and transfer method” using
which one can make high quality, hBN-encapsulated graphene devices without any
size restrictions for a successive pick up of 2D crystals. This method is successfully
implemented to fabricate hBN-encapsulated graphene spin valve devices which have
demonstrated a long spin lifetime up to 2.4 (1.9) ns in monolayer graphene and 2.5
(2.9) ns in bilayer graphene at RT (4.2 K), and spin relaxation lengths up to 12.1 (12.3)
µm in monolayer graphene [74], and 13 (24) µm in bilayer graphene [4] at RT (4.2 K).
This method is also used for preparing fully hBN encapsulated graphene spin valve
devices [71, 72].

Over the past years few other pick-up and transfer techniques have also been
developed for fabricating 2D vdW heterostructures which can be used for preparing
graphene spin valve devices depending on the device geometry and material type
requirements. These include a “hot pick up technique” for batch assembly of 2D
crystals [109], a “deterministic transfer” of 2D crystals by all-dry viscoelastic stamping
[110], a “dry PMMA transfer” of flakes using a heating/cooling system for bubble-free
interfaces [111], and a “dry-transfer technique combined with thermal annealing”
[112].

8.5 hBN as a dielectric substrate for graphene spin valves

The possibility of fabricating graphene-hBN heterostructures by utilizing the afore-
mentioned fabrication techniques enabled the researchers to explore the intrinsic
transport properties of graphene in a high quality environment.Due to a smoother
surface and less trapped charge impurities than a SiO2/Si substrate [83], a hBN sub-
strate provides an improved carrier transport in graphene with large mobility [87]
and is expected to show enhanced spin transport [24]. The first reported charge trans-
port characteristics of graphene on a hBN substrate showed high mobility ≈ 140,000
cm2V−1s−1 which is typically two orders of magnitude higher than in graphene on
SiO2, and the charge neutrality point close to zero gate voltage [87]. Therefore, the
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Figure 8.3: Three-terminal I-V characterization of ferromagnetic contacts with a hBN tun-
nel barrier. I-V characterization of the ferromagnetic contacts with mono, bi, and tri-layers
(1L, 2L, and 3L, respectively) of exfoliated-hBN tunnel barriers having thicknesses obtained
from the atomic force microscopy (AFM) are 0.52 nm, 0.7 nm, and 1.2 nm, respectively. The
inset shows the three-terminal differential contact resistance-area product RcA as a function
of the DC current bias I applied across the contact. Data for 1L-hBN is reproduced with
permission from Ref. [71], ©2016 American Physical Society; 2L-hBN from Ref. [72], ©2017
Nature Publishing Group; and 3L-hBN from Ref. [113].

effect of charge impurities on spin transport in graphene is estimated to be lower for
graphene on hBN [24].

The first graphene spin valves fabricated on a hBN substrate by Zomer et al.
[3][Figs. 8.1(b)-8.1(c)] showed an improved charge transport with high mobility
≈ 40,000 cm2V−1s−1 and an enhanced spin relaxation length up to 4.5 µm at RT
[device B1 in Fig. 8.2]. Moreover, spin signals over a long distance up to 20 µm
were also detected. Despite increasing the mobility of graphene, there seemed to
be no significant effect of using a hBN substrate on the spin relaxation time whose
values are of similar order of magnitude to that is observed using a SiO2/Si substrate
[15, 16, 18]. A study of spin transport in graphene with different mobilities agrees
with these results [57]. Therefore, it implies that there is no strong correlation between
the observed τs and the mobility of the graphene. It also suggests that there is no
major role of charge scattering due to substrate in modifying the spin relaxation time.

Even though the hBN substrate provides a smooth and impurity free environment
for the bottom surface of graphene, the top surface gets exposed to the chemicals from
the device fabrication steps, similar to the devices prepared on a SiO2/Si substrate [3].
A possible dominant spin relaxation source in this geometry[device B1 in Fig. 8.2] is
believed to be the spin scattering due to residues from the polymer assisted fabrication
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steps [114], and charge impurities and adatoms already present on graphene. Similar
spin relaxation times were observed in graphene on SiO2/Si and hBN substrates,
which indicate that the substrate and its roughness do not seem to drastically influence
the spin relaxation in graphene. It was also shown that the EY and DP spin relaxation
mechanisms play equally important roles for causing spin dephasing in graphene on
hBN as well as in graphene on SiO2 [3].

The polymer residues and other contaminations due to the sample fabrication
can be mechanically cleaned from the graphene on hBN substrate by scanning an
AFM tip in contact-mode which sweeps the impurities from the graphene surface
[102, 115]. However, during this process ferromagnetic electrodes get exposed to
air and may oxidize. In order to avoid the lithography residues on a graphene
spin transport channel, while still using the conventional oxide tunnel barriers, two
possible routes have been explored over the years; one is the bottom-up fabrication
method [77][device C3 in Fig. 8.2] and the other is the encapsulation of graphene from
both top and bottom [4, 74][device B2 in Fig. 8.2].

The first route is to reverse the traditional top-down device fabrication process by
transferring a hBN/graphene stack on top of the already deposited oxide-barrier/FM
electrods on a substrate, as demonstrated by Drögeler et al. [77] [device C3 in Fig. 8.2].
This bottom-up approach serves two advantages. First, unlike graphene spin valves
prepared via the traditional top-down approach on SiO2 [15] or hBN [3] substrates, in
this method graphene does not come in a direct contact with the lithography polymer
PMMA during the device fabrication. Another advantage is that the fabrication pro-
cedure does not involve the direct growth of oxide tunnel barriers on graphene which
is believed to cause an island growth and subsequent pinholes in the barrier [53],
acting as spin dephasing centers. Instead here the MgO barrier is grown epitaxially on
cobalt [116], giving a smoother surface [117] for graphene to be transferred directly on
top. Due to a high quality interface of the barrier with graphene and its lithography
free environment, the resulting mobility values exceeded 20,000 cm2V−1s−1 and spin
relaxation time up to 3.7 ns are achieved in a trilayer graphene encapsulated by the
hBN from the top [77].

Previously, bilayer graphene spin valve devices on SiO2/Si substrate [19] have
showen the spin relaxation times up to 30 ps for the mobility up to 8000 cm2V−1s−1,
and up to 1 ns for the mobility as low as 300 cm2V−1s−1. Whereas the spin lifetime
of 3.7 ns was obtained [77] for the devices with mobility of two orders of magnitude
higher, 20,000 cm2V−1s−1. The increase in mobility of graphene in the bottom-up
fabricated device is attributed to the decoupling of graphene from the SiO2, while the
increase in the spin lifetime is attributed to a clean graphene/MgO contact interface
by transferring the graphene directly onto the pre-patterned tunneling electrodes
[77, 117]. Later it was discovered that while fabricating a bottom-up device, the
lithography solvents can still reach the graphene/MgO contacts region underneath
the top-hBN encapsulating flake [5]. The contaminations coming from the solvent
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during the device fabrication were found to play substantial role in influencing the
spin lifetime. Therefore, when a large-hBN flake was used to avoid graphene from
coming in a contact with the solvent, contacts with similar contact resistance-area
product RcA values resulted in a spin lifetime of an order of magnitude higher [5],
up to 12.6 ns, compared to the previously reported bottom-up fabricated device
[77][Fig. 8.1(e)]. These results indicate that the lithographic impurities are the main
limiting factor for spin transport in graphene.

Another route to avoid the polymer contaminations on graphene supported on a
hBN is to protect the graphene spin transport channel by encapsulating it from the
top with a second hBN flake[device B2 in Fig. 8.2]. The top-hBN encapsulation layer
serves few advantages: (i)it protects the graphene transport channel from coming in a
direct contact with the lithography polymers or solvents [74], (ii)it can be used as a
top-gate dielectric to tune the carrier density in the encapsulated graphene transport
channel and create p− n junctions [71], and allows to study spin transport across the
p− n junction [71, 76, 118], and (iii)it creates the possibility to electrically control the
spin information in graphene via Rashba SOC [74].

Guimarães et al. [74] fabricated a spin valve device in which the central part of
the graphene flake on a hBN substrate is covered with a top-hBN flake[device B2 in
Fig. 8.2]. The encapsulated region showed large mobility up to 15,000 cm2V−1s−1 at
RT, and resulted in an enhanced spin lifetime about 2 ns and spin relaxation length
about 12 µm for a monolayer-graphene [74] [Fig. 8.1(d)] at RT. This is a combined
effect of an improved carrier transport (Ds) and spin relaxation time. However
the nonecapsulated region showed a spin lifetime around 0.3 ns in the same flake
[74], similar to the case of bare graphene on hBN [3].In this device geometry[device
B2 in Fig. 8.2], the spin transport channel also consists of nonencapsulated regions
where graphene is exposed to the polymer residues on outside of the top-hBN, with
mobilities and spin relaxation times lower than the top-hBN encapsulated region
[4, 74]. Such an unevenly doped graphene channel makes it difficult to analyse the
spin transport measurements in the central region [4, 28, 74, 75] and requires complex
modeling.

Further understanding about the influence of the polymer residues on spin trans-
port properties can be achieved by reducing the size of the graphene regions exposed
to the polymer residues. Avsar et al. [76] studied the role of extrinsic polymer residues
on the spin relaxation in bilayer-graphene encapsulated everywhere except under the
contacts by a pre-patterned thick top-hBN layer and a bottom-hBN substrate[device
B3 in Fig. 8.2]. The authors reported a nearly five times higher τs of ≈ 420 ps for the
hBN encapsulated regions compared to τs of≈ 90 ps for the non-encapsulated regions
of the same device. It suggests that the lithographic residues on the spin transport
channel have a significant effect on the spin transport properties. The reported τs ≈
90 ps for the non-encapsulated graphene is comparable to that for bare graphene on
SiO2 [15] and hBN [3] substrates with similar mobilities. It supports the conclusions
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Figure 8.4: Four-terminal non-local Hanle spin precession measurements using ferromag-
netic contacts with atomically thin layers of exfoliated-hBN tunnel barriers. Hanle signals
∆Rnl in (a), (b), and (c) are measured in fully hBN encapsulated graphene devices with a
thick bottom-hBN substrate and a top monolayer, bilayer, and trilayer-hBN tunnel barriers,
respectively, as a function of the magnetic field Bz applied perpendicular to the plane of the
spin injection. ∆Rnl(Bz) = (RP

nl(Bz)−RAP
nl (Bz))/2 where RP(AP)

nl (Bz) is the non-local resistance
measured as a function of Bz when the relative magnetization of the injector and detector
contacts is aligned in a parallel, P(anti-parallel, AP) configuration. Solid lines represent the fits
to the data using the one-dimensional solution to the Bloch equation, and the corresponding
fitting parameters Ds, τs, and λs (=

√
Dsτs) are given in each figure. No bias applied for the

measurement shown in (a). The applied injection current bias Iin values are given in the legend
for (b) and (c). Note that the sign reversal of the Hanle signal for the device with bilayer-hBN
barrier is due to the inverse spin injection polarization of the injector for negative bias. Hanle
signal for the device with trilayer-hBN is measured at Iin = +30 µA. Figure (a) is reproduced
with permission from Ref. [71], ©2016 American Physical Society; (b) from Ref. [72], ©2017
Nature Publishing Group; and (c) from Ref. [113].

of Zomer et al. [3] that the impurities, surface phonons, and roughness of the underly-
ing substrate are not the limiting factors of spin relaxation in graphene. Therefore,
low values of spin transport parameters can be attributed to the contact regions of
graphene that are exposed to polymers and the quality of the oxide tunnel barrier
interface with graphene.

One needs to find a way to avoid the polymer contaminations on graphene, even
underneath the contacts. This improves the tunnel barrier interface with graphene. In
principle, both can be achieved by fully encapsulating the graphene spin transport
channel from the top and bottom.However, one of the encapsulating layers needs
to be of only few atomic layers thick, so that it can also be used as a tunnel barrier
for electrical spin injection and detection via the ferromagnetic electrodes. In fact,
atomically thin hBN was found to be a unique tunnel barrier for graphene field-effect
transistor devices [88] in additional to its excellent dielectric substrate properties.
Moreover, the full encapsulation of graphene with hBN by far has proved to be
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effective for an efficient spin injection/detection in graphene which will be discussed
in Section 8.7.

8.6 Challenges due to conventional oxide tunnel barri-
ers

So far we have been discussing the effect of the quality of graphene over its spin
transport and the progressive improvement by adapting various graphene-hBN
heterostructure device geometries, viz., devices A1, A2, A4, B1-B3, and C1-C3 in
Fig. 8.2. Another factor, which is believed to be a major cause of spin relaxation
in graphene, that we have not discussed so far, is the spin relaxation due to the
ferromagnetic tunneling spin injection and detection contacts, and their interface with
the underlying graphene.

In a basic graphene spin valve device [device A0 in Fig. 8.2],a charge current
passing through an FM/graphene contact can create a spin accumulation in graph-
ene underneath the contact. Signatures of nonlocal spin injection and detection in
graphene through FM/graphene transparent contacts [device A0 in Fig. 8.2] have
been reported in early spin transport investigations [48–51]. However, due to the
well known conductivity-mismatch problem [119] with these contacts there is spin
absorption and spin relaxation via the ferromagnetic electrodes, and the efficiency of
spin injection into graphene is reduced [120].

The fundamental problem of spin injection which is the conductiviy mismatch
problem, was first highlighted by Filip et al. [119] for spin injection into semiconduc-
tors, according to whom comparable resistivities of the ferromagnetic metal electrode
and graphene lead to a negligible spin injection polarization in graphene. The solution
to this problem, according to Rashba [121], and Fert and Jaffrès [122], is to introduce
a highly resistive tunnel barrier at the FM-graphene interface which will limit the
back flow of the spins from graphene into the FM, and avoid the contact induced spin
relaxation. Therefore, the first experimentally reported unambiguous nonlocal spin
transport via Hanle spin precession measurements in graphene spin valve devices
was achieved by using Al2O3 tunnel barriers between the FM and graphene [15] i.e.,
with FM/Al2O3/graphene tunnel contacts. Even though the Hanle spin precession
signal was also measured later with transparent contacts [120], the spin injection
efficiency was highly limited by the conductivity mismatch problem [18, 54, 120].

In spite of introducing the thin layer of oxide tunnel barriers, the metrics for spin
transport in graphene, i.e., spin lifetime and spin relaxation length, are far lower than
the estimated values for intrinsic graphene [1, 123, 124]. These values are believed to
suffer from the combined effect of the quality of the tunnel barrier, and its interface
with graphene, besides the impurities present in the transport channel.

Now we chronologically review the progress of oxide tunnel barriers for spin
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injection and detection in graphene.Overall, the spin relaxation time in graphene is
limited by the ferromagnetic tunnel contacts in two ways. One way is through spin
absorption from graphene into FM electrodes via pinholes in the tunnel barrier. The
pinholes provide a short circuit path between the FM electrode and graphene, leading
to the conductivity mismatch problem [119]. This effect can be quantified with the
values of (Rc

Rs
, Lλ ) parameters [63, 125–127], whereRc is the contact resistance, Rs is the

spin resistance of graphene, and Rs =
Rsqλs
W with the square resistance Rsq and width

W of graphene. Even when there is no conductivity mismatch problem, there can still
be an influence of contacts on the spin transport properties of the transport channel.
Another way to influence the spin relaxation time is through the multiple tunnel
barrier-graphene interface related effects such as a deteriorated graphene surface due
to a direct deposition of the barrier material which can lead to an island like growth of
oxide barrier and amorphize graphene where the barrier is grown [56], magnetostatic
fringe fields from ferromagnets [128], spin-flip scattering at the nonuniform interface
between the barrier and graphene [129–131] and and a complex interplay between
ferromagnet d-orbitals and graphene π-orbitals [59, 132].

Over the past years, much of the research is dedicated to understand the potential
sources of spin relaxation in graphene with respect to ferromagnetic tunnel contacts,
especially the role of oxide barriers. It has focused on two aspects of the tunnel
barriers. One is the material type, for example, Al2O3, MgO, TiO2, and SrO. The
other one is the growth method, for example, electron beam evaporation, atomic layer
deposition (ALD), molecular beam epitaxy (MBE) growth, and sputtering.

Several studies have revealed that, in case of oxide barriers, besides the choice
of the barrier material, the method of evaporation or growth of the barrier is also
important to achieve an efficient spin injection. Tunnel barriers of Al2O3 grown by
Tombros et al. [15] involve the deposition of Al by the electron beam evaporation
at first, followed by the oxidation step which likely gives pinholes in the barrier as
reported in subsequent reports from the same group [17, 18]. The spin lifetime is ob-
served to be increased with TiO2 barriers [3, 15] grown by electron beam evaporation
which are believed to be smoother than Al2O3 barriers. However, there has been no
systematic investigation of the growth and quality of TiO2 barriers in relation to the
spin relaxation time in graphene.

Early results on spin injection with MgO barriers grown by electron beam evapo-
ration reported to show pinholes, caused by the high surface diffusivity of MgO on
graphene, resulting in the inhomogeneous island growth of MgO on the graphene
surface [16, 133]. Dlubak et al. [56] showed that the sputtering of MgO causes more
damage to the graphene lattice by amorphization of carbon than the sputtering of
Al2O3. The MBE growth of MgO does not seem to impact the quality of graphene [19],
and gives a relatively pinhole free, uniform, and continuous MgO layer on graphene
[134]. Despite the presence of occasional pinholes in these MgO barriers, Yang et al.
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[19] reported long spin relaxation times up to 2 ns in exfoliated bilayer graphene on a
SiO2/Si substrate. However, the tunneling characteristics and spin injection efficiency
of these contacts were not discussed by the authors. A direct observation of increase
in the spin lifetime with an increase in contact resistance-area RcA product of the
MgO barrier contacts indicates that the pinholes in the barrier contacts significantly
affect the spin relaxation in graphene underneath the contacts [59]. Furthermore,
by successive oxygen treatments, low-RcA MgO contacts with transparent regions
or pinholes can be successfully transformed into high-RcA contacts with a reduced
pinhole density [132]. Such behaviour of the contacts suggests that the spin lifetime
and spin injection efficiency are limited by the presence of pinholes in the barrier.
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Figure 8.5: Bias induced non-local spin signal and spin injection polarization using the
ferromagnetic tunnel contacts with bilayer-exfoliated-hBN, thick(1-3 layer)-CVD-hBN, and
two-layer-CVD-hBN tunnel barriers. (Caption continued on the next page.)

Addition of a Ti buffer layer between MgO and graphene has been shown to curb
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Figure 8.5: Schematic of the device geometry for (a) a fully hBN encapsulated graphene with a
bottom thick-exfoliated-hBN substrate and a top bilayer-exfoliated-hBN tunnel barrier contacts,
(b) graphene on a SiO2/Si substrate with thick(1-3 layer)-CVD-hBN barrier contacts, and (c)
a fully hBN encapsulated graphene with a bottom thick-exfoliated-hBN substrate and a top
two-layer-CVD-hBN barrier. For devices in (a) and (c), an AC current i is applied across the
injector contacts and the non-local voltage v is detected using the standard low-frequency
lock-in technique, and the non-local differential resistance Rnl = v/i is determined at each
desired value of a DC current bias Iin applied across the same injector contacts. For device in
(b), pure DC measurements were performed using a DC current source I and a DC voltmeter
V where the non-local DC resistance is RNL = V/I . The tunnel barrier in (a) is obtained by a
mechanical cleaving of crystalline hBN flakes. The tunnel barrier in (b) is as-grown by CVD,
inhomogeneously, with a variation in thickness of 1-3 layers, whereas the barrier in (c) is
made by layer-by-layer stacking of two individual monolayers of CVD-hBN. Schematically,
the inhomogeneity in as-grown CVD-hBN in (b) is depicted by different thickness regions
underneath the cobalt electrodes, and the non-crystalline nature of two-layer-CVD-hBN in (c)
is depicted by a slight vertical misalignment of atoms. (d), (e), and (f) show the four-terminal
non-local resistance Rnl measured in a spin valve configuration as a function of the magnetic
field By for the devices shown in (a), (b), and (c), respectively. The relative magnetization
orientation of the cobalt electrodes is denoted by the up (↑) and down (↓) arrows. (g) shows
bias enhanced differential spin injection polarization pin and non-local differential spin signal
∆Rnl = (RP

nl − RAP
nl )/2 (inset) as a function of the injection current bias Iin (or, equivalent

voltage bias Vin) for the device with bilayer-exfoliated-hBN tunnel barriers. (h) shows non-local
spin signal ∆RNL = RP

NL −RAP
NL and DC spin injection polarization Pin (inset) as a function of I

and V , respectively, for the device with thick-CVD-hBN tunnel barriers. (i) shows ∆Rnl and
pin as a function of Vin for the device with two-layer-CVD-hBN tunnel barriers. Figures (d) and
(g) are reproduced with permission from Ref. [72], ©2017 Nature Publishing Group; (e) and
(h) from Ref. [69], ©2016 Nature Publishing Group; (f) and (i) from Ref. [8], ©2018 American
Physical Society.

the mobility of surface atoms and allow the growth of an atomically smooth layer
of MgO barrier by the MBE [53]. Indeed, TiO2 seeded MgO barriers were reported
[16] to show tunneling characteristics, resulting in large spin polarizations up to 30%
and long spin relaxation times up to 500 ps, compared to then previously reported
transparent [48–51, 120] and pinhole [18, 54] contacts, indicating a reduction in spin
relaxation due to the improved quality of the tunnel contacts [16]. However there was
not a good control achieved over the reproducibility of high quality growth of TiO2

seeded MgO tunnel barriers and it has been difficult to achieve a high spin injection
polarization consistently [16].

For an efficient use of MgO barriers and to avoid the contact growth directly
on graphene, a new workaround was introduced [77], the ‘bottom-up fabrication
method’[device C3 in Fig. 8.2], where MgO/Co contacts were first deposited by the
MBE on a bare SiO2/Si substrate followed by transferring the hBN/graphene stack
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on top. In addition, this geometry also blocks the polymer residues from coming in
contact with graphene at the barrier/graphene interface, and resulted in a high spin
relaxation time up to 3.7 ns in trilayer graphene. This performance was attributed to
a clean interface of the barrier with graphene and high-RcA of the contacts. These
results imply that the quality and direct growth of the oxide barrier, and the polymer
residues at the barrier-graphene interface play an important role in spin dephasing in
graphene, especially underneath the contacts.

Over the past years few other tunnel barriers have also been used for graphene
spin valve devices. These include a pulsed laser deposition (PLD) growth of ferro-
magnetic oxide LSMO contacts for graphene on a STO substrate [33], ALD growth of
diazonium salt seeded HfO2 tunnel barrier for epitaxial graphene on SiC substrate
[135], thermal evaporation growth of yttrium-oxide (Y-O) barrier for graphene on
SiO2/Si substrate [136], MBE growth of SrO barriers for graphene on SiO2/Si sub-
strate [137–139], hydrogenated graphene barriers for graphene on a SiO2/Si substrate
[140], fluorinated graphene for graphene on a SiO2/Si substrate [141], electron-beam
induced deposition of amorphous carbon interfacial layer at the FM/graphene in-
terface [142], exfoliated [35, 65, 70–72] and CVD grown [8, 67, 69] hBN barriers for
graphene on SiO2, hBN, and YIG substrates, and exfoliated-TMDC barrier [41] for
graphene on a SiO2 substrate.

8.7 hBN as a tunnel barrier for spin injection and detec-
tion in graphene

The aforementioned works highlight the importance of growing a tunnel barrier
that is atomically flat, homogeneously covering graphene with a uniform thickness,
free from pinholes, devoid of the conductivity mismatch problem, and efficient in
injection and detection of spin polarization in graphene. Among all the different
tunnel barriers or interfacial layers proposed for studying spin injection in graphene,
it was found that a thin layer of atomically flat hBN with a similar lattice structure as
graphene can serve as an excellent tunnel barrier to overcome the aforementioned
challenges [65, 71, 72, 143].

The promising nature of hBN as a tunnel barrier is revealed from the conductive
AFM measurements of electron tunneling through thin layers of hBN [144], where it
was shown that mono, bi, and tri-layers of exfoliated-hBN exhibit a homogeneously
insulating behaviour across the flakes without any charged impurities and defects.
Furthermore the breakdown voltage of hBN was found to increase with the number of
layers [144], and the estimated dielectric breakdown strength was found to be [86, 144–
147] ∼ 0.8-1.2 Vnm−1. These results were further confirmed by Britnell et al. [145],
who reported that the hBN/graphene interface resistance increases exponentially
with the number of hBN layers and the tunneling characteristics as confirmed by a



8

8.7. hBN as a tunnel barrier for spin injection and detection in graphene 129

nonlinear I-V behaviour. These results also demonstrate the potential of atomically
thin hBN to be used as ultra smooth and pinhole free tunnel barrier for spin injection
into graphene. Moreover, first-principle calculations estimate that the efficiency of
spin injection in Ni/hBN/graphene heterostructures can be achieved up to 100% with
increasing the number of hBN layers [148].

Yamaguchi et al. [65] were the first to experimentally show electrical spin injec-
tion and detection through a monolayer exfoliated-hBN tunnel barrier in a bilayer
graphene. However, the spin lifetime ≈ 56 ps and spin polarization ≈ 1-2% are of the
same order of magnitude as that of devices with FM/graphene transparent contacts
[120]. Besides small hBN crystalline flakes, the chemical vapour deposition (CVD)
grown large-area hBN as a tunnel barrier for spin transport studies was also explored
by Kamalakar et al. [67] and Fu et al. [68].

Fu et al. [68] studied the spin transport in large-scale devices with CVD-hBN
barrier and CVD-graphene transport channel on SiO2/Si substrates. A monolayer
CVD-hBN barrier [68] showed a small spin signal, whose magnitude is similar to that
of obtained with a monolayer exfoliated-hBN barrier [65]. A two-layer CVD-hBN
barrier [68] resulted in relatively large signals (with polarization ≈ 5%). However, the
spin life time ≈ 260 ps is comparable to the devices with exfoliated or CVD graphene
on SiO2/Si substrate [18, 134].

In a parallel study, Kamalakar et al. [67] used CVD-hBN barriers with exfoliated-
graphene on SiO2/Si substrate and reported that hBN can serve as an alternative
efficient tunnel barrier by demonstrating an order of magnitude higher spin life-
time ≈ 500 ps and enhanced spin polarization ≈ 11% compared to then previous
attempts with hBN barriers [65, 68]. In another report, the same authors [66] system-
atically investigated the spin transport in graphene for various RcA product values
of Co/CVD-hBN/graphene contacts ranging from transparent to high resistance, and
showed that by increasing RcA, the spin lifetime enhanced up to 460 ps and spin
polarization up to 14%. Also, they were the first ones to observe [69] the novel effect
of spin signal inversion by varying the thickness(1-3 layers) of CVD-hBN barriers
and the corresponding interface resistance of Co/CVD-hBN/graphene junctions. The
enhanced magnitude of the spin polarization up to ≈ 65% is an order of magnitude
higher compared to then previously reported results with oxide barriers [12, 149] and
hBN barriers [65, 68, 71]. Indeed, these results were further improved and confirmed
by later efforts from other groups [8, 70–72, 113] in encapsulated graphene, establish-
ing the fact that thicker hBN barriers would result in a larger values of spin lifetime
and spin polarization.

A number of reports on spin transport studies in graphene with CVD-hBN tunnel
barriers incorporated a bare SiO2/Si substrate [66–69]. Moreover, the PMMA assisted
wet transfer of CVD-hBN could affect the quality of graphene. Therefore, in order to
further improve the spin transport parameters while using the CVD-hBN barrier, it
was encouraged [66] to use high mobility graphene such as graphene on hBN [3] or
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hBN encapsulated graphene [74]. Even though hBN substrate has not been reported
to enhance the spin relaxation times in graphene compared to SiO2/Si substrate [3], it
can increase the diffusion constant Ds and thus spin relaxation length λs (=

√
Dsτs).

Gurram et al. [8] studied the electrical spin injection and detection in graphene on a
thick-exfoliated-hBN substrate using a layer-by-layer-stacked two-layer-CVD-hBN
tunnel barrier [device A3 in Fig. 8.2]. However, the mobility of graphene was found
to be below 3400 cm2V−1s−1 and the spin relaxation time lower than 400 ps and are
comparable to the values reported by Kamalakar et al. [66, 69]. Therefore, such low
values of spin transport parameters point to the utmost importance of a clean transfer
process using CVD materials.

In order to explore spin injection via hBN barrier in a cleaner environment, one can
use the dry pick up and transfer method [108] for fabricating encapsulated graphene
devices with exfoliated-hBN flakes. Early attempts to study the spin transport in hBN
encapsulated graphene [4, 74][device B2 in Fig. 8.2] resulted in an improved spin
relaxation length up to 12 µm and spin lifetime up to 2 ns. Note however that these
values correspond to the intrinsic values of the graphene in the hBN encapsulated
region, but the effective spin relaxation time of the spin transport channel is reduced
by the non-encapsulated regions [4, 28, 74, 75]. It indicates that, perhaps, a complete
encapsulation of graphene will improve the spin transport, and provide access to the
direct measurement of intrinsic spintronic properties of the encapsulated graphene.

Fully encapsulated graphene with various thick 2D materials has been studied
for charge transport characteristics with 1D or quasi-1D contacts [106, 150]. The
potential of 1D FM edge contacts[device A4 in Fig. 8.2] has only been recently explored
[73, 107] for spin transport studies and these contacts are yet to be proven viable
for efficient spin injection/detection in graphene. On the other hand, in order to
use the conventional contact geometry, an atomically thin layer of hBN can be used
as a top encapsulation layer[device A3 in Fig. 8.2]. The thin-hBN layer can serve
two purposes in this device geometry. First, as an encapsulation layer to protect the
graphene channel from the lithography impurities, and second, as a tunnel barrier for
the electrical spin injection and detection in graphene via ferromagnetic electrodes.

Gurram et al. [71] reported spin transport in a new lateral spin valve device
geometry[device A3 in Fig. 8.2], where graphene is fully encapsulated between two
hBN flakes to overcome the challenges together due to the substrate, the tunnel
barrier, and the inhomogeneity that can be introduced during sample preparation.
In this device geometry, the charge mobility values (≈ 8200-11800 cm2V−1s−1) lie
close to each other for different regions of the encapsulated graphene, implying a
uniform charge transport across the graphene flake. Moreover, the spin transport
measurements resulted in consistent spin relaxation parameters which do not differ
much for different regions in the same device. Such homogeneity is difficult to achieve
in the partially hBN-encapsulated graphene device [4, 74, 75] with oxide barriers.

Ferromagnetic tunnel contacts with a low value of RcA product indicate the trans-
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Figure 8.6: Bias induced differential spin-injection (pin) and detection (pd) polarizations of
ferromagnetic tunnel contacts with bilayer-exfoliated-hBN barrier, adopted from Ref. [72].
(a) shows pin for four different injector contacts as a function of the DC voltage bias V applied
across the injector. (b) shows pd for two different detector contacts as a function of the DC
voltage bias V applied across the detector while the injector contacts were biased at Iin=+20 µA.
Top x-axes in (a) and (b) represent the effective electric field (=V /t, thickness of the bilayer-hBN
t≈7 Å) across the contacts. The insets show the polarizations at zero bias. Figures (a) and (b)
are reproduced with permission from Ref. [72], ©2017 Nature Publishing Group.

parent nature of the barriers, generally attributed to the presence of pinholes [125].
Such behaviour is commonly observed with conventional oxide tunnel barriers and,
as discussed before, is detrimental to the efficient spin injection due to a possibility
of back-flow of the injected spins [63, 125–127]. Moreover, low-RcA contacts with
conventional oxide tunnel barriers are reported to show spin transport only across
small length scales which are limited to the injector-detector seperation due to spin
absorption via pinholes in the contacts [125]. A fully hBN encapsulated graphene
spin valve device [71] showed a long distance spin transport in the monolayer-hBN
encapsulated graphene channel up to the length of 12.5 µm, while having multiple
low-RcA contacts [71] in the spin transport channel. Such behaviour was attributed to
the combined effect of pinhole free nature of the monolayer-hBN barrier and a clean
hBN/graphene interface [71].

Even after fully encapsulating graphene from the top with a monolayer-hBN and
from the bottom with a thick-hBN, τs of graphene is still lower than 300 ps [65, 71]
which is comparable to τs in graphene on SiO2 or hBN [3], and the spin polarization
is lower than 2% which is similar to the values obtained with conventional oxide
barriers [149]. The limited values of the spin transport parameters are due to the
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combined effect of i)low-RcA values of FM/1L-hBN/graphene contacts resulting in
a low spin injection polarization, and ii)the proximity of polymer residues which
are only one hBN layer away from graphene that could lead to spin scattering in
graphene resulting in a low spin relaxation time. Therefore, increasing the thickness
of hBN tunnel barrier should solve the problems due to the conductivity mismatch
and the proximity of polymer residues.

According to Britnell et al. [145], the RcA product of contacts can be increased
by increasing the number of layers of hBN tunnel barrier which can overcome the
conductivity mismatch problem. By doing so, it is also estimated that up to 100% spin
polarization can be achieved [148]. On the experimental side, it was demonstrated by
Singh et al. [70] that bilayer-hBN is a better choice for tunnel barrier than monolayer-
hBN in order to achieve longer spin lifetimes exceeding nanoseconds in graphene
and higher spin injection polarization values.

8.7.1 Bias induced spin injection and detection polarizations

Biasing ferromagnetic tunnel contacts for spin injection in graphene was predicted to
show rich physics in terms of studying spin injection into graphene in the presence
of electric field, and potentially inducing magnetic proximity exchange splitting in
graphene [151, 152]. The first report on bias dependent spin injection polarization of
hBN barriers [69] revealed a large magnitude of polarization up to 65% and also a
novel sign inversion behaviour while varying the thickness of CVD-hBN barriers. In
a recent experiment, Gurram et al. [72] showed that an unprecedented enhancement
of differential spin polarization can be achieved by biasing the injector or detector
contacts with bilayer-hBN tunnel barriers. The authors [72] reported that the applica-
tion of bias across FM/bilayer-hBN/graphene/hBN contacts[Fig. 8.5(a)] resulted in
surprisingly large values of differential spin injection pin and detection pd polariza-
tions up to ±100%, and a unique sign inversion of spin polarization as a function of
bias, near zero bias. Moreover, unbiased spin polarizations of contacts were found to
be both positive and negative[see Fig. 8.6].

Later, same authors report that the bias-dependent pin for high-RcA contacts with
two-layer-stacked-CVD-hBN tunnel barriers [8] was found to be different from the
bilayer-hBN barrier [72] in two ways. First, there is no change in sign of pin within the
applied DC bias range of ±0.3 V[Fig. 8.5(i)]. Second, the magnitude of pin increases
only at higher negative bias close to -0.3 V. This behaviour marks the different nature of
bilayer-exfoliated-hBN [72] and two-layer-CVD-hBN [8] tunnel barriers with respect
to the spin injection process. Moreover, these results emphasize the importance of
the crystallographic orientation of the two layers of hBN tunnel barrier. The bias
dependence of the spin polarization is different for different thicknesses of the hBN
tunnel barrier [69, 72, 113] and needs to be understood within a proper theoretical
framework.
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8.7.2 Two-terminal spin valve and Hanle signals

Two-terminal spin injection and detection in a lateral spin valve device geometry is
technologically more relevant than in a four-terminal spin valve geometry. Usually,
it is difficult to measure spin-dependent signals in a two-terminal geometry either
due to the presence of large charge current dependent background signal or due to
low efficiency of the spin injector and detector contacts. The first two-terminal spin
transport measurements in graphene were reported with permalloy(Py)/graphene
transparent contacts [48] followed by three other studies reported with MgO [133]
and Al2O3 tunnel barriers [15, 31]. However, the magnetoresistance effects could
mimic these spin valve signals in the local measurement configuration. Moreover,
none of these studies showed an evidence of unambiguous signature of the spin
transport in the two-terminal configuration via Hanle spin precession measurements
[15].

The recent report [72] showed that the bias-induced spin injection and detection
polarizations of bilayer-hBN tunnel barrier contacts [72] are large enough[Fig. 8.6]
to be able to detect spin transport in a two-terminal configuration with spin signals
reaching up to 800 Ω and magnetoresistance ratio up to 2.7%. Moreover, the au-
thors also observed unambiguous evidence of spin transport in the two-terminal
measurement geometry via Hanle spin precession measurements using the bilayer-
hBN tunnel barrier contacts [113][Fig. 8.8(b)]. This is the first demonstration of a
two-terminal Hanle signal. However, this has been only one experimental report so
far and there is a need for more experiments to establish the potential of hBN barriers
for two-terminal spin valve applications.

8.7.3 Spin relaxation

Theoretically, Tuan et al. [24] studied the spin dynamics and relaxation in clean
graphene to understand the effect of substrate induced charge inhomogeneities such
as electron-hole puddles on the spin relaxation mechanism. For the case of SiO2

substrates, the authors numerically demonstrated the presence of the DP mechanism
due to random spin dephasing by the eletron-hole puddles. For substrates with less
inhomogeneities, such as hBN, spin relaxation for graphene on hBN is caused by
substrate induced broadening in the spin precession frequency where τs follows τp.
For higher τp, spins relax under the influence of substrate induced Rashba spin-orbit
coupling. Therefore, for a graphene on hBN susbstrate, spin relaxation is expected by
the energy broadening and due to the substrate-induced SOC rather than under the
influence of the impurities.Experimentally, Zomer et al. [3] studied the spin relaxation
in relation to the quality of graphene on hBN device which is contaminated with the
polymer residues on the top-surface of graphene[Fig. 8.7(a)]. The authors [3] show
that the spin transport data is best described by the equal contributions of EY and DP
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Figure 8.7: Spin-relaxation and spin-drift in graphene-hBN heterostructures. (a) Investiga-
tion of spin relaxation in a high mobility graphene on a hBN substrate. The possibility of the
Elliott-Yafet (EY) and D’yakonov-Perel’ (DP) mechanisms is explained by following the relation

between τs and momentum relaxation time τp,
ε2Fτp
τs

= ∆2
EY +

(
4∆2

DP
h̄2

)
ε2

Fτ
2
p , where, εF is the

Fermi energy, and ∆EY(DP) is the effective spin-orbit coupling strength of EY(DP) mechanism,
whose value is obtained from the linear fitting. The respective relaxation rates are found to be
of similar order of magnitude for both the EY and DP, indicating no clear dominance of either
of the mechanisms. (b) shows a strong modulation of the spin relaxation length as a function
of the drift current in a high mobility graphene spin transport channel that is encapsulated
between the top and bottom-hBN dielectrics, by considering the uncertainties in τs. Figure (a)
is reproduced with permission from Ref. [3], ©2012 American Physical Society; (b) from Ref.
[75], ©2015 American Chemical Society.

spin relaxation mechanisms, indicating that neither of these mechanisms dominate
the spin relaxation in graphene on hBN in the presence of polymer residues.

To investigate the spin relaxation in the absence of polymer residues, a new device
geometry[device B3 in Fig. 8.2] was employed to study spin transport, wherein a
bilayer-graphene flake is encapsulated between a hBN substrate and a pre-patterned
hBN strip [76] consisting of tunnel contacts with MgO barriers. Even though their
results indicate the presence of resonant scattering spin relaxation mechanism [153],
there has been no general consensus on the exact nature of spin relaxation mechanism
in bilayer-graphene. In this architecture, polymers can still come in contact with
graphene at the open areas of the pre-patterned hBN strip. In order to further reduce
the size of the graphene regions exposed to polymer residues, a full encapsulation
geometry [71, 72] [device A3 in Fig. 8.2] is adopted.

Even though the top-layer of a thin(1-2L) hBN tunnel barrier in a fully hBN
encapsulated graphene spin valve device [71, 72] acts as an encapsulation layer, the
resulting charge and spin transport properties of graphene are not optimal. Despite
finding a suitable device geometry[device A3 in Fig. 8.2] to enhance the differential
spin injection efficiency up to 100% in a fully hBN encapsulated graphene, the spin
lifetime obtained only up to 0.9-1.86 ns with bilayer hBN tunnel barriers [70, 72]
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[Fig. 8.4], are still smaller by two orders of magnitude than the predicted value
for pristine graphene [1, 2]. An interesting study of spin relaxation in graphene
with mono and bilayer of hBN encapsulating tunnel barrier is reported by Singh
et al. [70]. The authors report τs above 1 ns for bilayer-hBN encapsulation while it
is below 0.6 ns for the monolayer encapsulation. These observations indicate that
a very thin (∼ 0.3-0.7 nm) top-layer of single or bilayer-hBN tunnel barrier might
not provide sufficient encapsulation for graphene, possibly due to poor screening
of the polymer contaminations on the top-surface. Moreover, the screening effect
is stronger with the bilayer than the monolayer-hBN. Also, the contact induced
relaxation is expectedly lower with the bilayer-hBN barrier due to its higher RcA

product. In fact, these observations corroborate with the independent studies from
Gurram et al. who reported τs around 0.3 ns, 0.9 ns, and 1.3 ns with mono [71], bi
[72], and tri-layers [113] of hBN barrier top encapsulation, respectively [Fig. 8.4].
From these reports it seems that increasing the thickness of the top encapsulated
tunnel barrier can enhance the screening of the contaminations and improve τs of
the encapsulated graphene. However, the currently existing literature on fully hBN
encapsulated graphene devices [71, 72] is limited and does not report the carrier
density dependence of the spin relaxation time which is necessary for investigating
the spin relaxation mechanism [3, 76]. Therefore, there is a need for more experiments
to confirm the hBN barrier thickness dependence on spin transport in graphene and
elucidate the intrinsic spin relaxation mechanism in graphene.

8.8 Future perspectives and conclusions

In order to reach the ultimate goals of spintronics devices [12, 13], several recently
emerged spintronics phenomena need to be understood and incorporated in future
graphene spin transport studies. In the following, we describe a few prospects which
can be utilized in graphene-hBN heterostructures to facilitate the progress of graphene
spintronics in the near future.

8.8.1 Device geometries

A possible solution to reduce the influence of the residues on top-surface of the thin
(1-3 layer) hBN tunnel barrier on the spin relaxation in graphene[device A3 in Fig. 8.2]
is to use the following three device geometeries for probing the spin transport in
graphene: i) device B4 in Fig. 8.2 where a pre-patterned thick hBN layer on top of the
hBN tunnel barrier acts as a protection layer from the lithographic residuals, except
for the electrode deposition regions, ii) device A4 in Fig. 8.2 with 1D FM edge contacts
which completely keeps the residues away from graphene by fully encapsulating with
thick hBN layers. The recent reports [73, 107] showed the possibility of spin injection
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through 1D FM contacts and these contacts are yet to be proven viable for efficient
spin injection and detection. iii)even though bottom up fabricated devices with MgO
barriers[device C3 in Fig. 8.2] showed the highest reported τs and λs by avoiding
polymer contamination, the oxide barriers might still be influencing the spin transport
in graphene. Therefore, the transfer of hBN-barrier/graphene/thick-large-hBN stacks
onto pre-deposited FM electrodes[device C4 in Fig. 8.2] could avoid problems with
oxide barriers and polymers altogether.
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Figure 8.8: Large two-terminal spin valve and two-terminal Hanle spin precession signals
in a fully hBN encapsulated graphene with bilayer-hBN tunnel barrier. (a) Large inverted
two-terminal differential resistance R2t = v/i, measured in a spin valve measurement configu-
ration, at two different DC current bias I values, as a function of the magnetic field By applied
along the easy-axes of the ferromagnetic cobalt electrodes. Inversion of the two-terminal
spin valve signal is due to the two contacts biased with opposite polarity. The inset shows
a schematic of the two-terminal spin valve measurement geometry. Vertical dashed lines
represent the magnetization switching fields of the two contacts. (b) Two-terminal Hanle spin
signal ∆R2t = RP

2t−RAP
2t measured at DC current bias I = +20 µA, as a function of the magnetic

field Bz applied perpendicular to the plane of spin injection. The inset shows the two-terminal
differential resistance RP(AP)

2t measured as a function of Bz when the relative orientation of the
magnetization of the contacts is aligned in parallel (P) and anti-parallel (AP) configurations.
Figure (a) is reproduced with permission from Ref. [72], ©2017 Nature Publishing Group; (b)
from Ref. [113].

8.8.2 Spin filtering across hBN/graphene interfaces

Spin filtering is technologically attractive as it gives efficient spin injection with only
one type of spin polarized carrier transport. Spin filtering across a 2D material was
first theoretically proposed by Karpan et al. [154, 155], who predicted that graphene
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or graphite on lattice matched surfaces of nickel or cobalt behaves like a half-metal
and can be used to inject a 100% spin polarized current in to nonmagnetic conductors.
Rather low values of magnetoresistance were found experimentally due to disorder
at the FM/graphene interface [156–159]. Thereafter, it was predicted that due to
almost matched in-plane lattice constants of graphene and hBN, a FM/fewlayer-
graphene/hBN junction can act as an ideal spin filter with an increased RcA product
[160–162], which is essential for avoiding the conductivity mismatch problem for
efficient spin injection in graphene [163]. Along this direction, first principles calcula-
tions by Wu et al. [148] predicted that a FM/hBN/graphene junction allows only one
type of spin to tunnel and results in an increase of injection current spin polarization
up to 100% with the increase in the number of hBN layers up to three layers.

Recent experimental results on lateral spin valve devices with thick (2-3 layers)
and highly resistive CVD-hBN tunnel barriers [69] showed a very large and inverted
spin polarization in graphene which was attributed to the spin-filtering processes
across the Co/thick-layer-CVD-hBN/graphene tunnel contacts. On the other hand,
the results with Co/exfoliated-bilayer-hBN/graphene tunnel contacts [72] showed an
enhanced differential spin injection/detection polarizations up to 100% as a function
of bias and a sign reversal of the polarization close to zero bias. These results indicate
that the graphene/hBN heterostructures provide a platform to explore the possibility
of spin filtering in depth.

8.8.3 Spin gating

Electrical manipulation of the charge current in graphene is possible via electrostatic
(charge) gating, for example, in field-effect transistors [14, 88], single-electron tunnel-
ing transistors [164, 165], and quantum dots [166]. A similar analogy can be applied
for the manipulation of the spin accumulation in graphene, due to spin-orbit coupling
(SOC), via “spin gating” [167].

Pristine graphene is non-magnetic [168] and has a small SOC [123] which makes
it difficult for having an electrical control over the spins in graphene. One mechanism
for achieving spin gating in graphene is via the Rashba spin-orbit field which can be
created by the application of top and bottom gate voltages in a hBN/graphene/hBN
heterostructure, as reported by Guimarães et al. [74][device B2 in Fig. 8.2]. The
modulation of the spin-orbit coupling strength created in the hBN encapsulated part
of graphene can be used for manipulating the spin polarized currents and thereby
achieving the spin gating phenomenon. Essentially, one can realize a spintronic
logic device like Datta Das spin transistor [169] with graphene by achieving its three
important operating principles [170]: i)efficient and bias controlled spin injection and
ii)detection [69, 72], and iii)spin manipulation via spin gating [74].
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8.8.4 Spin drift

Spin transport in graphene has been widely studied in terms of diffusion of the
spin accumulation. In general, the diffusion process equally distributes the spin
accumulation in every direction, allowing only a fraction of the injected spins reaching
the detector located away from the injector. Spin transport experiments in graphene
have been performed in narrow (typical width ∼ 1-5 µm) transport channels, and
analysed by assuming a uniform spin injection along the width of graphene flake and
thus restricting the spin diffusion to one dimension along the length of the graphene.
Even then, the spin accumulation diffuses in either side of the injector, resulting in
only 50% of the injected spin directed towards the detector.

Due to the diffusive motion, the spin information is not directional and transported
over only limited distances. On the other hand, when an electric field is applied across
the spin transport channel, the electron spins acquire an additional drift velocity
which is unidirectional along(opposite to) the electric field ~E for holes(electrons), and
allows for a long distance spin transport.Note that the drift velocity ~v is proportional
to the mobility µ of carriers, ~v = µ~E. Since the graphene encapsulated between
top and bottom thick-hBN dielectrics has been reported to show high mobility [87,
99], the heterostructures of graphene-hBN are attractive for spin drift experiments.
The first experimental proof of spin drift in graphene was provided by Józsa et al.
[52], whose results were constrained by the lower mobility of graphene on SiO2

substrate [device A1 in Fig. 8.2]. Recent spin drift experiments reported by Ingla-
Ayńes et al. [75] using a thick-hBN encapsulated high-mobility bilayer-graphene spin
transport channel [device B2 in Fig. 8.2] resulted in a strong modulation of the spin
relaxation length up to 90 µm, and an effective steering of the spin accumulation
with up to 88% efficiency[Fig. 8.7(b)], which is predicted to reach 100% in a fully hBN
encapsulated graphene. Such an efficient control over directionality of spin current
and long distance spin transport is enabled by the high-mobility of hBN encapsulated
graphene devices. Moreover, considering a device geometry [e.g., B4 in Fig. 8.2],
which combines high mobility graphene [e.g., device A2 in Fig. 8.2] with a large spin
injection/detection polarized contacts [e.g., device A3 in Fig. 8.2] is highly attractive
for applications in more complex spin based logic devices.

8.8.5 Proximity effects

Recent theoretical studies [151, 152] shed light on the potential of inducing magnetic
exchange interactions via the electrostatic gating in cobalt/(1-4 layer)hBN/graphene
heterostructures. First-principle already calculations [152] showed that by tuning the
external electric field, the sign of the proximity induced equilibrium spin polarization
in graphene can be reversed. It was also predicted [151] that even a very thin layer
of hBN can be used as a gate dielectric, and by tuning the gate electric field in
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a cobalt/hBN/graphene structure, both the sign and magnitude of the induced
magnetization in graphene can be changed. These two studies are relevant to the hBN
tunnel barrier encapsulated graphene spin valve device geometry[devices A3, B4 and
C4 in Fig. 8.2] reported in the recent study [72]. In principle, the exchange interaction
in graphene should also reflect in a modified shape of the Hanle spin precession
signal [34]. Therefore, further investigation is needed to understand these results
and also to elucidate the effect of the sign of the charge carriers, i.e., electrons or
holes. Interestingly, recent experimental studies [107, 171] revealed the possibility of
inducing spin splitting states in graphene by bringing in proximity to a ferromagnet.

8.8.6 Large-scale devices

The growth of spintronic materials using the CVD process is a promising route for
industry-scale spintronic applications. However, due to the challenges involved in
the impurity-free transfer and device fabrication, there are only few reports on spin
transport studies with CVD grown graphene and hBN. Spin valve devices prepared
with CVD graphene transferred on to SiO2/Si substrate showed limited spin transport
characteristics [63, 68, 134, 172–174] with τs below 1.2 ns and λs below 6 µm at room
temperature. Such low performance compared to exfoliated flakes is caused by the
wet transfer process used for transferring the CVD graphene. So far, the longest spin
lifetime of 1.75 ns is achieved for CVD graphene [78] in inverted spin valve devices
prepared by the dry-transfer technique [175]. Initial efforts on integration of large
scale CVD grown hBN as a tunnel barrier for graphene spin valve devices successfully
demonstrated the spin injection and detection [67, 68]. The recently reported large
magnitude of spin injection polarization up to 65% at bias above 1.5 V using contacts
with thick(1-3L)-layer-CVD-hBN tunnel barriers [69], and up to 15% at -0.2 V bias
using two-layer-stacked-CVD-hBN barriers [8] indicates the promising nature of
CVD-hBN for large-scale spintronics applications.

However, in order to establish the role of CVD based graphene and hBN in
spintronics, it is important to prepare high quality graphene-hBN heterostructures.
For this, a controlled growth of CVD-hBN [176] followed by its dry transfer on top
of a recently obtained high-quality CVD-graphene [175] could help to progress the
role of CVD grown materials [8] for practical spintronics devices. Moreover, a direct
growth of hBN on graphene would solve the quality problems [8] associated with the
conventional polymer based wet transfer method [177].

8.8.7 Conclusions

A decade since the first reported non-local spin transport and spin precession in graph-
ene field-effect transistor [15], the spintronics research has been focusing on improving
the spin transport parameters viz., achieving large spin relaxation time by bottom-up
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hBN/graphene structures [5, 77], long spin relaxation length by the spin drift effect
in the hBN encapsulated graphene [75], and an efficient spin injection/detection
polarization up to 100% by external bias across cobalt/2L-hBN/graphene contacts
[72]. Besides, there is still a need to clarify the debate about which of the EY, DP, and
resonant scattering mechanisms causes spin relaxation in graphene [149, 178]. Since
the influence of surroundings is minimal in a fully hBN encapsulated graphene het-
erostructure, it provides a perfect platform to demystify the intrinsic spin relaxation
mechanism in graphene [5, 62, 63].

Furthermore, the sensitivity of graphene can be exploited in studying the proxim-
ity effects by integrating with other 2D materials. The recent emergence of number of
publications in the literature on the proximity studies speaks for its importance. Mag-
netic proximity effects can be studied in graphene in proximity with 2D ferromagnetic
materials such as CrI3 [179], Cr2Ge2Te6, [180] and MnSe2 [181]. In future, it would be
interesting to demonstrate a graphene spin valve heterostructure completely made
out of 2D materials. For example, CrI3/(1-3L)hBN/graphene/thick-hBN where CrI3
acts as a 2D ferromagnetic source for inducing spin accumulation in graphene, 1-3L
hBN acts as a 2D tunnel barrier, and thick-hBN acts as a bottom substrate. Besides,
the proximity of a TMDC to induce spin-orbit coupling in graphene will add new
functionalities to spintronic devices [36–47].

In conclusion, graphene-hBN heterostructures have been the stepping stone in
revolutionizing and redefining the research of spin transport in graphene, enabling
an order of magnitude improvement in the spin-injection/detection and transport pa-
rameters. The obtained results are quite promising, and with the available technology
and understanding, and by adapting new device geometries proposed in this review,
the figure of merit of the graphene spintronic devices can be improved further.
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[28] Guimarães, M. H. D. et al. Spin transport in high-quality suspended graphene devices. Nano Lett. 12,

3512–3517 (2012).
[29] Neumann, I. et al. Electrical detection of spin precession in freely suspended graphene spin valves

on cross-linked poly(methyl methacrylate). Small 9, 156–160 (2013).
[30] Maassen, T. et al. Long spin relaxation times in wafer scale epitaxial graphene on SiC0001. Nano Lett.

12, 1498–1502 (2012).



8

142 8. Electrical spin injection, transport, and detection in gr/hBN ...

[31] Dlubak, B. et al. Highly efficient spin transport in epitaxial graphene on SiC. Nature Phys. 8, 557–561
(2012).

[32] Maassen, T. et al. Localized states influence spin transport in epitaxial graphene. Phys. Rev. Lett. 110,
067209 (2013).

[33] Yan, W. et al. Long spin diffusion length in few-layer graphene flakes. Phys. Rev. Lett. 117, 147201
(2016).

[34] Leutenantsmeyer, J. C. et al. Proximity induced room temperature ferromagnetism in graphene
probed with spin currents. 2D Mater. 4, 014001 (2017).

[35] Singh, S. et al. Strong modulation of spin currents in bilayer graphene by static and fluctuating
proximity exchange fields. Phys. Rev. Lett. 118, 187201 (2017).

[36] Cummings, A. W. et al. Giant spin lifetime anisotropy in graphene induced by proximity effects.
Phys. Rev. Lett. 119, 206601 (2017).

[37] Garcia, J. H., Cummings, A. W. & Roche, S. Spin hall effect and weak antilocalization in graph-
ene/transition metal dichalcogenide heterostructures. Nano Lett. 17, 5078–5083 (2017).

[38] Gmitra, M. et al. Trivial and inverted dirac bands and the emergence of quantum spin hall states in
graphene on transition-metal dichalcogenides. Phys. Rev. B 93, 155104 (2016).

[39] Yan, W. et al. A two-dimensional spin field-effect switch. Nat. Commun. 7, 13372 (2016).
[40] Wang, Z. et al. Strong interface-induced spinorbit interaction in graphene on WS2. Nat. Commun. 6,

8339 (2015).
[41] Omar, S. & van Wees, B. J. Graphene-WS2 heterostructures for tunable spin injection and spin

transport. Phys. Rev. B 95, 081404 (2017).
[42] Omar, S. & van Wees, B. J. Spin transport in high-mobility graphene on WS2 substrate with electric-

field tunable proximity spin-orbit interaction. Phys. Rev. B 97, 045414 (2018).
[43] Dankert, A. & Dash, S. P. Electrical gate control of spin current in van der waals heterostructures at

room temperature. Nat. Commun. 8, 16093 (2017).
[44] Luo, Y. K. et al. Opto-valleytronic spin injection in monolayer MoS2/Few-layer graphene hybrid

spin valves. Nano lett. 17, 3877–3883 (2017).
[45] Avsar, A. et al. Optospintronics in graphene via proximity coupling. ACS Nano 11, 11678–11686

(2017).
[46] Ghiasi, T. S. et al. Large proximity-induced spin lifetime anisotropy in transition-metal dichalco-

genide/graphene heterostructures. Nano lett. 17, 7528–7532 (2017).
[47] Benitez, L. et al. Strongly anisotropic spin relaxation in graphene/WS2 van der waals heterostructures.

arXiv:1710.11568 (2017).
[48] Hill, E. W. et al. Graphene spin valve devices. IEEE Transactions on Magnetics 42, 2694–2696 (2006).
[49] Nishioka, M. & Goldman, A. M. Spin transport through multilayer graphene. Appl. Phys. Lett. 90,

252505 (2007).
[50] Ohishi, M. et al. Spin injection into a graphene thin film at room temperature. Jpn. J. Appl. Phys. 46,

L605 (2007).
[51] Cho, S., Chen, Y.-F. & Fuhrer, M. S. Gate-tunable graphene spin valve. Appl. Phys. Lett. 91, 123105

(2007).
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[129] Garzon, S., Žutić, I. & Webb, R. A. Temperature-dependent asymmetry of the nonlocal spin-injection

resistance: Evidence for spin nonconserving interface scattering. Phys. Rev. Lett. 94, 176601 (2005).
[130] Park, J.-H. & Lee, H.-J. Out-of-plane magnetoresistance in ferromagnet/graphene/ferromagnet

spin-valve junctions. Phys. Rev. B 89, 165417 (2014).



8

146 8. Electrical spin injection, transport, and detection in gr/hBN ...

[131] Li, B., Chen, L. & Pan, X. Spin-flip phenomena at the Co|graphene|Co interfaces. Appl. Phys. Lett. 98,
133111 (2011).

[132] Volmer, F. et al. Suppression of contact-induced spin dephasing in graphene/MgO/Co spin-valve
devices by successive oxygen treatments. Phys. Rev. B 90, 165403 (2014).

[133] Wang, W. H. et al. Magnetotransport properties of mesoscopic graphite spin valves. Phys. Rev. B 77,
020402 (2008).

[134] Avsar, A. et al. Toward wafer scale fabrication of graphene based spin valve devices. Nano Lett. 11,
2363–2368 (2011).

[135] Abel, J. et al. Fabrication of an electrical spin transport device utilizing a diazonium salt/hafnium
oxide interface layer on epitaxial graphene grown on 6 H-SiC (0001). Journal of Vacuum Science &
Technology B, Nanotechnology and Microelectronics: Materials, Processing, Measurement, and Phenomena
30, 04E109 (2012).

[136] Komatsu, K. et al. Spin injection and detection in a graphene lateral spin valve using an yttrium-oxide
tunneling barrier. Appl. Phys. Express 7, 085101 (2014).

[137] Singh, S. et al. Strontium oxide tunnel barriers for high quality spin transport and large spin
accumulation in graphene. Nano Lett. (2017).

[138] Ahmed, A. S. et al. Molecular beam epitaxy growth of SrO buffer layers on graphite and graphene
for the integration of complex oxides. Journal of Crystal Growth 447, 5–12 (2016).

[139] Amamou, W. Spin and charge spin transport in 2d materials and magnetic insulator/metal het-
erostructures. UC Riverside Electronic Theses and Dissertations (2017).

[140] Friedman, A. L. et al. Hydrogenated graphene as a homoepitaxial tunnel barrier for spin and charge
transport in graphene. ACS Nano 9, 6747–6755 (2015).

[141] Friedman, A. L. et al. Homoepitaxial tunnel barriers with functionalized graphene-on-graphene for
charge and spin transport. Nat. Commun. 5, 3161 (2014).

[142] Neumann, I. et al. Enhanced spin accumulation at room temperature in graphene spin valves with
amorphous carbon interfacial layers. Appl. Phys. Lett. 103, 112401 (2013).

[143] Kamalakar, M. V., Dankert, A. & Dash, S. P. Spintronics with graphene and van der waals het-
erostructures. In Contemporary Topics in Semiconductor Spintronics, 241–258 (World Scientific, 2017).

[144] Lee, G.-H. et al. Electron tunneling through atomically flat and ultrathin hexagonal boron nitride.
Appl. Phys. Lett. 99, 243114 (2011).

[145] Britnell, L. et al. Electron tunneling through ultrathin boron nitride crystalline barriers. Nano Lett. 12,
1707–1710 (2012).

[146] Jain, N. et al. Monolayer graphene/hexagonal boron nitride heterostructure. Carbon 54, 396–402
(2013).

[147] Ji, Y. et al. Boron nitride as two dimensional dielectric: Reliability and dielectric breakdown. Appl.
Phys. Lett. 108, 012905 (2016).

[148] Wu, Q. et al. Efficient spin injection into graphene through a tunnel barrier: Overcoming the
spin-conductance mismatch. Phys. Rev. Appl. 2, 044008 (2014).

[149] Roche, S. & Valenzuela, S. O. Graphene spintronics: Puzzling controversies and challenges for spin
manipulation. J. Phys. D: Appl. Phys. 47, 094011 (2014).

[150] Allain, A. et al. Electrical contacts to two-dimensional semiconductors. Nat. Mater. 14, 1195 (2015).
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Appendix: Theory

Abstract

In this Appendix, a derivation of the nonlocal resistance Rnl is given by considering a
one dimensional spin diffusion transport in a non-magnetic channel. At first, a relation
between the nonlocal voltage V and the spin chemical potential underneath the detector
µN

s (x = L) is derived. Then the Bloch equation is solved for the spin diffusion in the
non-magnetic channel to find µN

s (x = L). The derivations given here follow the analysis
from Refs.[1–4]. A special case of three-terminal geometry is also considered for deriving
the expression for the Hanle spin precession signal.

A.1 Nonlocal spin transport

A.1.1 Spin injection: Nonlocal

Injection Ferromagnet(at x=0): In a typical lateral non-local spin valve measurements,
F lies across the width of the N. Consider the geometry and directions depicted in
the schematics of a non-local spin injection and detection technique (Fig. 2.2). The
charge current IF, and the spin current IF

s associated with it being injected along −ẑ,
where jF = IF/(WNW F) and jF

s = IF
s /(W

NW F) with the width of the non-magnet
(WN), and the ferromagnet (W F).

For the injector F/N contact at x=0, we can do the similar analysis as in section 2.2
to obtain the spin accumulation in F1 µF1

s (z), the spin current density in F1 jF1
s , and

the spin current across the F/N contact jC1
s . We can also obtains the spin injection

efficiency or the current spin polarization of the injection contact Pin = js
j , given by:

PC1
in =

P F1
σ R

F1 + PC1
σ RC1

RF1 +RC1 +RN (A.1)

where, superscripts F1 (F2) and C1 (C2) represents the F and C at the injector,
x=0(detector, x=L). where RF is the effective resistance of F,

RF =
λF

WNW FσF

RF
s

(1− P F
σ

2
)
, (A.2)
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RC1 is the effective resistance of the injector F/N contact,

RC1 =
1

WNW FσC1

RC1
s

(1− PC1
σ

2
)
, (A.3)

RN is the effective resistance or spin resistance (RN
s ) of the N,

RN = RN
s =

λN

WNσN .
(A.4)

A.1.2 Spin detection: Nonlocal

In the non-local measurement geometry, the electrical spin is injected from F at x=0
(F1). The injected spin accumulation diffuses along either side of F1 along x̂ and
detected by another F at x=L (F2) by the Johnson-Silsbee spin-charge coupling[5, 6].
Since the injected charge current I flows along -x̂, there is no charge current flow at
the detector at x=+L. When a high resistance probe (voltmeter) is connected across the
detector F2 and far end of N, an electro motive force (emf) appears in the circuit which
is the difference in chemical potentials at the both ends. The emf can be detected as
(non-local)voltage drop (V ) across the F/N detector contact, given by

V = µN(x =∞, z = 0)− µFL(x = L, z =∞) (A.5)

Detection Ferromagnet(at x=L): For the F/N detector at x=L, I = 0. By assuming a
finite µFL

s (z =∞), one can integrate Eq. 2.6 for F2 at x=L,

µF2(z =∞)− µF2(z = 0) = P F2
σ µ

F2
s (z = 0) (A.6)

and for N at z=0,

µN(x =∞) = µN(x = L) (A.7)

Detection F/N contact(at x=L): The chemical potential difference for the F/N contact
at x=L is given by,

µN(z = 0)− µF2(z = 0) = −PC2
σ [µN

s (z = 0)− µF
s (z = 0)] (A.8)

Therefore, V from Eq. A.5 can be written as,

V = (−PC2
σ [µN

s (z = 0)− µF
s (z = 0)]− P F2

σ [µF2
s (z = 0)] (A.9)

The spin current in the detector ferromagnet F2 and the detector F/N contact C2
can be written (similar to that of for F1 Eq. 2.12 and C1 Eq. 2.14),

jF2
s (z) = −µ

F2
s (z)

RF2

jC2
s =

[µF2
s (0)− µN2

s (0)]

RC2

(A.10)
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Assuming the continuity of the spin current for the detector contact:

jF2
s = jC2

s (z = 0) (A.11)

From Eqs. A.10 and A.11, the spin current in the detector is obtained:

jC2
s (z = 0)(RF2 +RC2) = −µN

s (z = 0)

µF2
s =

RF2µN
s

RF2 +RC2

(A.12)

Using Eqs. A.12 and A.9, the voltage across the detector contact is obtained,

V = −P
F2
σ R

F2 + PC2
σ RC2

RF2 +RC2 µN
s (x = L) (A.13)

Here, the value of spin accumulation beneath the detector contact µN
s (x = L) can be

obtained by solving the diffusion equation for the N, as described in the next section.
The spin detection polarization (PC2

d ) of the F/N detector contact is defined as the
ratio of the voltage being measured to the spin accumulation underneath the detector
contact,

PC2
d =

V

µN
s (x = L)

=
P F2
σ R

F2 + PC2
σ RC2

RF2 +RC2 ≡ PC2
in
RF2 +RC2 +RN

RF2 +RC2 (A.14)

Note that spin detection polarization PC2
d cannot be defined in the form of a ratio of spin

current to the charge current, and its form is different from the current spin injection
polarization that is defined earlier for the injector contact PC1

in (Eq. A.1). Moreover, under
the condition of the large contact resistance for the detector, i.e., RC2 � (RF2, RN), the
spin detection polarization becomes equivalent to its current spin injection polariza-
tion and , PC2

d ' PC2
in . Therefore, for high resistance contacts, we can use the spin

injection and detection polarization anonymously. However, under the application of
external bias across a contact, its spin injection and detection polarization are different
(see Chapter 6).

When the non-equilibrium spin accumulation is finite at the far end of the N, i.e,
µN

s (x −→∞) 6= 0, above equation can also be written as[7],

V = −P
F2
σ R

F2 + PC2
σ RC2

RF2 +RC2 +RN µN
s (x =∞) ≡ −PC2

d µN
s (x =∞) (A.15)

A.1.3 Spin diffusion: Nonlocal

Non-magnetic diffusion channel: The transport of spins in N can be described by
considering two spin current channels for up-spin and down-spin[8], using the spin
diffusion equation in the steady state 2.10.



A

152 A. Appendix: Theory

To obtain µN
s (x = L) in Eq. A.13, consider a general case where the spins also

precess in the presence of external magnetic field applied normal to the spin injection
in N, i.e, B = Bz ẑ. In case of spin precession during the spin transport in N, one needs
to solve the Bloch equation for µN

s (x = L):

dµN
s

dt
= Ds 52 µN

s −
µN

s

τ
+ ωL × µN

s (A.16)

where µs is the spin accumulation in 3D, Ds is the spin diffusion constant, τs is the
spin relaxation time, and ωL = gµBBz

h̄ is the Larmor precession frequency caused
by the magnetic field Bz , Bohr magneton µB , and the gyromagnetic factor g(=2 for
electrons). The spin current in the non-local channel of N where the charge current is
zero, is given by(using Eq. 2.13),

IN
s = −WNσN 5 µN

s = −λN5µN
s

RN (A.17)

where RN(= RN
s ) is the effective resistance or spin resistance of the N, given by

Eq. A.4.

The above equations describe the diffusion of spin accumulation µN
s = µN

sxx̂ +

µN
syŷ + µN

szẑ in 3D. However, in the case of very thin N materials like graphene, spin
diffusion in the direction normal to the surface can be ignored, limiting the diffusion
to 2D. When the spin injection contacts laid across the width of the 2D N and the spin
injection is assumed to be uniform across the F/N interface, the spin diffusion can be
further reduced to 1D.

Consider the 1D spin diffusion in the N, say, along x-direction, then the above

equation can be written in the steady state (dµ
N
s
dt =0) as,

D
d2

dx2

(
µN

sx

µN
sy

)
− 1

τs

(
µN

sx

µN
sy

)
+ ωL

(
−µN

sy

µN
sx

)
= 0 (A.18a)

D
d2µN

sz

dx2
− µN

sz

τs
= 0 (A.18b)

Then the solution to the above equations under the boundary conditions µN
sx,sy,sz(x −→
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±∞) −→ 0, is given by,

µN
sz =


µN-

sz = A+e+k1x, x ≤ 0

µN0
sz = A+

0 e
+k1x +A−0 e

−k1x, 0 < x < L

µN+
sz = A−e−k1x, x ≥ 0

(A.19)

µN
sx =


µN-

sx = B+e+k2x + C+e+k̃2x, x ≤ 0

µN0
sx = B+

0 e
+k2x +B−0 e

−k2x + C+
0 e

+k̃2x + C−0 e
−k̃2x, 0 < x < L

µN+
sx = B−e+k2x + C−e+k̃2x, x ≥ 0

(A.20)

µN
sy =


µN-

sy = −iB+e+k2x + iC+e+k̃2x, x ≤ 0

µN0
sy = −iB+

0 e
+k2x − iB−0 e−k2x + iC+

0 e
+k̃2x + iC−0 e

−k̃2x, 0 < x < L

µN+
sy = −iB−e+k2x + iC−e+k̃2x, x ≥ 0

(A.21)

where k1 = 1
λ , k2 = k1

1
1+iωτ , and k̃2 is the complex conjugate of k2. The constants in

the above equations can be determined by imposing the boundary conditions. The
equations with boundary condition on continuity of µN

s at x=0 and x=L can be written
as,

at x=0


µN-

sz (x = 0) = µN0
sz (x = 0)

µN-
sx (x = 0) = µN0

sx (x = 0)

µN-
sy (x = 0) = µN0

sy (x = 0)

(A.22)

at x=L


µN-

sz (x = L) = µN0
sz (x = L)

µN-
sx (x = L) = µN0

sx (x = L)

µN-
sy (x = L) = µN0

sy (x = L)

(A.23)

Another boundary condition on conservation of spin current at each contact gives,

At x=0 : IC
s (x = 0)(−ẑ) = IN-

sx (x = 0)(−x̂) + IN0
sx (x = 0)(x̂) (A.24)

=⇒


−5 µN-

sz (x = 0) +5µN0
sz (x = 0)− 1

r0
µN

sz(x = 0) = 0

−5 µN-
sx (x = 0) +5µN0

sx (x = 0)− 1
r0
µN

sx(x = 0) = ∆

−5 µN-
sy (x = 0) +5µN0

sy (x = 0)− 1
r0
µN

sy(x = 0) = 0

(A.25)

And, at x=L : IC
s (x = L)(−ẑ) = IN0

sx (x = L)(−x̂) + IN+
sx (x = L)(x̂) (A.26)

=⇒


−5 µN0

sz (x = L) +5µN+
sz (x = L)− 1

rL
µN

sz(x = L) = 0

−5 µN0
sx (x = L) +5µN+

sx (x = L)− 1
rL
µN

sx(x = L) = 0

−5 µN0
sy (x = L) +5µN+

sy (x = L)− 1
rL
µN

sy(x = L) = 0

(A.27)
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where the r-parameter[2], r = WNσN(RF + FC), defined for the injector (r1) and the
detector(r2) F/N contacts, and

r = WNσN(RF +RC)

∆ =
I

WNσN

P F1
σ R

F1 + PC1
σ RC1

RF1 +RC1 ≡ I

WNσNP
C1
in = IPC1

d
R1

r1

PC1
d =

P F1
σ R

F1 + PC1
σ RC1

RF1 +RC1

(A.28)

where PC1
d is the spin detection polarization of the injector contact C1 at x=0, similar to

spin detection polarization of the detector contact C2 PC2
d in Eq. A.14 in the four-terminal

nonlocal measurement geometry[Fig. 2.2].
The above system of equations can be solved, for example, using MATLAB

program, to obtain the 12 constants. Therefore the value of interest, µN
sy(x = L) =

−iB−e+k2x + iC−e+k̃2x, is determined as

µN
sy(x = L) = −2<

{
∆r1r2k2e

−k2L

(1 + 2r1k2)(1 + 2r2k2)− e−2k2L

}
(A.29)

where < denotes the real part.
Using Eq. A.28, the V from Eq. A.13 can be written as,

V = −PC2
d
R2

r2

λN

RNµ
N
s (x = L) (A.30)

Combining Eqs. A.29 and A.30, the non-local resistance Rnl = V
I in the presence

of the external magnetic field and thus the spin precession is given by,

Rnl = ±1

2
PC1

in P
C2
d RN<

{
λNk2

4e−k2L

(1 + 2r1k2)(1 + 2r2k2)− e−2k2L

}[
R1R2

RN2

]
(A.31)

A.2 Three-terminal Hanle measurements

For a long time, spin polarization in semiconductors (SC) was studied either by
optical injection and optical detection[9, 10], or by electrical injection and optical
detection[7, 11, 12] techniques. Both methods have been widely used for GaAs due
to its direct bandgap. However, due to indirect bandgap in Si, the efficiency of the
creation and detection of spin polarization in Si is limited[13].

On the other hand, all-electric spin injection and detection in the non-local lateral
geometry for the semiconductors was challenging due to the conductivity mismatch
problem. Therefore, a three-terminal (3T) Hanle measurement technique was devel-
oped to demonstrate the electrical injection and detection of spin accumulation in a
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Figure A.1: Three-terminal Hanle spin precession measurement geometry. Only one F/N
contact is used for both the electrical spin injection and detection.

semiconductor, first at low temperature by Lou et al.[14](n-GaAs, below 60 K), and
later at room temperature by Dash et al.[15](n-Si and p-Si).

In a three-terminal Hanle geometry (Fig. A.1), a single magnetic tunnel contact is
used for electrical injection and detection of the non-equilibrium spin accumulation
underneath the contact. The measurement geometry is equivalant to the 4T non-local
Hanle measurement geometry with L=0. The measured signal includes the charge
contribution part which is due to the contact resistance (RC) and the spin contribution
part which is due to the spin accumulation under the contact.

The spin parameters of N can be characterized from the three-terminal Hanle mea-
surements where, similar to a four-terminal nonlocal Hanle measurement, a magnetic
field is applied perpendicular to the plane of the spin injection. The field depolarizes
the injected spin accumulation due to the spin precession, and the resulting signal
due to the Hanle effect for the tunneling contact(PC

in ∼ PC
d ≡ PC) can be written as:

R3T (B) = RC +
1

2
PC2

RN<
{

1√
1 + jωτ

}
(A.32)
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Summary

In the second half of the last century, we witnessed a revolution in microelectronics
technology towards digital electronics, from the invention of transistor to the powerful
microprocessor chips in our computers and smart phones. The electronic circuits
in these devices express the data as binary digits or bits, 0 and 1. This technology
created a billion-dollar industry over the years and now the electronic devices are
getting miniaturized to fit in our pockets as a result of packing more logic devices
into every chip. Currently, as of 2017, we have nearly reached the end of the Moore's
law as the size of an individual bit approaches the dimension of atoms, 1 nanometer.
In such compact devices, power dissipation is itself a challenge.

In order to overcome the current challenges of microelectronic devices such as the
power dissipation and downscaling, researchers have been exploring an additional
intrinsic property of electron, called spin, purely a quantum mechanical property.
Spin of an electron is roughly akin to the spinning of a child's top or to the directional
behavior of a compass needle. The top or compass needle can rotate clockwise or
anticlockwise, equivalent to the electron's spin which has up-spin and down-spin
directions in relation to the magnetic field. One advantage of spin over charge of
electron is that the spin of an electron can carry information which can be manipulated
by the external magnetic field without consuming or dissipating power. The very
first devices of this relatively new field of research, called Spintronics, have already
surfaced and have been commercialized, for example, the properties of electron spins
are already in use in magnetic sensors and magnetic random access memories in the
hard disk drives of our day to day electronic devices.

Moreover, in order to overcome the challenges with downscaling or miniaturizing
the next generation spintronic devices, researchers are also exploring new type of ma-
terials that could host the movement of spins for a large distances and long durations.
Graphene, a one-atom thick two-dimensional layer of carbon atoms, discovered in
the beginning of this century, holds the promise for spintronics applications due to
the predictions of a large spin transport length and a long spin relaxation time in this



158 Summary

material. However, in practice, the transport of spins in graphene is difficult due to
randomization of spins after a short while, and the present research community is
focused on finding the problems and overcoming the challenges posed for such low
performance of graphene based spintronics devices.

It has been nearly a decade since the first demonstration of the spin transport
which showed relatively small spin relaxation time and spin diffusion lengths. The
subsequent efforts in this field suggest that the underlying substrate, impurities on
graphene's surface and the quality of the contacts play a crucial role in influencing its
transport properties. The research work presented in this thesis contributes towards
addressing these issues altogether using a new type of device geometry.

This thesis presents for the first time a new device structure for graphene spintron-
ics where graphene is fully encapsulated between two hexagonal boron nitride (hBN)
layers to address the challenges due to the substrate, the effect of contacts, and the
inhomogeneity in the charge and the spin transport properties.

Several experiments suggest that one important factor limiting the spin trans-
port in graphene is the quality of ferromagnetic tunnel contacts which consist of
ferromagnet(FM)/tunnel-barrier/graphene junctions. In Chapter 5, we tried to ad-
dress this issue using a single-layer hBN tunnel barrier in place of the conventional
oxide barriers. Additionally, the same tunnel barrier layer protects the graphene
underneath from coming in contact with the lithographic impurities due to the litho-
graphic processes.

The presented charge transport characteristics in this device show that the ex-
tracted charge mobility values lie close to each other for different regions of the
encapsulated graphene. The spin transport measurements resulted in consistent
spin relaxation parameters which do not differ much for the different regions of the
encapsulated graphene. Besides, we also observed spin transport across a 12.5 µm
graphene channel encapsulated under a monolayer-hBN-tunnel barrier even in the
presence of conductivity mismatched electrodes, indicating the pin-hole free nature
of hBN and the clean interface of hBN with graphene.

These results indicate the potential for using hBN as a substrate and as a tunnel
barrier for investigating the intrinsic spin transport properties of graphene in a clean
environment. However, due to the relatively low interface resistance-area RcA prod-
uct, with monolayer-hBN barriers, there is a need to use a higher number of hBN
layers for non-invasive spin injection and detection. The value of RcA product quanti-
fies the backflow of spins to FM. Moreover, large spin-injection polarizations have
been predicted in FM/hBN/graphene systems as a function of bias with increasing
number of hBN layers.

Biasing ferromagnet/thin-hBN/graphene systems has not been explored in the lit-
erature, whereas it is predicted to show rich physics in terms of creating electric-fields,
electrostatic gating of the graphene, and potentially inducing magnetic proximity
exchange splitting in graphene. In order to explore such phenomena, in Chapter 6,
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we study how the differential spin-injection and detection polarizations depend on
the electric field applied across the cobalt/bilayer-hBN/graphene tunneling contacts.
Our spin-transport measurements at room temperature reveal surprisingly large bias
induced differential spin-injection and detection polarizations up to ±100%, and a
unique sign inversion of polarizations near zero bias.

Using the large values of spin-injection and detection polarizations, we demon-
strate a two-terminal spin-valve with a record magnitude of the differential inverted
spin signals up to 800 Ω and magnetoresistance ratio of 2.7%. Moreover, we also
observe unambiguous evidence of spin transport in the two-terminal measurement
geometry via Hanle spin precession measurements using the bilayer-hBN tunnel
barrier contacts, given in Chapter 8. This is the first demonstration of a two-terminal
Hanle signal and these results are technologically desirable for practical graphene
spintronic applications.

We also provide suggestions to improve the two-terminal magnetoresistance
signals even further and enhance spin-accumulation in graphene beyond room-
temperature thermal energy, kBT, which would open up a completely new regime
to study the spin transport in graphene. These results indicate the uniqueness of
bilayer-hBN tunnel barriers for achieving unprecedented large spin-injection and
detection polarizations in graphene in a fully hBN encapsulated environment. Fur-
thermore, a two-terminal spin-valve effect with such controlled values of the large
spin-accumulation and high magnetoresistance ratio is a step closer towards realizing
practical graphene based spin field-effect transistors.

So far, we used exfoliated-hBN as a barrier for electrical spin injection and detec-
tion. This material is of higher quality and can be obtained easily by repeated peeling
of the layers of hBN crystals down to the mono, bi or tri layers. However, for the
future industry-scale applications, it is important to produce large scale chemical
vapour deposition (CVD) grown materials. In this respect, in Chapter 7 we study the
electrical spin injection in graphene using a layer-by-layer-stacked two-layers of CVD
grown hBN tunnel barrier.

Ferromagnetic contacts with large-area CVD grown hBN tunnel barriers were
reported to give high spin injection polarizations in graphene. It has also been
reported that the high-mobility graphene on hBN substrate shows long distance spin
transport. In this chapter, we address the possibility of combining high-mobility
graphene on a hBN substrate with a large-area two-layer-CVD-hBN tunnel barrier for
efficient spin transport.

We observe low-mobility and small spin relaxation time in our devices, due to
the degraded quality of graphene by the traditional wet transfer of CVD-hBN. We
also find both positive and negative differential spin polarizations for two-layer-CVD-
hBN barrier contacts. Moreover, unlike exfoliated-hBN barrier contacts reported in
Chapter 6, the spin polarization does not change its sign within the range of ±0.3 V
bias, and its magnitude increases only at large negative bias values. These features
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mark a distinction between the two-layer-CVD-hBN, and the bilayer-exfoliated-hBN
tunnel barriers reported in Chapter 6.

A large magnitude of spin polarization up to 15% at -0.2 V bias for two-layer-CVD-
hBN barriers contacts indicates the potential of using CVD-hBN tunnel barrier for
large-area spintronic applications. Moreover, considering the obtained results, we
emphasize that, along with the thickness of the tunnel barrier, other parameters play
a significant role in determining the spin tunneling characteristics such as, the quality
and the relative alignment of two monolayers of hBN. From these results, we address
the fundamental nature of the spin injection via a CVD-hBN tunnel barrier which is
important for the spintronics community and also provides a deeper insight about
the possibility of using large-area CVD-hBN for future commercial applications.

In conclusion, the results presented in this thesis represent important develop-
ments towards understanding the nature of spin transport in graphene and spin
injection via hBN barriers. This understanding will certainly be helpful in overcom-
ing the challenges in realizing practical spintronic devices based on graphene-hBN
van der Waals heterostructures.

In the light of the growing interest in graphene spintronics, in Chapter 8 we
review the progress that has been made to reach the current status of graphene
spintronics research with respect to finding a suitable substrate for effective spin
transport and a tunnel barrier for efficient spin injection and detection. We also discuss
the recent state-of-the-art findings on spin transport in graphene-hexagonal boron
nitride heterostructures and identify current challenges for realizing true potential of
spin transport in graphene. We give our perspectives on what hBN entails for making
heterostructures with graphene for exploring interesting physics and realizing spin
based device applications.



Samenvatting

In de tweede helft van de vorige eeuw waren we getuige van een revolutie in de
micro-elektronische technologie richting digitale elektronica, van de uitvinding van de
transistor naar de krachtige microprocessorchips in onze computers en smartphones.
De elektronische schakelingen in deze apparaten drukken de gegevens uit als binaire
cijfers of bits, 0 en 1. Deze technologie heeft in de loop der jaren een miljardenindustrie
gecreëerd welke voortdurend bezig is om de elektronische apparaten steeds kleiner
te maken, zodat ze in onze broekzakken passen. Dit is het gevolg van steeds het
vervaardigen van meer logica-devices in elke chip. Op dit moment (2017) naderen
we het einde van de Wet van Moore, omdat de afmetingen van een individueel bit
de dimensie van atomen, 1 nanometer, nadert. In dergelijke compacte devices is het
omgaan met de vermogensdissipatie een uitdaging.

Om de huidige uitdagingen van micro-elektronische apparaten, zoals de ver-
mogensdissipatie en downscaling te overwinnen, hebben onderzoekers een extra
intrinsieke eigenschap van het elektron onderzocht, genaamd spin (een puur kwan-
tummechanische eigenschap). De spin van een elektron lijkt ruwweg op het draaien
van een tol of op het richtingsgedrag van een kompasnaald. De tol of kompasnaald
kan met de klok mee of tegen de klok in draaien, wat overeenkomt met de spin van
het elektron die opwaartse en neerwaartse spinrichtingen heeft ten opzichte van het
magnetische veld. Een voordeel van spin tegenover de lading van een elektron is dat
de spin van een elektron informatie kan dragen die kan worden gemanipuleerd door
een extern magnetisch veld zonder hierbij vermogen te dissiperen. De allereerste
toepassingen van dit relatief nieuwe onderzoeksveld, Spintronica genaamd, zijn al
ontstaan en op de markt gebracht. De eigenschappen van elektronenspins zijn bij-
voorbeeld al in gebruik in magnetische sensoren en magnetische RAM-geheugens in
de harde schijven van onze alledaagse elektronische apparaten.

Om de uitdagingen met downscaling of het miniaturiseren van de spintronische
devices van de volgende generatie te overwinnen, verkennen onderzoekers boven-
dien nieuwe soorten materialen die de beweging van spins over grote afstanden en
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lange duur kunnen faciliteren. Grafeen, een één-atoom duune tweedimensionale laag
koolstofatomen, ontdekt in het begin van deze eeuw, is veelbelovend voor spintronica-
toepassingen vanwege de voorspellingen van een grote spintransportlengte en een
lange spin-relaxatietijd in dit materiaal. In de praktijk is het transport van spins in
grafeen echter moeilijk door randomisatie van spins na een korte tijd, en de huidige
onderzoeksgemeenschap is gericht op het vinden van de problemen en het overwin-
nen van de uitdagingen die gesteld worden voor dergelijke lage prestaties van op
grafeen gebaseerde spintronica-devices.

Het is bijna een decennium geleden sinds de eerste demonstratie van spintransport
dat relatief kleine spinrelaxatietijd en spindiffusielengtes liet zien. De daaropvolgende
inspanningen op dit gebied suggereren dat het onderliggende substraat, onzuiver-
heden op het oppervlak van grafeen en de kwaliteit van de contacten een cruciale
rol spelen bij het beı̈nvloeden van de transporteigenschappen. Het onderzoekswerk
dat gepresenteerd wordt in dit proefschrift draagt bij aan het volledig aanpakken van
deze problemen met behulp van een nieuw type device-geometrie.

Dit proefschrift presenteert als eerste een nieuwe device-structuur voor grafeen-
spintronica waarbij grafeen volledig is ingekapseld tussen twee hexagonale boorni-
tride (hBN) -lagen om de uitdagingen te overwinnen als gevolg van het substraat,
het effect van contacten en de inhomogeniteit in de lading en de eigenschappen van
spintransport.

Verschillende experimenten suggereren dat de kwaliteit van ferromagnetische tun-
nelcontacten die bestaan uit ferromagneet (FM)/tunnelbarrière/grafeenovergangen
een belangrijke factor is die het spintransport in grafeen beperkt. In Hoofdstuk 5
hebben we geprobeerd dit probleem aan te pakken met een enkele laag hBN-tunnel-
barrière in plaats van de conventionele oxidebarrières. Bovendien voorkomt dezelfde
tunnel-barrièrelaag dat het onderliggende grafeen in contact komt met de lithografis-
che verontreinigingen als gevolg van de lithografische processen.

De gepresenteerde ladingstransportkarakteristieken van dit device laten zien dat
de verkregen ladingsmobiliteitswaarden dicht bij elkaar liggen voor verschillende
gebieden van het ingekapselde grafeen. De spintransportmetingen resulteerden in
consistente spinrelaxatieparameters die niet veel verschillen voor de verschillende
gebieden van het ingekapselde grafeen. Daarnaast hebben we ook spintransport
waargenomen over een grafeenkanaal van 12,5 µm dat is ingekapseld onder een
monolaag hBN-tunnelbarrière, zelfs in de aanwezigheid van geleidende elektroden,
wat de pin hole-vrije aard van hBN en de schone interface van hBN met grafeen
aangeeft.

Deze resultaten duiden op het potentieel van het gebruik van hBN als substraat en
als tunnelbarrière voor het onderzoeken van de intrinsieke spintransporteigenschap-
pen van grafeen in een schone omgeving. Vanwege het RcA-product met relatief
lage interfaceweerstand, met monolaag-hBN-barrières, is er echter behoefte aan een
hoger aantal hBN-lagen voor niet-invasieve spininjectie en -detectie. De waarde van
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het RcA-product kwantificeert de terugstroming van spins naar de FM. Bovendien
worden grote spin-injectiepolarisaties voorspeld in FM/hBN/grafeensystemen als
een functie van de bias met toenemend aantal hBN-lagen.

Biasing van ferromagneet/dun-hBN/grafeensystemen is niet onderzocht in de
literatuur, terwijl wordt voorspeld dat het interessante eigenschappen vertoont op het
gebied van het creëren van elektrische velden, elektrostatische ‘gating’ van het grafeen
en mogelijke inducering van splitsing van energiestaten door magnetische exchange
interactie in grafeen. Om dergelijke verschijnselen te onderzoeken, onderzoeken we
in Hoofdstuk 6 hoe de differentiële spin-injectie en detectiepolarisaties afhankelijk zijn
van het elektrische veld dat wordt aangebracht over de kobalt/bilaag-hBN/grafeen-
tunnelingcontacten. Onze spintransportmetingen bij kamertemperatuur onthullen
verrassend grote bias-geı̈nduceerde differentiële spininjectie en detectie-polarisaties
tot ±100%, en een unieke tekeninversie van polarisaties in de buurt van nul bias.

Gebruikmakend van de grote waardes van spin-injectie en detectiepolarisaties,
demonstreren we een tweepolige spin-valve met een recordomvang van de differ-
entiële geı̈nverteerde spinsignalen tot 800 Ω en een magnetoweerstandsratio van
2,7%. Bovendien zien we ook duidelijk bewijs van spintransport in de twee-terminal
meetgeometrie via Hanle-spinprecessie-metingen met behulp van de bilaag-hBN-
tunnelbarrièrecontacten, beschreven in Hoofdstuk 8. Dit is de eerste demonstratie van
een Hanle-signaal met twee terminals en deze resultaten zijn technologisch wenselijk
voor praktische grafeen-spintronische toepassingen.

We geven ook suggesties om de tweepolige magnetoweerstand signalen nog
verder te verbeteren en de spin-accumulatie in grafeen te verbeteren bij temperaturen
boven kamertemperatuur, kBT, waardoor een volledig nieuw regime ontstaat om het
spintransport in grafeen te bestuderen. Deze resultaten geven het unieke karakter van
dubbellaags hBN-tunnelbarrières aan voor het bereiken van ongekende grote spin-
injectie en detectiepolarisaties in grafeen in een volledig hBN-ingekapselde omgeving.
Verder is een tweepolig spin-valve-effect met dergelijke gecontroleerde waarden van
de grote spinaccumulatie en hoge magnetoweerstandsratio een stap dichter bij het
realiseren van praktische op grafeen gebaseerde spin-veldeffecttransistors.

Tot dusverre gebruikten we geëxfoliëerd hBN als een barrière voor elektrische spin-
injectie en -detectie. Dit materiaal is van hogere kwaliteit en kan gemakkelijk worden
verkregen door herhaaldelijk afpellen van lagen van hBN-kristallen tot de mono-, bi-
of tri-lagen. Voor toekomstige toepassingen op industriële schaal is het echter van
belang om materialen met groot oppervlak met chemical vapour deposition (CVD) te
produceren. In dit verband bestuderen we in Hoofdstuk 7 de elektrische spininjectie
in grafeen met behulp van een laag-voor-laag gestapelde bilaag CVD-gegroeide
hBN-tunnelbarrière.

Van ferromagnetische contacten met CVD-gegroeide hBN-tunnelbarrières met
groot oppervlak wordt gemeld dat deze een hoge spininjectiepolarisatie in grafeen
hebben. Er is ook gerapporteerd dat hoge mobiliteit-grafeen op een hBN-substraat
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spintransport over lange afstand vertoont. In dit hoofdstuk bespreken we de mo-
gelijkheid om hoge mobiliteit-grafeen op een hBN-substraat te combineren met een
tweelaags-CVD-hBN-tunnelbarrière met groot oppervlak voor efficiënt spintransport.

We zien lage mobiliteit en kleine spin-relaxatietijd in onze devices, vanwege de
gedegradeerde kwaliteit van grafeen door de traditionele op polymeer gebaseerde
overdracht van CVD-hBN. We vinden ook zowel positieve als negatieve differentiële
spinpolarisaties voor tweelaags CVD-hBN-barrièrecontacten. Bovendien, in tegen-
stelling tot geëxfoliëerd-hBN-barrièrecontacten welke worden beschreven in Hoofd-
stuk 6, verandert het teken van de spinpolarisatie niet binnen het bereik van ±0,3
V bias, en de grootte ervan neemt alleen toe bij grote negatieve biaswaarden. Deze
kenmerken markeren een onderscheid tussen de uit twee lagen bestaande CVD-hBN
en de bilaag-geëxfoliëerde hBN-tunnelbarrières beschreven in Hoofdstuk 6.

Een grote mate van spinpolarisatie tot 15% bij een bias van -0,2 V voor twee-
laags CVD-hBN-barrières wijst op het potentieel van het gebruik van CVD-hBN-
tunnelbarrière voor grote schaal spintronica toepassingen. Gezien de verkregen resul-
taten, benadrukken we bovendien dat, naast de dikte van de tunnelbarrière, andere
parameters een belangrijke rol spelen bij het bepalen van de spin-tunnelingkenmerken
zoals de kwaliteit en de relatieve uitlijning van twee monolagen van hBN. Op ba-
sis van deze resultaten onderzoeken we de fundamentele aard van de spin-injectie
via een CVD-hBN-tunnelbarrière die belangrijk is voor de spintronica-gemeenschap
en biedt ook een dieper inzicht in de mogelijkheid om grote schaal CVD-hBN te
gebruiken voor toekomstige commerciële toepassingen.

Concluderend, de resultaten die gepresenteerd worden in dit proefschrift vertegen-
woordigen belangrijke ontwikkelingen in het begrijpen van de aard van spintransport
in grafeen en spin-injectie via hBN-barrières. Dit inzicht zal zeker helpen bij het over-
winnen van de uitdagingen bij het realiseren van praktische spintronische devices
gebaseerd op grafeen-hBN-van der Waals-heterostructuren.

In het licht van de groeiende interesse in grafeen-spintronica, bekijken we in
Hoofdstuk 8 de vooruitgang die is geboekt om de huidige status van grafeen-
spintronica-onderzoek te bereiken met betrekking tot het vinden van een geschikt
substraat voor effectief spintransport en een tunnelbarrière voor efficiënte spinin-
jectie en detectie. We bespreken ook de recente state-of-the-art bevindingen over
spintransport in grafeen-hexagonale boornitride-heterostructuren en bepalen huidige
uitdagingen voor het realiseren van het ware potentieel van spintransport in grafeen.
We geven onze ideeën op wat hBN inhoudt voor het maken van heterostructuren
met grafeen voor het verkennen van interessante fysica en het realiseren van op spin
gebaseerde device-toepassingen.
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సు క్ట్నాటన్సకి్స  ఉప్యోగాలకు అనక్సలంగా ట్రగాఫీన్ ఎదిగంది. రనీ, ఆచరణప్రంగా, ట్రగాఫీనోు  

సు న్ు రవాణా అనేది కొంత స్మయం తరాా త సు న్ు న్సయమరాహతూ ం రరణంగా క్ష్టం 

అవుతుంది. ట్రప్సి్తత ప్రిశోధకులు ట్రగాఫీన్ ఆధారిత సు క్ట్నాటన్సక్సి  ప్రిక్రాల యొక్క  ప్న్సతీర్లన్స
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తగ గంచే స్మస్ూ లన గురింిచడం మరియు వాటిక్త ఎదురయేూ  స్వాళ్ున అధిగమంచడంపై 

దృష్ట కేంట్రదీక్రించార్ల. 

స్తమార్ల దశాబ్దం ట్రక్తతం సు న్ ట్రానిో ు ర్ ట న్స మొదట క్నగొన్ా పుు డు, అది 

స్మపేక్షంగా తకుక వ సు న్ స్డలింపు స్మయం మరియు సు న్ విస్రిణ పొడవులన 

చూపించింది. ఈ రంగంలో తదుప్రి ట్రప్యతాా లు, ట్రగాఫీన్ ఆధారప్డిన్ ఉప్రితలం, ట్రగాఫీన్ 

పై ఉన్ా  మలినాలు మరియు రంాక్స టి  యొక్క  నాణూ త అనేవి దాన్స రవాణా లక్షణాలన 

ట్రప్భావితం చేయడంలో కీలక్ ాట్రత పోష్సి్మయన్స సూచిసి్తనాా యి. ఈ థీసస్క లో 

స్మరిు ంచబ్డిన్ ప్రిశోధన్ ప్న్స ఈ స్మస్ూ లన ప్యరిగిా కొత ిప్రిక్ర జ్ఞూ మతిన్స ఉప్యోగంచి 

ప్రిష్క రించడ్డన్సక్త దోహ్దప్డుతుంది. 

ఈ థీసస్క ట్రగాఫీన్ సు క్ట్నాట న్సకి్స  ోస్ం మొదటిస్మరి ఒక్ కొత ి ప్రిక్రానా్స  

ర్క్పొందిసి్తంది. అందులో ట్రగాఫీన్ న్స ప్యరిగిా రండు ష్ట్కక ణ బోరాన్ నైక్ట్ైడ్ (hBN) పొరల 

మధూ  అమరు టం దాా రా స్ట్ర్ి ేట్స, రంాక్స టి  ట్రప్భావం, ఛార్ ్మరియు సు న్ ట్రానిో ు ర్ ట 

లక్షణాలలో ఇనొ్హమోజన్సటీ వంటి స్వాళ్ున ప్రిష్క రించడ్డన్సక్త ట్రప్యతిా సి్తంది. 

ట్రగాఫీనోు  సు న్ ట్రానిో ు ర్ ట న్స ప్రిమతం చేసే ఒక్ ముఖ్ూ మైన్ రరక్ం-

ఫెట్రరోమాగా్న ట్స(FM)/టనా్న ల్-బాట్రరియర్/ట్రగాఫీన్ జంక్షను క్లిగ ఉన్ా  ఫెట్రరోఅయస్మక ంత 

టనా్న ల్ రంాక్స టి  యొక్క  నాణూ త అన్స అనేక్ ప్రిశోధన్లు సూచిసి్తనాా యి. చాప్టర్ 5 లో, 

మేము స్మంట్రప్దాయ ఆక్సి డ్ బాట్రరియర్ క్త బ్దులుగా ఒక్ పొర hBN టనా్న ల్-బాట్రరియర్ న్స 

ఉప్యోగంచి ఈ స్మస్ూ న ప్రిష్క రించడ్డన్సక్త ట్రప్యతిా ంచాము. అదే టనా్న ల్-బాట్రరియర్ 

పొర అదన్ంగా, లిథోట్రగాఫిక్స ట్రప్ట్రక్తయల రరణంగా క్లిగే లిథోట్రగాఫిక్స మలినాల నండి క్తంద 

ఉన్ా  ట్రగాఫీన్ న్స రాడుతుంది. 

ట్రగాఫీన్ యొక్క  వివిధ ట్రాంతాలోు  సేక్రించిన్ ఛార్ ్క్దలిక్ విలువలు ఒక్దాన్సకొక్టి 

దగ గరగా ఉనాా యన్స మా ప్రిక్రం చూపించే ఛార్ ్రవాణా లక్షణాలు సూచిసి్తనాా యి. సు న్ 

ట్రానిో ు ర్ట టష్న్ కొలతలు ట్రగాఫీన్ యొక్క  వివిధ ట్రాంతాలలో స్థసరరమైన్, ఇంచ్చమంచ్చ 

స్మాన్మైన్ సు న్ స్డలింపు ారామతులకు రరణమయాూ యి. అంతేరకుండ్డ, వాహ్క్ం 

స్రిపోన్స ఎలక్ట్ టోడుు ఉన్ా  స్థసరతిలో, ఒక్ మోనోలేయర్- hBN- టనా్న ల్ బాట్రరియర్ తో క్ప్ు బ్డి 

ఉన్ా  12.5 మైట్రకొమీటర్ ట్రగాఫీన్ ఛాన్ల్ అంతా సు న్ ట్రానిో ు ర్ ట న క్సడ్డ గమన్సంచాము.  

ఇది hBN యొక్క  పిన్ రంట్రధ రహత స్ా భావానా్స  మరియు ట్రగాఫీన్ తో hBN యొక్క  స్థకీ ున్ 

ఇంటరే్ట స్క న్స సూచిసి్తంది. 

ఈ ఫలితాలు ఒక్ శుట్రభమైన్ వాతావరణంలో ట్రగాఫీన్ యొక్క  అంతర గత సు న్ రవాణా 

లక్షణాలన ప్రిశోధించడ్డన్సక్త ఒక్ ఉప్రితలంగా మరియు ఒక్ టనా్న ల్-బాట్రరియర్ వలె hBN 

న ఉప్యోగంచ్చోగలిగే స్మమరార ూ నా్స  సూచిసి్మయి. రనీ, మోనోలేయర్-hBN బాట్రరియర్ క్త 

స్ంబ్ంధించి, స్మపేక్షంగా తకుక వ ఇంటరే్ట స్క-న్సరోధక్ ప్రిధి RcA ట్రాడక్స ట రరణంగా, నాన్-

ఇనేా సవ్ సు న్ ఇంజెక్షన్ మరియు డిటెక్షన్ ోస్ం అధిక్ స్ంఖ్ూ లో hBN పొరలన 

ఉప్యోగంచాలిి న్ అవస్రం ఉంది. FM వైపు సు న్ు యొక్క  తిర్లగుట్రప్వాహానా్స  RcA ట్రాడక్స ట 

విలువ ప్రిగణిసి్తంది. అంతేరకుండ్డ, hBN పొరల స్ంఖ్ూ  పెరిగే కొస్థదీద, FM/hBN/ట్రగాఫీన్ సస్టం 

లో పెదద సు న్ ఇంజెక్షన్ పోలరైజేష్న్ న్స బ్యాస్క యొక్క  ఫంక్షన్ గా అంచనా వేశార్ల. 

ఫెట్రరోమాగా్న ట్స/థిన్- hBN/ట్రగాఫీన్ సస్టమ్ి  న్స బ్యాస్క చేయటం దాా రా విదుూ త్-

క్షేట్రతాలు, ట్రగాఫీన్ యొక్క  ఎలెక్ట్ టోస్మట టిక్స గేటింగ్, మరియు ట్రగాఫీనోు  అయస్మక ంత స్మమీప్ూ  



స్మరాంశం   167 
మారిు డి విభజన్న ట్రపేర్టపించడం వంటి గొప్ు  భౌతిక్ శాక్ట్స్ ివిష్యాలన చూపించవచ్చు న్న్స 

ఊహంచిన్ప్ు టికీ, అది స్మహతూ ంలో ఇంతవరకు అనేా ష్ంచబ్డలేదు.  ఇట్లవంటి 

విష్యాలన అనేా ష్ంచడ్డన్సక్త, 6 వ అధాూ యంలో, ోబాల్ట / బైలేయర్- hBN / ట్రగాఫీన్ యొక్క  

టనా్న లింగ్ రంాక్స టి  పై పెటిటన్ విదుూ త్ క్షేట్రతం మీద భేదాతా క్ సు న్-ఇంజెక్షన్ మరియు 

డిటెక్షన్ పోలరైజేష్ను ఏ విధంగా ఆధారప్డి ఉంాయన్స అధూ యన్ం చేశాము. గది 

ఉష్ణణ ట్రగతల వదద జరిపిన్ మా సు న్-ట్రానిో ు ర్ట టష్న్ కొలతలు, ఆశు రూ క్రంగా ± 100% వరకు 

పెదదవైన్ బ్యాస్క ట్రపేరిత భేదాతా క్ సు న్-ఇంజెక్షన్ మరియు డిటెక్షన్ పోలరైజేష్న్ున, 

మరియు జీరో బ్యాస్క క్త స్మీప్ంలో పోలరైజేష్న్ు యొక్క  అప్యరా మైన్ సైన్ ఇన్ా ర షన్ న్స 

బ్హర గతం చేశాయి. 

సు న్ ఇంజెక్షన్ మరియు డిటెక్షన్ పోలరైజేష్న్ యొక్క  పెదద విలువలన 

ఉప్యోగంచి, మేము రండు-టెరిా న్ల్ సు న్ వాల్ా  న్ందు డిఫరన్సషయల్ ఇనా్ ర టడ్ సు న్ 

సగా ల్ 800 Ω వరకు మరియు మాగా్న ట్కరససెటన్ి  న్సష్ు తి ి 2.7% వరకు రిరరా్ల ప్రిమాణానా్స  

ట్రప్దరిశ ంచాము. అంతేరక్, చాప్టర్ 8 లో ఇచిు న్ బైలేయర్- hBN టనా్న ల్ బాట్రరియర్ రంాక్స టి  

న్స ఉప్యోగంచి హాన్ను సు న్ ట్రపిజెష్న్ కొలతల దాా రా రండు-టెరిా న్ల్ కొలత జ్ఞూ మతిలో 

సు న్ ట్రానిో ు ర్ ట యొక్క  స్ు ష్టమైన్ ఆధారం క్సడ్డ మన్ం గమన్సంచవచ్చు . ఇది రండు-

టెరిా న్ల్ హాస్థనేు సగా ల్ యొక్క  మొటటమొదటి ట్రప్దరశ నే రక్ ఈ ఫలితాలు స్మంకేతిక్ంగా ట్రగాఫీన్ 

సు ంట్రాన్సక్స అనవరనిాలకు చాలా అనవైన్వి. 

రండు టెరిా న్ల్ మాగా్న ట్కరసస్టన్ి  సగా లి్  మరింత మెర్లగుప్రచడ్డన్సక్త మరియు 

గది ఉష్ణణ ట్రగత థరా ల్ ఉష్ణ శక్త,ి kBT, న్స దాటి ట్రగాఫీన్ లో సు న్-న్సలా  మెర్లగుప్రచడ్డన్సక్త క్సడ్డ 

మేము ఇక్క డ స్లహాలు పొందుప్రిచాము. అవి ట్రగాఫీనోు  సు న్ రవాణా అధూ యనాన్సక్త ప్యరిగిా 

కొత ిదార్లలన్స తెరవడ్డన్సక్త దోహ్దం చేసి్మయి. ఈ ఫలితాలు ప్యరిగిా hBN క్ప్ు బ్డి ఉన్ా  

ప్రాూ వరణంలోన్స ట్రగాఫీనోు  అప్యరా మైన్ పెదద సు న్-ఇంజెక్షన్ మరియు డిటెక్షన్ 

పోలరైజేష్న్ున స్మధించడ్డన్సక్త బైలేయర్- hBN టనా్న ల్ బాట్రరియరు విశేష్తన సూచిసి్మయి. 

అంతేరకుండ్డ, ఎకుక వ సు న్-న్సలా  మరియు అధిక్ మాగా్న ట్కరసస్టన్ి  న్సష్ు తి ి యొక్క  

న్సయంట్రతిత విలువలతో క్సడిన్ రండు-టెరిా న్ల్ సు న్-వాల్ా  ట్రప్భావం అనేది, ఆచరణాతా క్ 

ట్రగాఫీన్ ఆధారిత సు న్ ఫీల్-ాఎఫెక్స ట ట్రాని్స స్టర ున న్సతూ  జీవితం లోన్సక్త ట్రగహంచే దిశలో మరింత 

దగ గరగా చేసి్తంది. 

ఇప్ు టివరకు, మేము విదుూ త్ సు న్ ఇంజెక్షన్ మరియు డిటెక్షన్ ోస్ం ఒక్ 

బాట్రరియర్ లాగా ఎకే్ష్ఫ లియేటెడ్-hBN న్స ఉప్యోగంచాము. ఈ ప్దార రం అధిక్ నాణూ తన క్లిగ 

ఉండటమే రకుండ్డ దీన్సన్స hBN స్ే టిరల యొక్క  పొరలన ప్లుమార్లు మోనో, దాి  లేదా క్ట్ై 

పొరల వరకు తీయడం దాా రా స్తలభంగా పొందవచ్చు . అయిన్ప్ు టికీ, భవిష్ూ తిు-స్థస్మరయి 

అనవరనిాల ోస్ం, భారీ స్థస్మరయిలో కెమక్ల్ వేప్ర్ డిాసష్న్ (CVD) దాా రా పెంచిన్ 

ప్దారారలన ఉతు తి ిచేయడం ముఖ్ూ ం. దీన్సక్త స్ంబ్ంధించి, 7 వ అధాూ యంలో మేము 

ట్రగాఫీనోు  విదుూ త్ సు న్ ఇంజెక్షన్ న్స అధూ యన్ం చేయడ్డన్సక్త CVD చే పొర మీద పొరగా వృదిద 

చెందిన్ రండు పొరలు క్లిగన్ hBN టనా్న ల్-బాట్రరియర్ న్స వాడుకునాా ము. 

పెదద- విస్తరి ణంలో CVD చే పెరిగన్ hBN టనా్న ల్-బాట్రరియర్లు క్లిగన్ ఫెట్రరో 

అయస్మక ంత రంాక్స టి  గురించి వివరించాము. hBN ఉప్రితలంపై హై-మొబిలిటీ ట్రగాఫీన్ 

స్తదూర సు న్ రవాణాన చూపిసి్తందన్స క్సడ్డ తెలియజేశాము. 7 వ అధాూ యంలో, ఒక్ hBN 

ఉప్రితలంపై ఉన్ా  హై-మొబిలిటీ ట్రగాఫీన్ న్స స్మర రవంతమైన్ సు న్ ట్రానిో ు ర్ ట ోస్ం ఒక్ 
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పెదద-ట్రాంతంలో రండు-పొరల-CVD-hBN టనా్న ల్ బాట్రరియర్ తో క్లిపే అవరశం 

స్మధూ మవుతుందన్స క్సడ్డ న్సర్క్పించాము. 

CVD-hBN యొక్క  స్మంట్రప్దాయ తేమ బ్దిలీ దాా రా ట్రగాఫీన్ యొక్క  నాణూ త 

క్ష్మణించిన్ రరణంగా మా ప్రిక్రాలోు  తకుక వ క్దలిక్ మరియు చిన్ా  సు న్ రిలాకేి ష్న్ 

స్మయానా్స  మేము గమన్సంచాము. రండు పొరల-CVD-hBN బాట్రరియర్ రంాక్స టి  క్త ాజిటివ్ 

మరియు న్నగటివ్ డిఫరన్సషయల్ సు న్ పోలరైజేష్న్ న్స క్సడ్డ మేము తెలుస్తకునాా ము. 

అంతేరకుండ్డ, చాప్టర్ 6 లో వివరించిన్ ఎకే్ష్ఫ లియేటెడ్-hBN బాట్రరియర్ లాగా రకుండ్డ, సు న్ 

ట్రువణీక్రణ ± 0.3 V బ్యాస్క ప్రిధిలో తన్ గురి్లన మార్లు ోదు మరియు దాన్స ప్రిమాణం 

పెదద న్నగటివ్ బ్యాస్క విలువల వలు మాట్రతమే పెర్లగుతుంది. ఈ లక్షణాలు రండు-పొరల-

CVD-hBN మరియు 6 వ అధాూ యంలో వివరించిన్ బైలేయర్-ఎకే్ష్ఫ లియేటెడ్-hBN టనా్న ల్ 

బాట్రరియరు మధూ  వూ తాూ స్మనా్స  ట్రువీక్రిసి్మయి. 

-0.2 V బ్యాస్క వదద రండు-పొరల-CVD-hBN బాట్రరియరుకు 15% వరకు ఉన్ా  పెదద 

సు న్ పోలరైజేష్న్ విలువ, పెదద-విస్తరి ణంలో సు ంట్రాన్సక్స అనవరనిాలకు CVD-hBN టనా్న ల్ 

బాట్రరియరున ఉప్యోగంచ్చకునే స్మమరార ూ నా్స  సూచిసి్తంది. అంతేరకుండ్డ, మేము పొందిన్ 

ఫలితాలన ప్రిశీలిసే,ి టనా్న ల్ బాట్రరియర్ యొక్క  మందంతో ాట్ల, ఇతర ారామీటర్లు 

అయిన్, hBN యొక్క  నాణూ త మరియు దాన్స రండు మోనోలేయెర్ి  యొక్క  స్మపేక్ష అమరిక్ 

వంటివి, సు న్ టన్ా లింగ్ లక్షణాలన గురింిచడంలో ముఖ్ూ మైన్ ాట్రత పోష్సి్మయి. ఈ 

ఫలితాలన ఆధారంగా చేస్తకున్స, సు క్ట్నాటన్సకి్స  క్మూూ న్సటీక్త ముఖ్ూ మైన్ ఒక్ విష్యానా్స  

మేముట్రప్సి్మవిసి్తనాా ము. అది ఏమటంటే CVD-hBN టన్ా ల్ బాట్రరియర్ దాా రా సు న్ 

ఇంజక్షన్ యొక్క  ట్రాథమక్ స్ా భావానా్స  వివరించడం. అంతే రకుండ్డ దీన్స మూలంగా 

భవిష్ూ తిు వాణిజూ  అనవరనిాల ోస్ం పెదద-విస్తరి ణ CVD-hBNన ఉప్యోగంచగల అవరశాల 

గురించి లోతైన్ విష్యానా్స  మేము తెలుపుతునాా ము. 

ముగంపుగా, ఈ థీసస్క లో తెలియజేసన్ ఫలితాలు, ట్రగాఫీనోు  సు న్ రవాణా మరియు 

hBN బాట్రరియరు దాా రా సు న్ ఇంజెక్షన్ యొక్క  స్ా భావాలన్స అవగాహ్న్ చేస్తోవాన్సక్త 

వీలయేూ  దిశగా ముఖ్ూ మైన్ పురోగతులకు ట్రప్తీక్గా న్సలుసి్మయి. ట్రగాఫీన్-hBN వాన్ డెర్ వాలి్  

హెటెరోక్ట్స్టక్ు ర ు ఆధారంగా, ఆచరణాతా క్ సు క్ట్నాటన్సక్స ప్రిక్రాలు న్సజర్క్ప్ం దాలేు ందుకు 

ఎదురయేూ  స్వాళ్ున అధిగమంచడ్డన్సక్త ఈ అవగాహ్న్ ఉప్యోగప్డుతుంది. 

ట్రగాఫీన్ సు క్ట్నాటన్సకి్స  లో పెర్లగుతున్ా  ఆస్క్త ి నేప్థూ ంలో, 8వ అధాూ యంలో, 

స్మర రవంతమైన్ సు న్ ట్రానిో ు స్థర్ ట మరియు స్మర రవంతమైన్ సు న్ ఇంజెక్షన్ మరియు 

డిటెక్షన్ ోస్ం అవస్రమైన్ ఒక్ టనా్న ల్ బాట్రరియర్ ోస్ం, స్రైన్ ఉప్రితలానా్స  గురింిచడం 

అనే ోణంలో, ట్రగాఫీన్ సు క్ట్నాటన్సకి్స  ప్రిశోధన్ దాన్స యొక్క  ట్రప్సి్తత స్థసరతిన్స చేర్లోవడ్డన్సక్త చేసన్ 

పురోగతిన్స మేము స్మీక్షంచాము. మేము ట్రగాఫీన్-ష్ట్కక ణ బోరాన్ నైక్ట్ైడ్ హెటెరోక్ట్స్టక్ు ర ులోన్స 

సు న్ ట్రానిో ు ర్లట విష్యంలో ఇటీవలి స్థసేటట్స-ఆఫ్-ది-ఆర్ ట ఆవిష్క రణలన చరిు ంచటమే రక్ 

ట్రగాఫీనోున్స సు న్ ట్రానిో ు ర్ ట యొక్క  న్సజమైన్ శక్తసి్మమరార ూ లన అర రం చేస్తకొనేందుకు 

ఎదురయేూ  ట్రప్సి్తత స్వాళ్ళ న గురింిచాము. సు న్ ఆధారిత ప్రిక్ర అనవరనిాలన 

గురింిచడ్డన్సక్త మరియు వాటిలోన్స ఆస్క్తకి్రమైన్ భౌతిక్శాక్ట్స్ ి సూట్రతాలన అనేా ష్ంచడం 

ోస్ం ట్రగాఫీన్ తో హెటెరోక్ట్స్టక్ు ర ున ర్క్పొందించడ్డన్సక్త hBN లో అవస్రమైన్ లక్షణాల మీద 

మేము మా దృ కో ణాలన వివరించాము. 
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