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Chapter 1

Introduction

Abstract

In the past decade, the discovery of new materials and phenomena lead to a boost in re-
search and applications of spin-based devices. Graphene, a one atom thick graphite layer,
already holds many world records such as highest electronic mobility at room temper-
ature and hardest known material. Furthermore, graphene is considered as one of the
most promising material for spintronic applications due to predictions that spins can re-
tain their information for very long times and carry this information for large distances.
However, first experiments performed on graphene spin-based devices showed spin life-
times orders of magnitude smaller than the initial estimates. Since then, efforts in both
experimental and theoretical fronts have been done to find the culprits of this discrepancy
between the experimental results and the initial theoretical predictions. Due to its high
electronic quality, graphene can show quantum behaviour at larger length scales than
most metals and semiconductors. This makes it easier to study the effects of quantum
confinement and quantum interference in graphene-based devices.

In this thesis I present my research on charge and spin transport performed in the past
4 years. In the first three introductory chapters I present graphene’s electronic and spin-
tronic properties, and also the experimental methods used for my research. Motivated
by previous experimental results for ballistic graphene nanoconstrictions obtained in our
group and presented in chapter 2, we studied theoretically the electronic transport as a
function of magnetic field in one-dimensional graphene structures, such as ribbons and
constrictions of different shapes. Next I present our experimental work done on spin injec-
tion and transport in graphene nanostructures showing that these spin-based nanodevices
have good prospects for spintronics, but contact induced spin relaxation can be stronger
than on regular graphene spin valves. Chapter 7 shows our work done in spin depen-
dent quantum interference in graphene, showing that the spin signal can be modulated
by orders of magnitude by the application of gate voltages. In the pursuit of the study of
spin relaxation in pristine graphene devices we studied the spin transport in high quality
suspended graphene devices, chapter 8, showing that the nonsuspended regions dominate
the measured spin relaxation. In chapter 9 I present the work performed in hexagonal BN
encapsulated graphene in which, due to a double gated structure, the carrier density and
the electric field could be controlled separately. We show that increasing the transverse
electric field results in the increase of Rashba-type spin orbit fields pointing preferentially
on the graphene plane. In the last chapter I give an overview of all the results presented
here and conclude with a short outlook on graphene spintronics.
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2 1. Introduction

1.1 Spintronics

In addition to their mass and charge, electrons also possess an intrinsic magnetic mo-
ment called spin. Spin is a purely quantum mechanical property of particles with no
classical analogue. Electrons have a spin of ~/2 and therefore have two eigenstates,
often labelled as spin up and spin down.

Analogous to the electronic charge in electronics, the spin can also be used to
convey and store information. This is known as spintronics. The first attempts to
apply spintronic concepts in devices was done by using the effect known as Gi-
ant Magneto-Resistance (GMR) discovered by the groups of Albert Fert and Peter
Grünberg in the end of the 1980’s [1, 2]. Soon after its discovery, GMR was already
applied in computer hard disks, and a similar effect known as Tunneling Magneto-
Resistance (TMR) is applied in hard disks today.

The basic idea of the GMR effect is that a heterostructure composed of two fer-
romagnetic materials separated by a non-magnetic layer shows a difference in re-
sistance if the magnetization of the layers point parallel or antiparallel to each other.
This results in a high resistance state and a low resistance state, which are interpreted
by the computer as bits 0 and 1.

Recent spintronic applications include the spin transfer torque random access
memory devices (STT-RAM) and magnetic random access memory (M-RAM) which
might replace the current electric based RAM, leading to faster booting and lower
power consumption since the magnetic based RAMs are nonvolatile. Other concepts
are also been heavily studied. The field of quantum information and computation
[3], for example, uses the fact that spins can carry a large amount of information
per bit since their direction is mapped on the Bloch sphere. Therefore they can be
used as quantum-bits (qubits). In addition to that, spin states can be entangled.
This leads to a completely different paradigm for computation, which is used in a
machine proposed as a quantum computer. The quantum computation approach
reduces enormously the computation time for difficult tasks.

A less complex and more direct application in the CMOS industry is the use of
spins as classical information carriers which is represented by the proposal of the
Datta-Das spin transistor [4]. In order to obtain such a device we have to have three
essential tasks: spin injection, manipulation and detection. In the original Datta-Das
proposal, such device consists of a semiconductor with a large spin-orbit interaction,
which allows for electrical manipulation of the spin, while the injection and detec-
tion are done using ferromagnetic contacts. However, there are two main problems
with this proposal. First, a semiconductor is usually highly resistive which makes
the electrical spin injection a difficult task [5, 6]. Second, the spin information life-
time in semiconductors with high spin-orbit interaction is usually too low, leading to
loss of spin information before the manipulation can be performed. To solve the first
problem a lot of attention has been given into the study of the improvement of elec-
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trical spin injection into semiconductors either via DC methods using ferromagnetic
electrodes and cleverly engineered interfaces [7–11], or by an AC approach in which
spins are dynamically injected into the semiconductor by oscillating the magnetiza-
tion of a ferromagnet [12]. In order to achieve long spin lifetimes several materials
have been studied. And one material that stands out as a very promising material
for spintronic applications is graphene, for the reasons explained below.

1.2 Graphene

Graphene [13] is an all-carbon material with the atoms arranged in a sp2 hybridiza-
tion in a honeycomb lattice in a 2-dimensional (2D) version of graphite. In 2004 the
demonstration of an easy method for isolation of graphene flakes [14], known as
the scotch-tape method, lead to a boost in the research of the physical and chemical
properties of graphene. Graphene has already shown to have several outstanding
qualities such as its high mechanical strength [15], high thermal conduction [16],
and optical properties [17].

But perhaps the most outstanding characteristic of graphene is its high elec-
tronic mobility even in low-quality devices at room temperature [18, 19]. This is
due to two reasons: it is difficult to backscatter electrons in graphene [20], and the
electron-phonon coupling in graphene is relatively low [21]. For this reason graph-
ene has attracted a lot of attention for electronics, with applications ranging from
high-frequency [22] to transparent touch screens [23]. The high electronic mobility
of graphene leads to a long carrier mean free path which results in easier fabrica-
tion of devices that explore the quantum nature of the carriers such as quantum dots
[24, 25], quantum interference devices [26, 27] and the observation of (fractional)
quantum Hall effect [18, 28, 29].

Graphene has already shown great potential for applications in electronics. How-
ever, the lack of a bandgap results in transistors with poor on-off ratios which strongly
limits the application of graphene in digital electronics. Perhaps the most proba-
ble application in electronic components will be in high-speed electronics [30], since
those do not require high on-off ratios and the high mobility of graphene leads to
very large cut-off frequencies (> 100 GHz) [22].

Recently, it was demonstrated that the scotch-tape method can be also used to
exfoliate other layered materials in order to obtain their 2D analogous [31]. Among
these layered materials, transition metal dichalcogenides (TMDs) stand out as very
promising for digital electronic applications. These materials have chemical compo-
sition of the type MX2, where M is a transition metal and X a chalcogen element.
When thinned to a single layer, TMDs show direct band gaps in the order of 1.5 eV,
which results in large on/off ratios in the order of 108 with mobilities in the order of
hundreds of cm2/V s [32].
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In an effort to introduce graphene into the industry an European-wide project
has been recently funded by the European Union. This project, called Graphene Flag-
ship, involves researchers from several countries and performing research in several
fronts. Also, a strong collaboration with industries is encouraged, strengthening the
chances for future graphene applications. For that, a roadmap for graphene was de-
veloped [33] and aims to have the first applications available before the year 2020.
It is important to point out that the Graphene Flagship not only opens the door for
applications based on graphene but also for other layered materials, since the tech-
nology developed to fabricate graphene devices can be transferred to these other
materials as exemplified by the scotch-tape technique. As mentioned before, graph-
ene is a promising material for spintronic applications. Therefore, the Graphene
Flagship also includes graphene spintronics as one of its work packages.

1.3 Graphene spintronics

The coupling between the orbital and spin angular momentum of the electron, the
spin-orbit interaction [34], is a key point for the loss of spin information in semicon-
ductors [35]. Another factor that can contribute to the loss of spin information is the
hyperfine interaction [34], i.e. the interaction between the electronic spin with the
spins from the nuclei. The spin-orbit interaction scales with the atomic weight as Z4.
Carbon, being a light element, shows a low spin-orbit coupling. This, combined with
the fact that most of the carbon atoms (12C) do not have spin, result in the prediction
that graphene could maintain electronic spin information for long times [36]. For
this reason graphene is a strong candidate for use in spintronic applications. Theo-
retical values for the intrinsic spin relaxation time in graphene range from τs=0.1 -
10 µs and the theoretical values for the spin relaxation length is in the order of λs ≈
100 µm [36–38]. Although the first experiments to measure τs and λs showed values
a few orders of magnitude lower than those previously predicted, with τs ≈ 0.1 - 0.3
ns and λs ≈ 1 - 3 µm [39–42], most recent experiments using pure spin currents have
been closing in on the predictions, with values of τs ≈ 0.4 - 2.3 ns and λs ≈ 4 - 12 µm
[11, 43–49]. Recent measurements based on few graphene layers on a SiC substrate
at low temperatures using 2 probe devices in which spin effects are superimposed
on the charge transport estimated λs ≈ 100 µm and τs ≈ 100 ns [50]. However, it is
important to notice that many different effects that can mimic spin signals, such as
the magneto-coulomb effect, and could not be excluded by these experiments.

There is still a heavy debate, both in experimental and theoretical grounds, to un-
derstand what are the limiting factors for spin transport in graphene devices. How-
ever, even though the theoretical limits for graphene spintronics are still not reached,
graphene already stands out as the best known material to host and transport spins
at room temperature. The values for longest spin relaxation time and length at room
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temperature were measured in graphene based devices with τs ≈ 2 ns and λs ≈ 12
µm [48, 49]. Graphene also showed transport of spin information over 20 µm at room
temperature [46], the longest distance reached so-far at room temperature.

The main questions in the field of graphene spintronics at the moment are:
1 - What is limiting the experimental values for τs? Is it an intrinsic limit of graphene or

is it due to impurities and adsorbates?
The puzzling discrepancy between experimental and theoretical results has at-

tracted the attention of most researchers in the field due to its importance on the
understanding of spintronics in graphene and its limits [51]. Up to now the most
probable explanation of such discrepancy is that impurities strongly affect the spin
lifetime in graphene. It has been theoretically demonstrated that adatoms can lo-
cally change the spin-orbit fields leading to spin scattering [37, 52, 53]. Furthermore,
a theoretical model also showed that even a small amount of magnetic impurities
can cause a strong decrease in the measured spin relaxation time [54]. Experimental
efforts to answer this question lead to the research of tunable mobility graphene spin
valves [55] and ultimately, the study of the spin transport in devices with a very low
amount of scatterers [45, 46, 48, 49].

2 - Is it possible to manipulate spin electrically in graphene? Is it possible to have a
Datta-Das type of transistor based on graphene?

Although it is an essential step towards applications, the electrical manipula-
tion of spins in graphene has received little attention. Since graphene has a very
low spin-orbit interaction, the electrical manipulation of spins requires high electric
fields. This can be obtained using high-κ dielectrics or dielectrics with high break-
down voltages. Furthermore, as it will be discussed in chapter 3, the study of the
spin transport in combination with transverse electric fields gives information on
the spin-orbit coupling in graphene. This information can be used to understand
the limiting factors of spin transport in graphene, and therefore helping to answer
question 1.

3 - Is it possible to combine other qualities of graphene (mechanical, electrical and chem-
ical) with spin transport? How do mechanical vibrations, strain and chemical doping affect
the spin transport?

The combination of the different qualities of graphene with spin transport has
already generated very elegant papers, as for example the study of paramagnetic
moments in graphene using pure spin currents [56]. In addition to that, since curva-
ture effects in graphene result in extra spin-orbit terms [57], it would be interesting to
study how the mechanical properties of graphene could be used to manipulate spins.
More interestingly, quantum mechanical phenomena can be used to enhance and
strongly modulate the spin signal. Carbon nanotube quantum dots showed the pos-
sibility of strong modulation and inversion of the spin signal [58, 59]. In graphene,
Fabry-Perot cavities showed that quantum interference can also modulate the spin
signal in quantum coherent devices [60]. A later work showed that using the univer-
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sal conductance fluctuations phenomena in high magnetic fields makes it possible to
study a spin resolved quantum interference in graphene [61]. Universal conductance
fluctuations and weak localization measurements can also give relevant information
on the spin relaxation mechanisms and spin-orbit fields involved [62, 63].

4 - What is the best method to fabricate spin polarized contacts in graphene, and how
much do they affect the spin transport? Is the experimental limit on τs due to contact induced
spin relaxation?

The effect of the contacts and interface resistance in the spin transport in graph-
ene is a point that has been studied extensively in the past years [11, 41, 50, 64].
It is known that, due to the conductivity mismatch problem [5], the spin injection
and measured spin lifetime can be strongly affected for low resistive contacts [64].
However, contact resistance alone cannot explain the discrepancy of some experi-
mental results [11, 50, 64], but the properties of the contact/graphene interface (e.g.
roughness, dangling bonds and localized states) seem to also play a role on the mea-
surements.

5 - What happens to the spin transport characteristics when the number of graphene
layers is increased to two, three or more? Does the charge screening of adding more layers
help the spin transport? Is the mechanism for spin relaxation different when more layers are
added?

The electronic properties of graphene (e.g. it’s band structure) changes dramati-
cally when more layers are added. While single layer graphene has a linear electronic
dispersion, bilayer graphene shows a parabolic dispersion, and trilayer graphene
has parabolic and linear dispersions superimposed. In addition to that, as more and
more layers are added, the graphene layers away from the surface get electronically
protected from the environment due to screening. Some work has been done to-
wards studying the differences on the spin transport as a function of the number
of layers [43, 44, 65]. These works have shown that the addition of more graphene
layers seems to have a positive effect on the spin transport, increasing the spin re-
laxation time. Furthermore, the most relevant spin relaxation mechanism in bilayer
graphene seems to be different from the one in single layer graphene, which is rather
surprising.

This thesis focuses on the first four questions as described below.

1.4 This thesis

As stated before, this thesis focuses on the spin transport in graphene devices and
tries to explore different aspects of it. I also give a short introduction to graphene,
its electronic and spintronic properties, and the experimental methods used in this
thesis.

The introductory chapters have the goal of explaining the relevant topics for the
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understanding of this thesis assuming that the reader has at least a graduate level
in physics. However, sometimes the reader might find necessary to have the topics
explained by a different point of view, or get more information about it. For this
I selected from the references texts that provide a different explanation or more in
depth information about the topics. This selection can be found in the Supplementary
literature section at the end of each introductory chapter.

A brief summary of each of the following chapters is presented below.
Chapter 2 introduces the basic concepts of graphene and electronic transport

such as graphene’s crystal lattice and band structure, graphene field-effect transis-
tors, quantum Hall effect and conductance quantization due to confinement.

Chapter 3 introduces basic concepts of spintronics and spin transport, and later
focuses on the special case of graphene. The methods for electrical spin injection /
detection in graphene, the conductivity mismatch problem, Hanle effect, and spin
transport in inhomogeneous systems are discussed. At the end of the chapter I give
a thorough overview of the current understanding and models for spin relaxation in
graphene and the effect of an electric field on the spin relaxation in graphene.

Chapter 4 presents the experimental techniques used throughout this thesis. The
sample fabrication for the different types of samples used here, the experimental
setup and the electrical measurements are carefully described.

Chapter 5 presents a theoretical work on the transition between the conductance
quantization due to geometrical confinement to the quantum Hall effect in graphene
nanoconstrictions and nanoribbons. The effects that different shapes of the constric-
tions have on the electric transport properties are discussed and we compare the
results obtained here with previous experiments performed in our group, which are
used as example for the effects treated in chapter 2.

Chapter 6 shows the study of spin transport and accumulation in different graph-
ene nanostructures with dimensions smaller than the spin relaxation length. Here
we try to understand the role of the edges and confinement on the spin transport in
graphene. We apply the model for spin diffusion to explain our experimental results.

Chapter 7 demonstrates the effect of quantum interference in a quantum coherent
nonlocal graphene spin valve. We show that by changing the interference pattern in
the device, the nonlocal spin signal can be strongly modulated and even reverse
polarity. This indicate that quantum mechanical effects can be used in combination
with spin transport in graphene to obtain novel type of devices.

Chapter 8 presents the first study of the spin transport in high quality suspended
graphene spin valves. Here we try to understand the effect of the environment on
the spin transport in graphene by removing the substrate and most of impurities and
adsorbates. We give a lower bound for both the spin relaxation time and length. By a
theoretical model we explain our results and show that the measured spin relaxation
time is limited by the nonsuspended (lower quality) regions.

Chapter 9 shows the study of the spin transport in hBN encapsulated spin valves.
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It is demonstrated that, by isolating the graphene flake from the environment using
non-invasive hBN flakes, the spin transport in graphene is considerably improved.
We achieve the highest spin relaxation length and times at room temperatures reach-
ing 2 ns and 12 µm respectively. The use of a double gated geometry further permits
us the study of the effect of an electric field in the spin relaxation, which allows for
the control of the spin relaxation in graphene by Rashba-type spin orbit fields. This
study also gives insights on the origins of the spin orbit fields in the absence of elec-
tric fields.

Chapter 10 gives a general conclusion for this thesis and a brief outlook on inter-
esting questions and new paths for further research.
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times in bilayer graphene at room temperature,” Phys. Rev. Lett. 107, p. 047206, Jul 2011.

[44] W. Han and R. K. Kawakami, “Spin relaxation in single-layer and bilayer graphene,” Phys. Rev.
Lett. 107, p. 047207, Jul 2011.
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[64] T. Maassen, I. J. Vera-Marun, M. H. D. Guimarães, and B. J. van Wees, “Contact-induced spin relax-

ation in hanle spin precession measurements,” Phys. Rev. B 86, p. 235408, Dec 2012.
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Chapter 2

Electronic properties and charge transport in
graphene

Abstract

One of the reasons graphene is widely studied is due to its interesting electronic charac-
teristics such as the linear electronic dispersion and the high mobilities. In this chapter I
will introduce the basic electronic properties of graphene needed for the understanding of
this thesis. I start by describing graphene’s crystal lattice and Brillouin zone and then in-
troduce the tight-binding procedure to obtain the electronic dispersion. After discussing
the effect of the edges on the electronic properties, a brief review on the electronic transport
in graphene is given. The concepts of quantum confinement and quantum Hall effect will
be introduced and, using a semi-classical explanation, I will explain how the transition
from one regime to the other happens. At the end of the chapter I introduce the basic
concepts used to calculate the conductance of a system using a tight-binding approach,
which will later be applied to graphene nanostructures.
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2.1 From graphite to graphene

Graphite is known by humankind already for thousands of years. It’s early appli-
cations range from decorative painting to marking sheep, and more recently in pen-
cils and lubricants. Having been studied already for decades, the atomic and elec-
tronic structure of graphite is very well described and understood [1, 2]. Graphite
is composed by several layers of carbon atoms in a sp2 hybridization arranged in
a honeycomb lattice, with the layers held together by van der Waals forces. Since
the interlayer forces are weak, one graphite layer can slide over another. Maybe the
most famous and remarkable demonstration of this fact was the development of the
so-called “Scotch tape technique” by Novoselov et al. [3] to easily obtain single layer
graphite on a substrate.

Single layer graphite, or graphene, has several outstanding electronic and struc-
tural properties [4–6], such as high mechanical strength, thermal conductivity, charge
carrier mobility, and current carrying capabilities.

2.2 Lattice structure and Brillouin zone

As previously said, graphene is composed by carbon atoms in a sp2 hybridization
arranged in a honeycomb lattice, forming a one-atom-thick 2D sheet. The unit cell is
composed by two atoms in inequivalent triangular sublattices: A and B, depicted in
grey and black in Fig. 2.1(a).

A B

armchair edge

zi
gz

ag
 e

dg
e

y

x

a1a2

Figure 2.1: Graphene lattice structure showing the sublattice A in grey and B in black, the unit
vectors ~a1 and ~a2, and the unit cell in light grey. The two main edge orientations, armchair and
zigzag, are indicated.
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The unit vectors can be defined as:

a1 =

(√
3

2
,
a

2
, 0

)
, (2.1a)

a2 =

(√
3

2
,−a

2
, 0

)
, (2.1b)

where a = |a1| = |a2| = aC−C
√

3 = 0.246 nm is the lattice constant and aC−C = 0.142

nm the carbon-carbon bond length.
As its real space lattice, graphene’s Brillouin zone is 2D and hexagonal, but ro-

tated by 90o (Fig. 2.2a). The reciprocal vectors bj can be obtained by the relation
ai.bj = 2πδij :

b1 =

(
2π

a
√

3
,

2π

a
, 0

)
, (2.2a)

b2 =

(
2π

a
√

3
,−2π

a
, 0

)
, (2.2b)

The Brillouin zone has two important inequivalent, but energy degenerate points
at the corner of the hexagon called K and K’. At these points the valence and the con-
duction band touch, therefore graphene is a zero-bandgap semiconductor. By sym-
metry [7] it can be shown that the band structure can be fully mapped by obtaining
the electronic dispersion along the triangle ΓKM as depicted in Fig. 2.2(a).

2.3 Band structure

In order to obtain the band structure for graphene we can resort to several different
techniques. The tight binding method is one of the most used due to its simplicity.
More complicated methods, such as the density functional theory (DFT) can give
more precise results, since it considers the interaction of several atomic orbitals at
once, which is often neglected in the tight binding approach. However, the tight
binding method has the advantage that the underlying physics can be easily under-
stood, therefore it is still widely used. Below I show how this approach can be used
to obtain the electronic structure of graphene.

The tight binding approach

The tight binding model applied to graphite [8] has been used for more than 70
years to describe its electronic properties [1, 2]. This model uses the approximation
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that only the valence electrons are sufficient to describe the electronic properties of
the system.

Carbon atoms in a sp2 hybridization have four valence electrons in the orbitals:
2s 2px 2py and 2pz . For the main electronic properties in graphene it is sufficient to
ignore the first three orbitals which compose the σ-bonds between the carbon atoms
and consider only the delocalized π-electrons in the pz orbitals. Therefore, we will
use pz orbitals of the A and B atoms |φA〉 and |φB〉 as the basis for our tight binding
wavefunctions:

Φj

(
~r,~k
)

= 1/
√
N
∑

ei
~k·~Rφj

(
~r − ~R

)
, (2.3)

where the sum is over all unit cells,N is the number of unit cells in the crystal, j=A,B,
and ~R is the position of the atom.

Let us start by calculating the matrix element of the HamiltonianHAA:

HAA =
〈

ΦA

(
~r − ~R′

)∣∣∣H ∣∣∣ΦA (~r − ~R
)〉

(2.4a)

HAA = 1/N
∑
R=R′

〈
φA

(
~r − ~R

)∣∣∣H ∣∣∣φA (~r − ~R
)〉

(2.4b)

HAA = (1/N)Nε (2.4c)

HAA = ε. (2.4d)

where we are considering only nearest-neighbours, i.e. disregarding terms of order
equal or higher than R = R′ + a. We also defined the self-energy term〈
φA
(
~r − ~R

)∣∣∣H ∣∣∣φA (~r − ~R
)〉

= ε. Since we are assuming the atoms A and B as being iden-
tical, we haveHAA = HBB = ε.

Next let us treat the elementsHAB . Still considering only nearest neighbours, we have:

HAB = t
(
ei
~k· ~R1 + ei

~k· ~R2 + ei
~k· ~R3

)
= tf

(
~k
)

(2.5)

where t = 〈φA|H |φB〉 ≈ −2.7 eV and, using the atom coordinates according to Fig. 2.1:

f
(
~k
)

= eikxa/
√
3 + 2e−ikxa/2

√
3cos

(
kya

2

)
. (2.6)

The tight binding method comes down to solving the so-called secular equation to obtain
the electronic dispersion in the system:

det (H− SE) = 0 (2.7)

where the overlap integral matrix is given by Sij = 〈Φi| Φj〉. Sij gives the overlap between
the orbitals at sites i and j. Here, as a first approximation, we are going to neglect this term
and substitute it for the identity matrix. With no loss of generality we shift the energy scale to
ε = 0 eV. Therefore we have to solve:
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Figure 2.2: (a) Graphene’s Brillouin zone with the high symmetry points. (b) Electronic disper-
sion obtained via tight binding for the lines of the triangle ΓKM . (c) Detail of the dispersion
in (b) showing the linear dispersion around the K point for low energies.
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E2 − t2
∣∣∣f (~k)∣∣∣2 = 0, (2.8a)

E = ±t
√∣∣∣f (~k)∣∣∣2, (2.8b)

where: √∣∣∣f (~k)∣∣∣2 =

√
1 + 4cos
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kxa
√

3

2

)
cos

(
kya

2

)
+ 4cos2

(
kya

2

)
(2.9)

Finally we can plot the solutions (equation 2.8b) as a function of~k along the high-symmetry
directions of the triangle ΓKM , Fig. 2.2(b). Note that the electronic dispersion is electron-hole
symmetric. In reality there is an asymmetry which is particularly visible at high energies
(|E| > 1 eV). This asymmetry is obtained when a higher number of neighbours is used in
the calculation, or with the inclusion of the the overlap matrix S. However, since most elec-
tronic transport and optical experiments are performed in the energy range |E| < 1 eV, the
electron-hole asymmetry is negligible for most purposes discussed in this thesis.

A simple expression of the electronic dispersion for graphene at low energies can be ob-
tained by expanding equation 2.9 around the K point and considering only the lower order
terms. By doing so and substituting in equation 2.8b we have:

f ≈ a
√

3

2
(ikx − ky) , (2.10a)

E ≈ ± ta
√

3

2

√
k2x + k2y, (2.10b)

E ≈ ±~vF
∣∣∣~k∣∣∣ , (2.10c)

where vF ≈ 106 m/s is the Fermi velocity.
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Equation 2.10c shows the famous property of linear dispersion in graphene for small en-
ergies. Moreover, it can be shown that this result can also be obtained using the Hamiltonian:

H = ~vF~σ · ~k. (2.11)

This Hamiltonian is identical to a Dirac Hamiltonian for massless relativistic particles and
velocity vF . Therefore electrons in graphene are commonly referred as ”Dirac particles”.

2.4 The effect of the edges
The graphene crystal has two main crystallographic orientations in which the edge of the
flakes can be terminated called zigzag and armchair (Fig. 2.1). These two edge types have
different electronic properties that will be discussed below. Despite that some experiments do
show flakes with a nearly perfect edge orientation [9, 10], transport experiments are usually
performed in flakes showing heavily defected versions of these two types, or in an orientation
that is between the armchair or zigzag lines. However, is often very relevant to study and
understand the electronic properties of these two edge orientations since the experimental
results can usually be mapped on a combination of both [11].

Armchair edges are composed of both sublattices A and B. As a consequence of the bound-
ary conditions for this edge [12] the degeneracy of the two valleys K and K’ is lifted at the
edge. Graphene nanoribbons with armchair edges were shown to be composed of 3 families
characterized by the number of dimer lines N in their widths [11, 13]. In a tight-binding ap-
proximation, for a positive integer p, if N = 3p + 2 the ribbons is metallic. If N = 3p or
N = 3p + 1 the ribbon is semiconductor. The electronic dispersion of these three families
calculated using tight binding is shown in Fig. 2.3(a). However, it was later shown that all
armchair ribbons appear to be semiconducting when a more accurate calculation, using DFT,
is performed [13]. This can be understood by the tightening of the bonds of the atoms at
the edge, which changes the hopping elements between them. If these hopping elements are
differentiated, the correct result is obtained [13].

Opposed to armchair edges, zigzag edges are composed of only one sublattice. When the
electronic dispersion for nanoribbons with zigzag edges is calculated using tight binding, the
ribbons are found to be metallic with a high density of states at the Fermi level [11] inde-
pendent of their widths N , where N is the number of zigzag lines in the ribbon, Fig. 2.3(b).
The high density of states is due to edge states and results in an instability in the electronic
structure [14]. This instability can be resolved by allowing for spin polarization in the system
[13–15]. It is known that, for bipartite lattices like graphene’s, when the number of atoms of
one sublattice is larger than for the other, the ground state of the system is expected to be fer-
romagnetic [16]. Indeed it was theoretically shown that the ground state of zigzag graphene
nanoribbons is antiferromagnetic [15]. These ribbons can be tuned to a semi-metallic state by
the application of an external electric field, indicating that it would be possible to generate a
pure spin current using zigzag graphene nanoribbons. The antiferromagnetism appears due
to the mutual interaction of the edges and, as the width of the ribbon increases, the ribbon can
become ferromagnetic [14]. However, the spin polarization at the edges of a zigzag ribbon is
not very robust to disorder [17], and disappears even for relatively smooth edges with one
defect per nm.
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(a)

(b)

Figure 2.3: Electronic dispersion for graphene nanoribbons for (a) armchair and (b) zigzag
edges with widths N = 4, 5, and 6. Adapted from Ref. [11].

2.5 Electronic transport in graphene

In this section I am going to review a few basic concepts of electronic transport in nanostruc-
tures and apply those concepts to the specific case of graphene. Let us start by defining a few
relevant length scales. However, no mathematical definition of the length scales will be given
yet. I will get to that later in this chapter.

The first length scales are the sample dimensions, which for a 2D conductor are: the width
W and length L. Depending on the relation between the sample dimensions and the distance
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that the charge carriers travel before being scattered, called the mean free path lmfp, we can
have different transport regimes. The most usual case is lmfp �W,L, which is called the dif-
fusive regime. In this regime the carriers scatter several times, randomizing their momentum
while they travel through the conductor.

Most of the studies in graphene are done in the diffusive regime and the transport of
the carriers can be well described by the semi-classical diffusive formulas discussed in the
next section. When the mean free path becomes comparable to, or larger than, the sample
dimensions we enter the ballistic regime. This regime started to be accessible for graphene re-
searchers with the development of high quality graphene devices such as suspended graphene
[18–20] and hexagonal Boron Nitride (hBN) supported graphene [21, 22]. For these types of
samples, lmfp can be in the order of µm [23], which makes the ballistic regime more accessible
than the regular devices of graphene on Si/SiO2 substrates, in which lmfp ≈ 10 nm.

Until now we discussed the effects of momentum scattering on charge transport. How-
ever, electrons can carry information not only through their charge and momentum but also
its phase and spin. Each one of the characteristics of the total electron wavefunction - i.e. mo-
mentum, phase and spin - gets randomized during transport over its own characteristic length
scale: the momentum over the mean free path lmfp, the phase over the phase coherence length
λφ, and the spin over the spin relaxation length λs.

The rest of this chapter will treat more in depth the transport of carriers in the diffusive
and ballistic regime, including the effect of a magnetic field in the charge transport, and will
end with a brief introduction to phase coherent effects. The spin coherent transport and the
techniques used to measure it will be discussed in the next chapter.

2.5.1 Graphene Field-Effect Transistors

A basic field-effect transistor (FET) is composed of three electrodes: source, drain and gate.
The source and drain are connected by a conducting channel, graphene in our case, and the
gate electrode is isolated from the channel by an insulator, in most cases SiO2, Fig. 2.4(a).

(a) (b)

D S

G
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graphene
SiO2
Si p++

Vsd

Vg

σ

Vg

E

k

EF

Figure 2.4: (a) Cartoon of a graphene FET including the circuit diagram. The source (S), drain
(D) and gate (G) electrodes are indicated. (b) Sketch of the conductivity as a function of the
gate voltage for a graphene FET. The band diagram with the Fermi energy (EF ) as a function
of the gate voltage is also shown.

When a voltage Vsd is applied between the source and drain electrodes, a current Isd flows
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through the channel and, knowing both Vsd and Isd, we can calculate the conductance G =

Isd/Vsd. The application of a voltage between the gate and the source electrodes changes the
Fermi energy location in the bandstructure and therefore the carrier density n in the channel.
This changes graphene’s conductivity σ according to Drude’s formula [24], Fig. 2.4(b):

σ = neµ, (2.12)

where e is the electron charge and µ is the carrier mobility in the channel. The carrier mobility
can be defined for graphene in terms of the mean free path using the formula: σ = 2e2

h
kF lmfp,

where h is the Planck’s constant and kF the Fermi wavevector. Using the relation kF =
√
πn

we can define the mobility as:

µ =
2e

h

√
π

n
lmfp. (2.13)

From equations 2.12 and 2.13, assuming that lmfp stays finite, we would expect that the
conductivity goes to zero and the mobility to infinity at very low carrier densities. However,
due to the massless Dirac fermion character of the carriers in graphene, theory shows that
the minimum of conductivity for both ballistic and diffusive cases is 4e2

πh
[25]. Nevertheless,

experimental results showed σ0 ≈ 4e2

h
[25, 26]. This discrepancy between the initial theoretical

predictions and experimental results is known as the mystery of the missing pi. Later it was
theoretically suggested that the aspect ratio of the graphene flake might play a major role on
the minimum of conductivity due to transport via evanescent waves [27], reaching the value
σ0 = 4e2

πh
for W/L � 1. The experimental verification of this fact was reported one year later

[28].
At high carrier densities the conductivity is limited due to short range scatterers to a value

ρ−1
s [4, 26, 29]. Therefore, a more realistic equation for the conductivity of graphene is given

by [21]:

σ =

(
1

neµ+ σ0
+ ρs

)−1

. (2.14)

It is important to highlight that even for devices with considerable inhomogeneity, graph-
ene FET show mobilities in the order of 103 cm2/Vs, comparable to Si transistors used in
CMOS industry. This high mobility in graphene is due to the fact that graphene has low
electron-phonon coupling and, because of the chiral nature of the carriers, backscattering is
forbidden due to pseudo-spin conservation1 [26].

Since the mobility of graphene FETs has shown to be so robust against impurities and
defects, it was expected that graphene might take over silicon’s place in the CMOS industry.
However, the lack of a bandgap leads to very small on/off ratios in the order of 10, which falls
short by orders of magnitude from its silicon counterpart. Enhancement of the on/off ratios
to values that can be applied in digital electronics (higher than 103) were demonstrated in
small graphene ribbons [30] or by the application of an electric field on double layer graphene

1This means that to scatter an electron from one branch of the dispersion cone to the branch with
opposite momentum (~k → −~k) it has also to change valleys (K→ K’) in order to conserve pseudo-spin.
This is difficult since it demands a scatterer with a large wavevector.
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[31]. But often these results are accompanied by a degradation in the carrier mobility or a fast
decrease of the on/off ratios with temperature.

Even though its future in digital electronics seems uncertain, graphene’s future in indus-
trial applications in electronics for high-frequency devices [32], transparent touch screens [33]
and pressure sensors [34] looks promising [35].

2.5.2 Limits on the charge transport
There are three main types of disturbance that limit charge transport in graphene: short and
long range scatterers, and electron-phonon scattering. Short range scatterers constitute of
scattering potentials with ranges comparable to graphene’s unit cell. They are, for example,
vacancies, cracks, and edges. Since their corresponding wavevector is large, short range scat-
terers are the main contribution to intervalley scattering (scattering from K to K’).

Long range scatterers are due to potentials that decay slowly in space, such as charged im-
purities. Due to their short corresponding wavevector, they cause intravalley scattering pro-
cesses. Long range scatterers seem to be the main responsible for the conductivity obtained in
graphene samples on SiO2 with intermediate mobilities [26]. Since they are composed in great
part by Coulomb scatterers (e.g. charged impurities), their effects are large at small n and re-
duce with increasing charge density due to screening [26]. These charged impurities can come
from adatoms or hydrocarbons left on the graphene due to the sample preparation process, or
due to charge trapping on the surface of the substrate. The fluctuation in the potential causes
a spacial fluctuation on the position in energy of the charge neutrality point, which results in
the so-called electron-hole puddles [36]. The contribution to the conductance due to charged
impurities can be significantly reduced for devices where the substrate is eliminated, therefore
suspending the graphene flake [19], or where a less invasive substrate is used, such as hBN
[37]. In this case of high quality samples, the culprits for the upper limit on the measured
conductance are short range scatterers as already mentioned.

Coupling to surface phonons from the substrate has also shown to be important for the
charge transport in graphene, specially for SiO2 substrates [38]. Such contributions are elimi-
nated in high quality devices by using less invasive substrates or by suspending the graphene
flake. Experiments performed at low temperatures (T< 150 K) show that the electronic mobil-
ity of high quality suspended graphene samples seems to be limited due to flexural phonons
[39]. It has been predicted that, similar to charge transport, spin transport in suspended sam-
ples could also be limited by flexural phonons [40], however experiments in homogeneously
clean samples have to be performed in order to confirm these predictions [41].

2.5.3 Conductance quantization
Within the ballistic regime, we can observe quantum confinement of the carriers when the
their wavelength at the Fermi energy is in the same order of the sample dimensions: λF ≥
W,L. Here I will describe how confinement leads to quantized plateaus in conductance, and
also will treat the evolution from 1D confinement to the quantum Hall state in the next section.

When we have the condition lmfp > λF ≥ W , the electrons can probe both edges of the
sample before scattering. This leads to a confinement of the carriers in which, as in typical
quantum well examples in quantum mechanics [42], leads to a quantization of the energy
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with characteristic quantum numbers nx, ny and nz for quantization in each of the three di-
mensions.

In the case of graphene, the carriers are already confined in the z direction. Due to the
small thickness of the graphene flake, the separation of the energy levels in the z direction
is so large that only the ground state for the quantum number nz is considered. We can
confine the carriers in another dimension by, for example, cutting the graphene flake along
one direction (e.g. x) in order to create a ribbon. This results in additional confinement of
the carriers which leads to quantization in the (quasi-) momentum in the y direction, ky , while
the spectra in the x direction is continuous. The quantization in ky leads to the formation of
subbands and quantization of the conductance according to the Landauer-Buttiker formula:

G =
νe2

h
M, (2.15)

where ν is the degeneracy of the subbands andM is the number of subbands below the Fermi
level.

The conductance quantization due to lateral confinement of the carriers was first observed
in 1988 by van Wees et al. [43] and Wharam et al. [44] in a GaAs 2-dimensional electron
gas (2DEG). There, the confinement of the carriers was done electrically, by a pair of gate
electrodes (split gates) and clear plateaus at integers of 2e2/h as a function of the width of the
channel were observed, where the factor of 2 is due to spin degeneracy.

In graphene, if the valley and spin degeneracy are both conserved, we expect quantized
plateaus in steps of 4e2/h (a factor of 2 for valley and 2 for spin degeneracies). As explained
before, for an armchair graphene nanoribbon the valley degeneracy is lifted, which leads to
quantized plateaus in the conductance in steps of 2e2/h.

Theoretical works indicate that conductance quantization in graphene nanoribbons is not
very robust with respect to edge disorder [45]. It was shown that conductance quantization
can be observed for a reasonable amount of defects (removing about 10% of the atoms at the
edge), although the transmission for the subbands can be seriously reduced, specially at high
energies. This effect get stronger for longer ribbons which causes localization of the carriers
and seems to be responsible for Coulomb blockade effects in etched graphene nanoribbons
[46].

Indication of the formation of subbands in graphene nanoribbons was observed in 2008
for etched graphene devices [47]. However, the transmission for each channel was very low,
T ≈ 0.01, most probably due to the low mean free-path in these devices.

The first observation of conductance quantization in a single layer graphene ballistic nan-
oconstrictions was done in 2011 for suspended graphene devices [48]. In this work conduc-
tance quantization in steps of 2e2/h was observed, indicating one broken degeneracy (valley)
as shown in Fig. 2.5. Semi-classically, the conductance as a function of the Fermi wavevector
is given by: G = 4e2

h
kFW
π

. By fitting this linear relation to the data, a width for the constriction
of W ≈ 200 nm was obtained. This value for the width was also confirmed by the transition
between quantum confinement to the quantum Hall state as we will see in the next section.

It is interesting to note that the plateaus in conductance shown in Fig. 2.5 have values very
close to multiples of 2e2/h, which indicates a transmission close to unity for the channels.

Later works performed on etched suspended graphene nanoribbons which had a much
longer channel showed electronic localization, which results in Coulomb blockade at zero
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Figure 2.5: Conductance as a function of the Fermi wavevector kF for holes in a suspended
graphene nanoconstriction. The line is the equation G = 4e2

h
kFW
π

with W = 200 nm. Inset:
Scanning electron micrograph of a suspended graphene nanoribbon created after the current
annealing procedure. Adapted from Ref. [48].

magnetic field [49]. However, it was possible to demonstrate the high quality of the devices
by the transition to the quantum Hall state at reasonably low magnetic fields. This work
showed that the edges of the ribbons can strongly affect the charge transport even for high
quality devices, which results in a reduction of the carrier’s mean free-path.

Works on electrical confinement in bilayer graphene devices [50, 51] also showed conduc-
tance quantization in steps of 2e2/h, which also indicate that the valley degeneracy has been
lifted. Until now there is no clear understanding why the valley degeneracy seems to be lifted
in these devices.

2.5.4 Quantum Hall effect

When a 2DEG is subjected to a perpendicular magnetic field the carriers experience a Lorentz
force while travelling through the device. At low magnetic fields the carriers are deflected to
the edges of the sample, which results in a voltage difference between the edges (Hall voltage)
given by [24]: VH = IB/en = µIB/σ, where I is the applied current. At high enough
magnetic fields the carriers are forced to move in closed loops and quantum effects start to
play a role. Adopting a semi-classical approach, due to the wave nature of the electrons, the
circumference of the loops has to be an integer number of the de Broglie wavelength (and the
inclusion of a phase factor). Using a quantum mechanical approach, it can be shown [24] that
the Schrödinger equation for the carriers under a magnetic field is equivalent to the equation
for a harmonic oscillator with frequency ωc = eB/m∗, known as the cyclotron frequency,
where m∗ the effective mass 2. This results in a quantization in the allowed energies, called
Landau Levels (LL), and is given by:

EN = (N + 1/2) ~ωc. (2.16)

2For single layer graphene the cyclotron mass is used instead.
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This quantization in energy is the origin of the quantum Hall effect.

The closed orbits result in a ”localization” of the carriers which do not contribute to the
conductance of the device. However, at the edges of the sample the energy for the LL goes up
and eventually crosses the Fermi energy (Fig. 2.6). This causes the electrons to flow through
channels close to the edges of the sample. These channels, called edge channels, propagate at
opposite directions in opposite edges of the sample. In a classical picture the electrons ”skip”
at the edges creating channels from one end of the sample to the other and with opposite
directions as in the edge channel picture (Fig. 2.6).

E

x

hωc

EF

L

Figure 2.6: Left: Cartoon showing the Landau Levels energy diagram in graphene for holes
(red) and electrons (blue). Right: Device in a quantum Hall state. The electrons in the centre
of the channel form closed orbits while the electrons at the edges propagate from one contact
to the other through skipping orbits.

The LL energy as a function of the LL index N and magnetic field B for the special case of
graphene is [4]:

EN = ±vF
√

2e~B(N + 1/2± 1/2), (2.17)

where the first± sign refers to electron (+) and holes (−) and the last±1/2 term is due to the
chiral nature of the carriers. The resulting Hall resistance is quantized and given by (Fig. 2.7):

ρxy = VH/I =
h

4e2
1

(N ± 1/2)
. (2.18)

This is the half-integer quantum Hall effect which is a consequence of the linear dispersion in
graphene [52]. The longitudinal resistance ρxx shows peaks when a LL is being occupied and
drops to zero when the Fermi energy is between two LL (Fig. 2.7).

The Hall and longitudinal resistances are most often measured directly in a Hall bar ge-
ometry. For a 2-probe device, the conductance G measured when in the quantum Hall state
depends on the aspect ratio of the device [53]: for long devicesG ≈ σxy while for short devices
G ≈ σxx.
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Vxy

Vxx

Figure 2.7: Quantum Hall effect in a graphene FET showing the plateaus in Hall conductance
(σxy in red) in steps of 4e2/h and starting from 2e2/h. The longitudinal resistivity ρxx (green)
shows peaks when the Fermi energy crosses a Landau Level. Adapted from Ref. [52]. Inset:
A graphene Hall bar showing the circuit diagram for the measurement of the transversal and
longitudinal resistances.

Transition from quantum confinement to the quantum Hall effect
An interesting case that will be relevant for chapter 5 is the transition between the conduc-
tance quantization in long ballistic devices, where the quantized conductance in steps of 2e2/h

slowly evolves to the Hall conductance 3 . At zero magnetic field the carriers coming from one
electrode are specularly reflected at the edges of the sample until they reach the other contact.
As we saw in the previous section, since the device is ballistic, with W < lmfp, the conduc-
tance is quantized in steps of 2e2/h. When a small perpendicular magnetic field is applied,
the carriers’ paths will bend a little, but they can still bounce from the edges and the plateaus
in conductance stay at the same energy values. When the cyclotron radius lc of the carriers is
half the sample width there is the possibility of closed orbits in the device, meaning that we
entered the quantum Hall state. This happens at a critical magnetic field Bc given by:

lc =
W

2
=

~k
eBc

. (2.19)

At higher magnetic fields the LL follow the same energy dependence as a regular sample.
The evolution from conductance quantization due to size confinement to the quantum Hall
state with increasing magnetic field is shown in Fig. 2.8.

This effect was measured in the suspended graphene constrictions presented before (from
Ref. [48]) by following the back gate voltage corresponding to the centre of the first plateau in
conductance G = 2e2/h as a function of the applied magnetic field (Fig. 2.9). It was shown
that at very low fields,B < 60 mT, the centre of the plateau does not change its corresponding
back gate voltage (energy). After the critical fieldB ≈ 60 mT the plateau follows the quantum
Hall behaviour expected for single layer graphene (Eq. 2.17). This critical field corresponds

3Here we are assuming broken valley degeneracy.



2

2.5. Electronic transport in graphene 27

BBc0
Figure 2.8: Semi-classical electronic trajectories for a ballistic device as a function of the mag-
netic field. For low fields the electron suffers specular reflection at the edges of the sample
keeping the same value for ky . As the field goes up the trajectories get bent due to the Lorentz
force. At a critical magnetic field Bc the cyclotron orbit is about the size of the device’s width
and it enters the quantum Hall state.

to a constriction width of W ≈ 300 nm, which is in reasonable agreement with the previously
estimated value (Fig. 2.5).

2.5.5 Phase coherent effects

Between the ballistic and diffusive regimes there is an intermediate transport regime called
quantum diffusive transport. Here we have the condition: lmfp, λF < L,W < λφ, meaning
that the momentum of the charge carriers gets randomized while travelling through the sys-
tem, but their phase is conserved. The phase relaxation length is related to the charge diffusion
constant Dc and the phase relaxation time τφ by: λφ =

√
Dcτφ.

As in optics, phase coherence gives rise to quantum interference effects which results in a
modulation of the device transmission (and therefore electronic conductance). There are two
main phenomena in phase coherent electronic transport: Universal Conductance Fluctuations
(UCF) and Weak (Anti) Localization [54].

Universal Conductance Fluctuations

Electrons travelling through the device can take different paths (Fig. 2.10a), which causes the
electrons to interfere constructively or destructively at certain places. The interference pattern
leads to deviations from the classical value for the conductance of the device (which excludes
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Figure 2.9: (a) Conductance of a suspended graphene nanoconstriction as a function of the
gate voltage Vg for different values of magnetic field. The distance in gate voltage of the centre
of the first conductance plateau from the charge neutrality point in indicated as ∆VN=1. (b)
∆VN=1 as a function of the magnetic field B. The dashed black line indicates the expected
position of the Landau Level. The critical field Bc ≈ 60 mT is also indicated.

interference effects). It can be shown that the root-mean-square magnitude of the conductance
fluctuations around the mean value Gmean is [54]:

δG =
√〈

(G−Gmean)2
〉
≈ gvgs

2

e2

h
, (2.20)

for a valley (spin) degeneracy gv(s). Since for graphene gv = gs = 2, we have: δG ≈ 2e2/h.

In optics, the interference pattern can be modulated by changing the wavelength or the
optical path. Using this analogy, we expect that the interference effects can be modulated
by changing the carriers wavelength λF or their trajectory. The wavelength can be changed
by changing the Fermi energy, e.g. by using a gate voltage, and the carriers trajectory by
applying a small perpendicular magnetic field. Therefore, by changing the gate voltage or
a perpendicular magnetic field we expect the conductance to fluctuate around a mean value
with a rms amplitude of about 2e2/h (Fig. 2.10b).

The phase coherence length decreases with temperature (T ) due to, for example, energy
averaging due to temperature and electron-phonon scattering. The current flow takes place
at an energy range a few kBT around the Fermi energy, where kB the Boltzmann constant.
When kBT > ~/τφ, the energy range given by the temperature broadening can be viewed
as N uncorrelated channels in parallel [24], with each channel having an energy width ~/τφ:

N = kBT
~/τφ

=
(
λφ
λT

)2
, where λT =

√
~Dc/kBT is the thermal length. This effect results on the

reduction of the fluctuations by a factor N−1/2 = λφ/λT [24, 54].
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Figure 2.10: (a) Two possible trajectories for an electron to go from one electrode to the other.
(b) Fluctuations of the conductance around an average value Gmean as a function of energy
or magnetic field. (c) Two closed trajectories related to each other by time reversal symmetry.
If a perpendicular magnetic field is applied there is a magnetic flux Φ through the loop. (d)
Conductivity as a function of magnetic field showing a characteristic weak localization dip.

Weak localization and weak antilocalization

Another interference effect that takes place in the quantum diffusive regime is an effect called
coherent backscattering. To explain this effect we start by writing the probability amplitude
for an electron to travel from a point A to a point B in a trajectory i as aieiφi . Since there are
many indistinguishable trajectories, the total probability to travel from A to B can be written
as [26]:

P (A→ B) =
∑
i

|ai|2 +
∑
i 6=j

aiaje
−i(φi−φj ). (2.21)
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If the trajectories are open, i.e. A6=B, the trajectories are uncorrelated and the second term
of the equation is washed out, leaving only the classical result which is the sum of the prob-
abilities of all possible trajectories. For closed trajectories (A=B), if two paths i and j are
related by time reversal symmetry (Fig. 2.10c) we have: ai = aj and φi = φj and therefore
P (A→ A) = 2

∑
i |ai|

2. This means that the probability of return is enhanced when compar-
ing to the classical result. The increase in the probability of backscattering results in a decrease
in Dc, therefore a reduction of the conductance.

In a magnetic field, the magnetic flux through the area of the loop enclosed by the trajec-
tory (Fig. 2.10c) results in a phase difference for the two time reversed trajectories. When the
magnetic field is increased the interference effects are suppressed due to the relative phase
changes. Therefore, the conductivity as a function of the magnetic field σ(B) increases with
the applied field (Fig. 2.10d):

σ(B)− σ(B = 0)

σ(B = 0)
> 0. (2.22)

This is the core result of the weak localization effect.
Due to the presence of the Berry curvature in graphene [55], the constructive interference

that gives rise to the enhanced backscattering transforms into a destructive one [26]. There-
fore the conductance increases in relation to the classical result and the ”>” sign in Eq. 2.22
becomes a ”<”. This is known as weak antilocalization 4. However, if short range scatterers
are present, then intervalley scattering plays a role. Since the valleys K and K’ have differ-
ent chiralities the weak localization effect is recovered. The transition between localization
and antilocalization in graphene was shown to depend on experimental conditions such as
mobility, temperature and carrier density [57].

Weak (anti)localization can be used to estimate the phase relaxation length since only
paths with a length smaller than λφ will contribute to the effect. Since weak (anti)localization
does not depend on the length of the sample, it can be observed even for relatively large
samples therefore it is used more often than UCF to estimate λφ.

2.5.6 Electronic transport via the tight-binding approach

To calculate the electronic transport properties of a graphene system we can use the tight-
binding combined with the retarded Green functions formalism to obtain the transmission
from one point to another in the system. The transmission through the system using the re-
tarded Green functions formalism is explained in much detail in the book ”Electronic transport
in mesoscopic systems” by Supriyo Datta (pg. 132-157) [24]. This is the same formalism adopted
in the KNIT program [58] which was used to obtain the results shown in chapter 5. Here I will
introduce the basic concepts of the formalism used.

We start by rewriting the Hamiltonian of the system in a similar way as described in sec-
tion 2.3 considering the whole graphene system (all the atoms in the system):

H =
∑
i 6=j

c+i tijcj +
∑
i

c+i Vici, (2.23)

4Weak antilocalization can also observed in the presence of spin orbit fields [56].
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where the operator c+i creates a particle on the i-th site, tij defines a hopping energy between
the i-th and j-th sites and Vi defines the on-site energy for the i-th site. For simplicity we
adopt the first nearest neighbours approximation: tij 6= 0 only for adjacent sites i and j. This
means that there is only hopping between atoms from one sublattice (e.g. A) to the other (B),
which leads to electron-hole symmetry as described previously in section 2.3.

Here we only consider one degree of freedom for the system. Higher degrees of the free-
dom (e.g. spin or different orbital quantum numbers) can be taken into account by including
another index to the operators c+i . Therefore, we are assuming that the transport through the
system is spin independent.

The system is connected to the environment via semi-infinite leads. The interaction of the
graphene system with a semi-infinite lead l is taken into account by the use of a self-energy
term Σl. This term can be viewed as an effective Hamiltonian arising from the interaction of
the graphene with the lead.

The retarded Green function for the system contacted by semi-infinite leads as a function
of the energy E is:

G(E) =

(
EI −H+

∑
l

Σl(E)

)−1

, (2.24)

where I is the identity matrix. The self-energy term of the leads can be calculated exactly
within the tight-binding approximation [24] and uses the assumption that the leads are inde-
pendent, therefore their effects are additive.

The transmission between two leads k and l at a certain energy E can then be calculated
by:

Tkl = Tr
[
ΓkGΓlG†

]
, (2.25)

where the argument (E) was omitted in favour of a more compact form for the equation. The
term Γk = Im (Σk) can be viewed as describing the coupling between the conductor and the
leads.

The related conductance is given by the Landauer formula:

Gkl =
2e2

h
Tkl, (2.26)

where the factor 2 is added to account for spin degeneracy.
In summary, if one wants to calculate the conductance of a system connected by two leads,

the protocol goes as follows:

1. Obtain the total Hamiltonian of the system (without the leads)H.

2. Obtain the self-energies of both leads 1 and 2 (Σ1,2).

3. Calculate the retarded Green function given by Eq. 2.24.

4. Calculate the transmission coefficient between leads 1 and 2 (T12(E)).

5. The conductance as a function of the energy is given by Eq. 2.26: G12 = T12(E)2e2/h.
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2.6 Supplementary literature

General graphene properties
• ”The electronic properties of graphene”, A. H. Castro-Neto et al., Rev. Mod. Phys. 81,

109 (2009).

• ”Nobel Lecture: Graphene: Materials in the Flatland”, K. S. Novoselov, Rev. Mod. Phys.
83, 837 (2011).

Tight binding calculation of molecules and solids
• ”Physical Properties of Carbon Nanotube”, R. Saito, G. Dresselhaus, and M. S. Dressel-

haus, Imperial College Press (1998).

Electronic transport in graphene
• ”Colloquium: The transport properties of graphene: An introduction”, N. M. R. Peres,

Rev. Mod. Phys. 82, 2673 (2010).

• ”Quantum transport in Two- and One-Dimensional Graphene”, A. Veligura, PhD thesis,
University of Groningen (2012).

Electronic transport in mesoscopic devices
• ”Electronic Transport in Mesoscopic Systems”, S. Datta, Cambridge University Press (1997).

• ”The Physics of Low-dimensional Semiconductors: An Introduction”, J. H. Davies,
Cambridge University Press (1997).

• ”Quantum Transport in Semiconductor Nanostructures”, C.W.J. Beenakker and H. van
Houten, Semiconductor Heterostructures and Nanostructures, Academic Press (1991).
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[56] J. B. Miller, D. M. Zumbühl, C. M. Marcus, Y. B. Lyanda-Geller, D. Goldhaber-Gordon, K. Campman,
and A. C. Gossard, “Gate-controlled spin-orbit quantum interference effects in lateral transport,”
Phys. Rev. Lett. 90, p. 076807, Feb 2003.

[57] F. V. Tikhonenko, A. A. Kozikov, A. K. Savchenko, and R. V. Gorbachev, “Transition between electron
localization and antilocalization in graphene,” Phys. Rev. Lett. 103, p. 226801, Nov 2009.

[58] K. Kazymyrenko and X. Waintal, “Knitting algorithm for calculating green functions in quantum
systems,” Phys. Rev. B 77, p. 115119, Mar 2008.





3

Chapter 3

Spin transport and relaxation in graphene

Abstract

Graphene is a very promising material for spin transport and spin based logic circuits.
Due to its low spin orbit coupling and low hyperfine interactions, initial theoretical pre-
dictions pointed out that graphene has the potential for transferring spin information over
very long distances even at room temperature. The first experimental works fell short of
these initial predictions, which incited both theoreticians and experimentalists to explore
the reasons for these results and find the experimental limits for graphene spintronics.
The field of graphene spintronics is growing rapidly in both theoretical and experimental
fronts, not only to understand the limitations for spins in graphene, but also to combine
the electronic properties of graphene with spin transport.

In this chapter I will review the main concepts of spin transport such as spin injection via
a ferromagnetic electrode, the conductivity mismatch problem, the two channel model,
the nonlocal spin valve and the Hanle effect. I will discuss how to measure the spin
properties of graphene and how to model a non-homogeneous graphene device. At the end
of the chapter I will give a short review on the spin relaxation mechanisms for graphene.
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3.1 Spintronics

The use of the electronic spin to carry information, known nowadays as spintronics
[1], is receiving increasing attention since the discovery of the giant magnetoresis-
tance (GMR) effect [2, 3]. Spintronics is strongly application driven since its start,
and is the basis of revolutionary inventions such as the hard disk drive and more
recently magnetic random access memories (M-RAM) and spin transfer torque ran-
dom access memories (STT-RAM). With the demand for increasingly smaller and
faster devices, the understanding of the limits of spintronic effects in nanoscale de-
vices is of high importance.

Graphene is one of the most promising materials for spintronic applications due
to theoretical predictions of long spin relaxation times and lengths [4, 5]. But be-
fore I get into a detailed explanation of graphene’s spintronic properties we have to
understand a few basic models and phenomena in spintronics.

I will start by explaining how to inject a spin polarized current in a non-magnetic
material and the difficulties that might arise due to the difference in conductivity
of the contacts and the non-magnetic material. Later I treat the specific case of spin
transport in graphene and the most common methods to measure the spin transport
parameters. Finally I finish the chapter by discussing the spin relaxation mechanisms
in graphene.

3.2 Spin injection in non-magnetic materials

The most common way to produce a spin polarized current in a non-magnetic mate-
rial (NM) is by the use of ferromagnetic (FM) electrodes. The density of states at the
Fermi energy in a ferromagnetic material is different for the two spin species, which
in here will be referred as ”spin up” and ”spin down” for simplicity. This difference
in the density of states causes a difference in the conductivity for each spin direction.
For a diffusive system we can calculate its conductivity using the Einstein’s relation:

σ↑(↓) = D(E)↑(↓)e
2ν(E)↑(↓), (3.1)

where e the electron charge, D↑(↓) is the diffusion constant, and ν(E)↑(↓) the density
of states at the energy E for spin up (down). The average diffusion constant can be
written as D̄ = D↑D↓ (ν↑ + ν↓) /(D↑ν↑ +D↓ν↓) [6, 7]. For the case of a non-magnetic
conductor we have that D̄ = Dc, where Dc is the charge diffusion constant.

When a current is driven through the FM/NM interface a spin imbalance is cre-
ated in the NM which decays away from the interface in order to restore the equilib-
rium condition (see Fig. 3.1). This spin imbalance is called spin accumulation and
it is measured by the difference in the chemical potentials for spin up and down:
µs = (µ↑ − µ↓)/2. The characteristic distance in which µs decays is called the spin
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relaxation length, λs. The spin relaxation length, like the phase relaxation length
discussed in the previous chapter, is related to a spin relaxation time τs and a spin
diffusion constant Ds by: λs =

√
Dsτs. For the case where electron-electron inter-

actions is not the dominant scattering mechanism, which is the case for graphene:
Ds ≈ Dc

1.

DOS

Energy

M

Ef

FM NM

Figure 3.1: Scheme of a FM/NM interface with an applied current from the FM to the NM.
Since in the FM the density of states (DOS) at the Fermi energy for one spin species is higher
than the other the current in the FM is spin polarized. When the current flows to the NM it cre-
ates a spin imbalance (spin accumulation) at the interface that decays towards the equilibrium
condition with the characteristic length λs. Note that the magnetization of the FM points to
the opposite direction of the spin accumulation. This is the case of cobalt, where the majority
spins (down, red) have a lower DOS than minority spins (up, blue). The dark region at the
interface represents a tunnel barrier, which is used to increase the spin injection efficiency as
described in section 3.2.2.

3.2.1 Two channel model

An intuitive approach developed by Valet and Fert [9] to describe spin injection and
transport in materials reduces the studied system into an equivalent resistor circuit.
This model is commonly referred as the two channel model since it assumes the two
spin species to flow in different branches of the circuit. A FM-NM-FM stack can be

1In the case of high electron-electron scattering Ds < Dc, due to a phenomenon called spin Coulomb
drag [8].
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described by assuming different resistances for spin up and down in the ferromag-
nets and equal resistances in the NM, as shown in Fig. 3.2.

FM FMNM

Parallel Antiparallel

R

r

R

r

Rrel

RNM/4 RNM/4

RNM/4 RNM/4
R r

Rr

Rrel

RNM/4 RNM/4

RNM/4 RNM/4

FM FMNM

Figure 3.2: Two channel model for a FM/NM/FM stack in a parallel (left) and antiparallel
(right) state. The resistances (over the spin relaxation length) R=R(1 + γ) and r=R(1 − γ)

represent the resistances for each spin channel depending on the magnetization orientation of
the FM. The resistances Rrel represent the spin relaxation resistances, connecting the spin up
and down channels.

The magnetization of the ferromagnets is described by the resistances for the flow
of spin up or down. We can quantify the polarization of the current through the FM
by writing the equivalent resistance for spin up in the FM as R↑ = R(1 − γ) and
for spin down as R↓ = R(1 + γ), where γ is the polarization of the electrodes and
R the average resistance of the FM. The spin relaxation in the NM can be accounted
for by including a spin relaxation resistance (Rrel) as shown in Fig. 3.2. It is easy
to show that for a FM/NM/FM stack in the absence of spin relaxation (Rrel � 1),
a spin polarized current flows when the FM are oriented parallel to each other (Fig.
3.2 left) and a spin accumulation (voltage between the spin up and down branches)
develops for an antiparallel orientation (Fig. 3.2 right). This simple model can be
used to describe even complicated systems with several contacts [10].

3.2.2 Conductivity mismatch and contact induced spin relaxation

One of the major issues that has to be circumvented in semiconductor spintronics is
known as the conductivity mismatch problem [7, 11]. This issue arises from the fact
that when spins are forced into a non-magnetic material by a ferromagnetic electrode
they tend to go back to the ferromagnet where they loose their information due to the
shorter lifetime of spins in the ferromagnetic material. To quantify the conductivity
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mismatch problem we introduce the spin resistance for a certain material as Rλ =

ρλs/A, where ρ is the resistivity and A the channel cross-sectional area. Rλ can be
written for the special case of a 2D material as graphene as:

Rλ =
Rsqλs
W

, (3.2)

where Rsq is the sheet resistance and W the channel width.
When the ratio between the spin resistances of the ferromagnet and the non-

magnetic channel is much smaller than 1 the spins tend to go back and relax in the
ferromagnets, therefore no spin accumulation is generated in the channel. This is
usually the case since both the spin relaxation length and the resistivity of most fer-
romagnetic metals are much smaller than those of graphene or semiconductors.

The conductivity mismatch can be circumvented by including a highly resistive
interface barrier between the ferromagnetic electrode and the non-magnetic channel
[12]. This barrier, usually made of metal oxides such as Al2O3, TiO2 and MgO, can
have a resistance Rb much higher than the spin resistance of the channel which can
be controlled by the oxide layer thickness.

In chapter 4 I will discuss the effect of conductivity mismatch for the specific case
of the contacts used in the experimental research presented in this thesis.

3.3 Spin transport in graphene

In this section I discuss the specific case of graphene spin transport and the most
used methods to extract its spin transport properties. I will also explain the model
used to describe the diffusive transport of spins in graphene and then, at the end of
the section, extend this model to more realistic devices.

3.3.1 Spin diffusion equation

To describe the motion of spins in graphene we use the spin diffusion equation in a
steady state condition [7]:

d ~µs
dt

= 0 = Ds∇2 ~µs −
~µs
τs
, (3.3)

where ~µs = (µx, µy, µz) represents the spin accumulation in 3 dimensions. The first
term on the right represents the diffusion of the spins due to a difference in the
chemical potential with the diffusion constant Ds and the last term represents the
spin relaxation with the relaxation time τs.

Equation 3.3 can be solved for 1D transport (e.g. in the x direction) resulting
in µs = µ0

s(Ae
− x
λs + Be+ x

λs ), where A and B are constants to be defined by the
boundary conditions. In an infinite 1D channel, we have the boundary condition
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µs(x = ±∞) = 0. This leads to the general solution: µs = µ0
se
− |x|λs , i.e. the spin

accumulation decays exponentially towards the equilibrium condition (µs = 0) with
a characteristic length scale λs. Therefore, it is possible to experimentally obtain λs
by measuring the spin signal as a function of the distance between the spin injector
and detector electrodes [13]. However, as it will be explained below, this method is
usually prone to errors due to the randomly different polarization of the electrodes.

3.3.2 Nonlocal spin valve

In the previous section we discussed the properties of a FM/NM/FM stack. When
a current is driven through these stacks we can observe a spin polarized current
or a spin accumulation in the NM depending on the relative orientation of the FM
electrodes. However, the spin polarization of the current is usually in the order of
10%. This means that the difference in resistance between parallel and antiparallel
orientation of the FM is only a small fraction of the total resistance, which makes
it difficult to distinguish the spin related signal from the background signal. Fur-
thermore, charge related phenomena such as the magneto Coulomb effect [14] and
anomalous Hall effects [15] can mimic spin related signals. An elegant way to avoid
this problem is to take advantage of the diffusive behaviour of the spins in the NM
and isolate the current path from the voltage detection as illustrated in Fig. 3.3(a).

This configuration, called nonlocal spin valve, uses the fact that in diffusive trans-
port all the information carried by the phase or momentum of the electrons gets
randomized (typically) over a much shorter length than the spin relaxation length
(λφ, lmfp � λs). As we will see later in chapter 7 this condition is not obeyed in
phase coherent devices, which leads to interesting observations.

A typical nonlocal spin valve consists of 4 ferromagnetic electrodes with the 2
central electrodes separated by a distance L, as shown in Fig. 3.3(a). Driving a
current between contacts 1 and 2 generates a spin accumulation underneath these
contacts. Since the current flows from contact 2 to contact 1, when both magneti-
zations are aligned in parallel, contact 2 injects spin up while contact 1 extracts spin
up. The spin accumulation generated by contact 2 is: µ0

s2 = eP2IRλ, where P2 is the
spin polarization of contact 2 and I the current used. The spin accumulation given
by contact 1 is: µ0

s1 = −eP1IRλ, since it extracts spins with an efficiency P1. The
total spin accumulation is a sum of the spin accumulation given by both contacts:
µs(x) = µ0

s1e
−|x−x1|/λs + µ0

s2e
−|x−x2|/λs , where x1(2) is the position of contact 1 (2).

Since contacts 3 and 4 are ferromagnetic, they probe preferentially the chemi-
cal potential of one spin species, Fig. 3.3(b). In the case where the ferromagnetic
contacts have parallel magnetization for example, spins up are preferentially de-
tected by the contacts. The voltage measured between the two contacts is: Vnl =

P3
µs(x3)
e − P4

µs(x4)
e , where x3 and x4 are the locations of contacts 3 and 4 respec-

tively. Therefore, it can be shown that the nonlocal voltage including the effect of all
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Figure 3.3: (a) Nonlocal spin valve schematic view showing the 4 FM electrodes and the con-
nection circuit. (b) Spin accumulation as a function of the distance for the case where all the
electrodes pairs are parallel (top) and antiparallel (bottom). The dashed lines show the spin
accumulation for spin up due to each injector. The total spin accumulation for spin up (down)
is shown in blue (red).

4 contacts is 2

Vnl =
IRsqλs

2W

[
P3

(
P2e
−|x3−x2|/λs − P1e

−|x3−x1|/λs
)

−P4

(
P2e
−|x4−x2|/λs − P1e

−|x4−x1|/λs
)]
.

(3.4)

In order to change the magnetization direction relative to another electrode one
by one, their coercive fields are made different. Therefore, by applying a magnetic

2The factor 1/2 appears due to the fact that the injected spins diffuse in both positive and negative
x-direction.
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field parallel to the contacts, their magnetization switches at different values of mag-
netic field. We ensure a different coercive field for each electrode by changing their
width between 100 - 800 nm. It is important to point out that in order to have sharp
switches as shown in Fig. 3.5(a) the electrodes have to be composed of a single mag-
netic domain and the easy axis for the magnetization should be well defined and
parallel to the field. For that all our electrodes have an aspect ratio length/width > 6,
with lengths below 15 µm and the electrodes extend away from the sample keeping
right angles to avoid domain wall propagation (Fig. 3.4). Furthermore, in order to
avoid that adjacent contacts couple magnetically with one another via stray fields,
we keep their ”loose ends” on opposite sides.

1 µm

Figure 3.4: Scanning electron micrograph of a suspended graphene sample as used in Chapter
8 showing the Co electrodes used to contact the graphene.

When contacts 1 and 4 are far away from the two inner contacts we have that
|x3 − x1| , |x4 − x2| , |x4 − x1| � λs and Eq. 3.4 simplifies to (using |x3 − x2| = L):

Vnl =
IRsqλs

2W
P2P3e

−L/λs . (3.5)

This means that if the first injector is far away, the generated spin accumulation
decays to nearly zero before reaching the detection circuit. The outermost detector
being far away means that µs decays to nearly zero before reaching it. Therefore,
contact 4 effectively probes the equilibrium chemical potential: µs ≈ 0 eV.

Considering just the inner electrodes, when they are aligned in a parallel con-
figuration, contact 2 injects spin up and contact 3 detects spin up, see Fig. 3.3(b).
This results in a positive nonlocal voltage. If the inner electrodes are aligned in an
antiparallel configuration the measured nonlocal voltage is negative since contact 2
injects spin up and contact 3 detects preferentially the chemical potential for spin
down.

If we normalize Vnl by I we obtain a resistance called nonlocal resistance (using
P2 = Pi and P3 = Pd):
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Rnl = ±PiPdRsqλs
2W

e−
L
λs . (3.6)

The ± sign indicates the relative orientation of the FM contacts, + when they are
parallel and − for antiparallel.

Equation 3.6 shows that by changing the relative orientation of the FM electrodes,
we should observe a sudden jump on the measured nonlocal resistance from positive
to negative and symmetric around Rnl = 0 Ω. This measurement is often referred as
a nonlocal spin valve measurement. Sometimes a small background, due to heating
or regular Ohmic contributions for example, can be observed, Fig. 3.5(a).
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Figure 3.5: (a) Nonlocal spin valve for a device based on bilayer graphene on lift-off resist
(LOR) for L = 1.8 µm and L = 2.8 µm. (b) Natural logarithm of the nonlocal spin signal as
a function of the distance L. Using a linear fit we extract λs = (0.89 ± 0.05) µm. Data from:
M.H.D. Guimarães, et al., unpublished.

Equation 3.6 also shows that Rnl decays exponentially with the distance L be-
tween electrodes with the characteristic decay length λs as expected for the spin sig-
nal, Fig. 3.5(b). By taking the natural logarithm of Rnl we expect a linear behaviour
with a slope −1/λs. However, we can now see that in order to accurately measure
λs by obtainingRnl for different L, we cannot have a large spread in the polarization
of the used contacts. If P varies strongly, the decaying trend of Rnl gets less clear,
leading to large errors in λs. This variation of the contact polarization is the main
responsible for the deviation of the data in Fig. 3.5(b).
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3.3.3 Hanle effect

A more accurate way to obtain the spin transport parameters in the graphene chan-
nel is by the use of the Hanle effect [7]. When a perpendicular magnetic field ~B =

B0ẑ is applied to the device, the injected spins precess around the field while diffus-
ing. To describe the spin transport in the system we can use a diffusive picture [16]
in which spins injected from a contact have a probability distribution as a function
of time, PD(t), to reach a detector electrode at a distance L given by:

PD(t) =
1√

4πDst
e−

L2

4Dst . (3.7)

The spin relaxation can be included by multiplying Eq. 3.7 by Pτ = e−t/τs . The
spin precession due to the applied magnetic field is taken into account by 3 including
the term cos(ωt), where ω = gµB

~ B0 with g the Landé g-factor, µB the Bohr magneton
and ~ the reduced Planck constant. Therefore, the contribution to the signal at a time
t after the injection, including the effects of diffusion, precession and relaxation is
given by:

P(t) =
1√

4πDst
e−

L2

4Dst e−t/τscos(ωt). (3.8)

To find the spin accumulation (in the ŷ direction) we integrate Eq. 3.8 in time:

µs(L,B) = 2

√
Ds

τs
µ0
s

∫ ∞
0

P(t)dt, (3.9)

where the pre-factor 2
√

Ds
τs

comes from the condition µs(L = 0, B = 0) = µ0
s.

The integral in Eq. 3.9 can be solved using a mathematical package software
such as Wolfram Mathematica and, usingRnl(L,B) = Pd/(eI)µs(L,B), an analytical
expression for the measured nonlocal resistance can be obtained:

Rnl(L,B) = ±PiPdRsqDs

W
Re

 1

2
√
Ds

e
−L
√
λ−2
s −i ωDs√

τ−1
s − iω

 . (3.10)

Eq. 3.10 describes how the nonlocal resistance depends on an applied perpendic-
ular magnetic field and the distance between electrodes. Since this equation depends
on Ds and τs, this expression can be used to extract the spin transport parameters
independently [17, 18]. Measuring the nonlocal signal in a spin valve as a function
of a perpendicular magnetic field, the experimental data can be fitted by equation
3.10 assuming g=2 and keeping Ds, τs and the amplitude of the signal as fitting pa-
rameters. An example of a Hanle measurement and its fit is shown in Fig. 3.6.

3Here we are considering the projection of the spins in the ŷ direction, which is the easy axis of mag-
netization of the electrodes.
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Figure 3.6: Hanle spin precession measurement for the sample used for the measurements in
Fig. 3.5 with a fit using Eq. 3.10 to extract τs and Ds. Inset: Nonlocal signal used to calculate
Rs = (RP − RAP )/2 with RP in black and RAP in grey. Data from: M.H.D. Guimarães, et al.,
unpublished.

As it can be seen in Fig. 3.6, with an increase of the magnetic field, the non-
local signal decreases until it crosses zero and reaches a maximum negative value.
This happens since the spins precess around B with the point where Rnl = 0 Ω

corresponding to an average 90◦ rotation and the maximum negative value corre-
sponding to an average 180◦ rotation. With further increase of B the spins precess to
higher angles before reaching the detector electrode and Rnl decays to zero due to
incoherent precession and relaxation.

In order to exclude the background signal from other sources 4 in the Hanle pre-
cession measurements we use the fact that the spin signal for parallel and antiparallel
of the contacts is mirrored in respect to zero spin signal (inset of Fig. 3.6). By sub-
tracting the nonlocal signal for the antiparallel from the parallel magnetization and
dividing by 2 we have an average signal Rs = (RP − RAP )/2. The resulting signal
Rs is in principle purely due to spin contributions.

4Although rare, effects of temperature drift during the measurements due to, for example sample
heating, might induce a background which is usually linear in time and can be accounted by adding a
linear slope. This effect is usually suppressed at low temperatures.
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3.3.4 Spin diffusion in non-homogeneous systems

For some cases, the samples are non-homogeneous, consisting of regions with dif-
ferent properties, e.g. different diffusion constants, square resistances and spin re-
laxation times. One simple case is when the central region between the spin injector
and detector has distinct properties from the ones of the identical outer regions (Fig.
3.7).

V

τiτo
τoDo DoDiRo RoRi

Figure 3.7: Cartoon representing a nonlocal spin valve in a non-homogeneous system. The
outer grey and inner green regions have different values for spin relaxation time τo and τi, spin
diffusion coefficient Do and Di, and square resistance Ro and Ri respectively. One possible
path followed by a spin from injection to detection is depicted in red showing that spins can
probe all three regions before being detected.

For this case the approach we used before to obtain an analytical expression for
Rnl is not as easy. Therefore, we solve the Bloch equations as proposed by Johnson
and Silsbee [19] and worked out in detail by F. Jedema [6] and M. Popinciuc et al.
[20], taking special attention to the boundary conditions, which are different from
the cases treated before.

We start by modifying Eq. 3.3 to include a precession term (for transport in the x̂
direction):

Ds
d2 ~µs
dx2

− ~µs
τs

+ ~ω × ~µs = 0, (3.11)

This equation is commonly referred as Bloch equation.
The solution to the equation can be obtained assuming that the spin accumulation

decays to zero at infinity and is continuous everywhere and the spin current (pro-
portional to the derivative of µs as a function of x) is continuous everywhere except
at the spin injection point. Therefore we assume the following boundary conditions:

1. The spin accumulation decays to zero at infinity: ~µs(±∞) = 0,

2. Continuity of the spin accumulation: ~µs(x) is continuous everywhere, and
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3. Continuity of the spin current: 1/(eRsq)d ~µs/dx
5 is continuous except at the

injection point where the spin accumulation in the y direction is discontinuous
by PiI/2.

This results in a set of coupled differential equations for the x and y components
of the spin accumulation µx and µy :

Ds
d2µx
dx2

− µx
τs

+
gµB
~
B0µy = 0 (3.12a)

Ds
d2µy
dx2

− µy
τs
− gµB

~
B0µx = 0 (3.12b)

where B0 is the magnetic field strength in the z direction and Ds and τs can have
different values for the different regions. These equations have solutions of the type:

µj = cj1e
+ x
λs

√
1+i(γB0τs) + cj2e

+ x
λs

√
1−i(γB0τs)

+cj3e
− x
λs

√
1+i(γB0τs) + cj4e

− x
λs

√
1−i(γB0τs),

(3.13)

where cjk (k = 1, 2, 3, 4) are constants and j = x, y. Considering the three regions (two
outer and one inner), leads to 12 independent constants to be determined, which can
be reduced to 8 after applying the first boundary condition. The remaining constants
can then be obtained using a mathematical program, such as MATLAB, to solve the
coupled equations in a matrix form and obtain the nonlocal resistance as a function
of the different parameters involved.

This model can explain well different experiments shown in chapters 8 and 9.
For comparison with the experiments, we can solve the equation numerically as a
function of magnetic field to generate Hanle precession curves with known values
for the diffusion coefficient and relaxation times for all the regions. These simulated
Hanle curves are then fitted with the solution homogeneous systems as done in the
experiments. From this fitting procedure we extract τs and Ds that can be compared
to the experiment and the values used for the simulation [21].

It is worth noting that this procedure is required due to the diffusive nature of
the spins. This means that the spins can probe a significant amount of the three
regions before being detected, and therefore the Hanle precession curve contains
information of the three regions and not only the central one. However, if the central
region is long enough (L � λs), the spins that reach the detection circuit spend a
very long time in the central region and therefore the solution for the homogeneous
system can be used with reasonable accuracy to extract the spin transport parameters
of the central region. This can be also understood if we take, for example, that the

5It is important to note that the square resistance Rsq is different for each region: Rsq = Ro for the
outer regions and Rsq = Ri for the inner region.
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spin relaxation time for the outer regions is much smaller than the central region.
If the time the spins take to diffuse from the injector to the detector τd = L2/2Ds

is higher than the spin relaxation time for all regions, only spins that go in a more
straightforward path toward the detector can be measured before relaxing.

Therefore, the spin relaxation obtained by fitting the data with the solution of
the Bloch equation for a homogeneous system will be a combination of the spin
relaxation times in each region: τ−1

s = α/τi + (1 − α)/τo, where α is a constant
that quantifies the contribution of each region on τs. The value for α will depend on
the average time the spin spends in the central region as compared to the relaxation
time in that region.

3.4 Spin relaxation in graphene

In this section I am going to discuss the status of the understanding of the spin relax-
ation mechanisms in graphene. One of the reasons why graphene has attracted a lot
of attention in the area of spintronics is due to initial theoretical predictions of very
long spin relaxation times (τs ≈ 1 µs) and lengths (λs ≈ 100 µm) [22, 23]. However,
the first experimental results fell a few orders of magnitude short than the initial
predictions [18]. Further theoretical [4, 5, 24–29] and experimental [20, 21, 30–40] ef-
forts pointed out impurities and adatoms as possible sources of enhanced spin-orbit
coupling (SOC) and therefore spin relaxation.

Two main mechanisms are often used to describe spin relaxation in metals and
semiconductors. They are the D’Yakonov-Perel (DP) [41] and the Elliott-Yafet (EY)
[42, 43] mechanisms. Both these mechanisms use the fact that SOC couples the elec-
tron momentum to the spin [7].

Specifically for graphene, the intrinsic SOC strength is very small [22, 23, 44]
(∆int < 1 µeV) and often ignored when compared to SOC arising from other sources,
as for example adatoms [25] (∆SO ≈ 1 meV), ripples [4] (∆SO ≈ 10 µeV) and electric
fields [5, 22, 23, 26, 44–46] (∆SO ≈ 0 - 10 µeV). These extra SOC effects often break
the inversion symmetry of the graphene flake and give rise to an extra Rashba-like
term in the Hamiltonian [44]:

HSO =
∆SO

2
(σ × s)z , (3.14)

where σ and s are the pseudospin and real spin Pauli matrices respectively. We ig-
nore the Rashba term (kF × s)z since this is much smaller when compared to the
term that takes the pseudospin [44]. It is important to point out that the electronic
momentum and spin are still coupled since the pseudospin and momentum direc-
tion are intimately related.

The spin orbit term in Eq. 3.14 leads to a small separation in energy for bands
with different spin directions (Fig. 3.8). In the picture of the EY and DP mecha-
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nisms, this gives rise to two distinct mechanisms for spin scattering. In a EY-like
mechanism, the spin-orbit interaction couples electronic states with opposite spin
projections in different bands making it difficult to define Bloch states with a well
defined spin polarization [28, 42]. Each momentum scattering event leads to a ran-
dom change in momentum direction which causes changes to the spin direction. For
a DP-like mechanism the SOC term gives rise to an effective momentum-dependent
effective magnetic field, which causes the spins to precess with a direction and in-
tensity related to their momentum.

∆SO

E

kx
kx

ky

(a) (b)

Figure 3.8: (a) A simplified scheme of the graphene band structure in the presence of Rashba
spin orbit coupling (∆SO). The different colours for the branches indicate different spin
species. (b) Fermi surface of the band structure in the left showing the effect of spin orbit
coupling in the spin direction as a function of the momentum as in Ref. [44].

The resulting spin relaxation times for graphene due to the DP and EY mecha-
nisms are, respectively [4, 28]:

τDPs ≈ ~2

∆2
SO

1

τp
, (3.15a)

τEYs ≈ E2
F

∆2
SO

τp, (3.15b)

where EF is the Fermi energy and τp the momentum relaxation time. The result
for the EY mechanism was calculated for the specific case of graphene with weak
scatterers by Huertas-Hernando et al. [4] and later shown to be general for several
types of scatterers by Ochoa et al. [28].

The biggest noticeable difference between the two mechanisms is their scaling of
τs as a function of τp. Assuming the DP mechanism means that samples with low
electronic mobility (low τp) have higher spin relaxation times when compared to high
mobility samples. On the other hand, the EY mechanism means that low electronic
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mobility samples have lower spin relaxation times when compared to high mobility
samples.

Following the reasoning of Ref. [4], if we take the ratio of the two contributions
to the spin relaxation we find:

τEYs
τDPs

≈
(
EF τp
~

)2

. (3.16)

Since the total spin relaxation time is obtained by: 1/τs = (1/τEYs ) + (1/τDPs ),
if the ratio given by Eq. 3.16 is higher than 1, DP is the most relevant mechanism
for spin relaxation in graphene. By assuming typical experimental values: EF ≈ 10
- 100 meV (corresponding to a charge carrier density of n ≈ 1011 - 1013 cm−2) and
τp ≈ 10−14 - 10−13 s, we find that τEYs /τDPs ≈ 0.1 - 103. This means that the DP
mechanism dominates the spin relaxation in graphene most of the time, with the EY
mechanism being relevant only for very low quality samples (low τp) at very low
energies (EF ≈ 10 meV).

Although early studies showed a linear relation between τp and τs in graphene,
which suggested a EY mechanism for spin relaxation [47] when the Fermi energy of
the carriers is taken into account, EY alone cannot be the responsible for the mea-
sured results [28]. Later experimental efforts have shown that when the electronic
mobility (and therefore τp) is modulated using an electrolyte [39] or by adatoms
[40] while keeping EF fixed, τs does not show a clear behaviour as a function of
τp. Experimental results can be fitted by a combination of the DP and EY mecha-
nism assuming different strengths for the mechanisms, which is taken into account
by assuming two different ∆SO terms [31].

Later theoretical efforts have focused on explaining the experimental results by
using adatoms [24, 25], the substrate [26] and magnetic impurities [27] as the main
sources for spin relaxation. Hydrogen adatoms for example, cause the graphene
atoms to locally change from a sp2 to a sp3 hybridization [25]. These sp3 bonds
distort the lattice and cause a local enhancement of the SOC leading to spin scatter-
ing. The spin relaxation including this local (and random) enhancement of the SOC
can be treated using random Rashba fields, which shows reasonable agreement with
different experimental data [24]. In addition to locally enhancing the SOC, the dis-
tortion of the graphene lattice created by the covalent bonding with an adatom can
also give rise to local magnetic moments. This effect was elegantly demonstrated
by McCreary et al. [48] using hydrogen adatoms and pure spin currents. It was
later theoretically estimated that even a very small amount of such magnetic mo-
ments can decrease the spin relaxation from the intrinsic values of ≈ 100 ns to the
experimentally obtained values of ≈ 100 ps [27]. By studying the spin relaxation
in few-layer graphene, it was experimentally shown that τs increases by increasing
the number of layers [38]. This was attributed to an impurity screening effect of
the outer graphene layers which is in agreement with theoretical suggestions that
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adatoms and impurities coming from the sample preparation procedures and the
substrate have a demeaning effect on the spin transport.

In this thesis, in addition to exploring the possibility of using quantum coherence
and confinement in graphene spin transport (chapters 6 and 7), I also focused on the
study of spin transport in high quality graphene devices. In the quest for the highest
electronic mobility we performed spin transport in suspended graphene devices,
but found that the non-suspended low quality regions dominate the measurement
results for the spin relaxation times. However, due to the high diffusion coefficient,
the spin relaxation length in these devices was improved by more than a factor of 2
when compared to SiO2 based devices. Using another approach and encapsulating
graphene with a less invasive substrate (hBN) we show that τs can be increased by
at least one order of magnitude when compared to SiO2 based devices (in the order
of ns), which when combined with the large diffusion coefficients for these devices
leads to a λs > 10 µm. These encapsulated devices also provide a new platform for
spin manipulation in graphene since a dual gated structure is possible. As it will be
explained in chapter 9, the use of this double gated structure allows us to control
separately the charge carrier density and a transverse electric field. I will briefly
describe the effect of a transverse electric field on spin transport in graphene below.

Another relevant parameter is the direction of the SOC and the effect it has on the
spin relaxation time in graphene. For most cases, e.g. impurities, substrate related
effects and adatoms, the Rashba-type spin orbit fields are predicted to point parallel
to the graphene plane [4, 24–26], while for curvature effects, e.g. ripples, the effective
magnetic fields due to SOC are predicted to point out of the graphene plane [4].
Therefore, by studying the spin relaxation times for spins injected in-plane and out-
of-plane we can stablish the direction of the spin orbit fields since, if these point
in-plane, the spin relaxation out-of-plane is approximately half the in-plane value:
τ⊥ = 0.5τ||. This can be understood if one considers that the component of the
spin accumulation in the direction of the spin orbit field does not dephase while the
perpendicular components do. Following the same reasoning, in the case that the
spin orbit fields point preferentially out-of-plane, we have: τ⊥ � τ||.

Electric field induced spin orbit coupling

The graphene lattice is in principle inversion symmetric. This means that if you
apply the inversion operation in a vector ~v1 = (x, y, z) obtaining ~v2 = (−x,−y,−z),
both the initial and final vectors are indistinguishable. By applying a transverse
electric field ( ~E = (0, 0, E0)), this symmetry (along with several others) is broken
[49]. This broken inversion symmetry allows the presence of a Rashba-like SOC term
(eq. 3.14). The strength of the spin orbit coupling constant ∆SO can be controlled by
the intensity of the electric field, leading to the electric control of spin precession in
graphene. The possibility of electric spin manipulation is one of the most important
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paradigms of spintronics and is a necessary characteristic for the development of the
Datta-Das spin transistor [50].

Using the tight-binding approximation or density functional theory (DFT), the
dependence of ∆SO as a function of a perpendicular electric field Ē can be calculated.
Theoretical works find that ∆SO = ζĒ with ζ in the range of 0.1 to 66 µeV/Vnm−1 [5,
22, 23, 26, 44–46]. As it will be shown in chapter 9, the first experimental estimations
give ζ ≈ 40 µeV/Vnm−1 and show that the spin orbit fields point preferentially in
the graphene plane.
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[31] P. J. Zomer, M. H. D. Guimarães, N. Tombros, and B. J. van Wees, “Long-distance spin transport in
high-mobility graphene on hexagonal boron nitride,” Phys. Rev. B 86, p. 161416, Oct 2012.

[32] W. Han and R. K. Kawakami, “Spin relaxation in single-layer and bilayer graphene,” Phys. Rev.
Lett. 107, p. 047207, Jul 2011.

[33] W. Han, K. Pi, K. M. McCreary, Y. Li, J. J. I. Wong, A. G. Swartz, and R. K. Kawakami, “Tunneling
spin injection into single layer graphene,” Phys. Rev. Lett. 105, p. 167202, Oct 2010.

[34] N. Tombros, S. Tanabe, A. Veligura, C. Jozsa, M. Popinciuc, H. T. Jonkman, and B. J. van Wees,
“Anisotropic spin relaxation in graphene,” Phys. Rev. Lett. 101, p. 046601, Jul 2008.

[35] T.-Y. Yang, J. Balakrishnan, F. Volmer, A. Avsar, M. Jaiswal, J. Samm, S. R. Ali, A. Pachoud, M. Zeng,
M. Popinciuc, G. Güntherodt, B. Beschoten, and B. Özyilmaz, “Observation of long spin-relaxation
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Chapter 4

Experimental methods

Abstract

This chapter introduces the experimental methods used for the work in this thesis. After
describing how to obtain and identify the graphene flakes I introduce the sample fabri-
cation methods for the three different type of devices used here: etched graphene nanos-
tructures, suspended graphene and hBN encapsulated graphene. The contact fabrication
procedure for spin selective transport is also described. At the end of the chapter I discuss
the electrical measurement setup and describe how the measurements are performed.
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The understanding of the procedures involved in the device fabrication, and the
measurement setup and techniques are crucial not only for the description of the
work presented in this thesis but also helps to understand the necessity of the sim-
ulations done for a few chapters. In addition to that, the accurate description of the
fabrication procedures allows future researchers to reproduce the works shown here.

4.1 Sample fabrication

In this section I describe the sample fabrication of the various types of samples used
in the works presented in this thesis. All the samples consist of exfoliated single
layer graphene flakes, but they differ by the substrate they are on. After describing
the process of graphene exfoliation I explain the process used to pattern the graphene
flakes to be used in the nanodevices described in chapters 6 and 7. The second type
is suspended graphene samples (Chapter 8), for which the fabrication is described in
section 4.1.3. In section 4.1.4 I specify the fabrication of graphene flakes encapsulated
with hexagonal Boron Nitride (hBN) flakes (used for Chapter 9). Finally I end the
section with the description of the contact deposition which is general for all type of
devices used in this thesis.

4.1.1 Graphene by mechanical exfoliation

The technique to obtain graphene from mechanical exfoliation of graphite was de-
veloped in 2004 by Novoselov et al. [1] and has been heavily used since then due
to the high quality of the graphene flakes. Although simple, the number of graph-
ene flakes per sample area and the amount of thick graphite layers deposited on the
sample varies strongly from person to person due to subtle differences in the exfoli-
ation procedure. Here I try to describe as accurately as possible the methods I tested
and optimized over my years of research in the Physics of Nanodevices group at
the University of Groningen. The density of graphene flakes per area of substrate is
usually 1 flake per cm2. My technique for graphene exfoliation consists of 3 simple
steps (Fig 4.1) that are described below.

Step 1 - A graphite source1 is glued to a sticky tape (regular Pritt transparent tape
or Scotch Magic tape) and then removed from it, leaving a thick graphite layer glued
to the tape, Fig. 4.1(a) and (b).

Step 2 - The first tape is then glued to a clean tape and separated again, Fig.
4.1(c). Here the second tape can be either of the same type of the first one or, to
reduce the amount of glue involved in the procedure, a Nitto Semiconductor Wafer
tape can be used. In order to thin the graphite layer down to an optimum thickness,

1In this thesis we only used Highly Oriented Pyrolitic Graphite (HOPG) due to the shape of the result-
ing graphene flakes, with their length (usually 20-50 µm) longer than their width (0.5 - 5 µm).
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(a) (b)

(c) (d)

(e)

Figure 4.1: Exfoliation procedure to obtain graphene flakes: (a) a thin graphite layer is peeled
from a graphite crystal by a sticky tape, (b) and (c) by gluing the first tape on another tape and
separating them the graphite layer is thinned down even more, (d) the last tape is glued on a
substrate and (e) removed leaving few and single layer graphene flakes on the substrate.

this procedure is repeated once more by gluing the second tape to a third one and
then separating them.

Step 3 - The final step consists in gluing the third tape to a clean substrate by
pressing it lightly on the substrate and then removing the tape, Fig. 4.1(d) and (e).
At this point the substrate should contain several graphene flakes.

In order to be used for our experiments a graphene flake has to be isolated from
thick graphite flakes and be in a reasonably clean area so the contacts can easily reach
the flake. Furthermore, the graphene flake has to match certain size conditions which
varies from experiment to experiment. Usually the flakes have to be longer than 15
µm and not wider than 5 µm. The density of flakes that match these specifications is
typically around one per cm2.

In order to select the graphene flakes we used optical microscopy [2, 3], some-
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times combined with Raman spectroscopy [4] or Atomic Force Microscopy (AFM)
[5]. By scanning the substrate in an optical microscope the single layer graphene
flakes can be selected by contrast analysis. Due to thin film interference, the optical
contrast of a single graphene layer ranges from 2 - 8 %, depending on the wavelength
used. To ensure a high contrast, a variable colour filter was used. Since the optical
contrast changes in discrete steps when one extra graphene layer is included, a few
preliminary pictures of few-layer graphene flakes that show clear steps in height are
used to obtain the contrast of a single graphene layer at the beginning of each scan.
Whenever a flake is found, its contrast is compared to the calibration and its number
of layers is determined.

Often the contrast of a flake can fall between the established values for single
and bilayer graphene. When this is the case there are several forms of distinguishing
the two. Prior to further processing the flake into a device we can use Raman spec-
troscopy or AFM to determine if the flake consists of a single layer or more. These
techniques are non-invasive and usually take less than 1 hour to finalize the analysis.
However, polymer remains on the graphene flake can increase the measured height
by AFM (≈ 0.4 nm per layer) and, in the case of small flakes, the Raman signal can
be small leading to inconclusive results.

After processing the sample we can still confirm that a flake consists of a single
layer via different methods. For high enough quality devices the quantum Hall ef-
fect can be used, which shows quantization in the Hall voltage for single and double
layer graphene. For spin transport devices, due to the different DOS single layer
graphene flakes show diffusion constants with values Ds ≈ 0.01 - 0.1 m2/s depend-
ing on its electronic mobility, while double layer graphene is often in the range of
Ds ≈ 0.005 - 0.02 m2/s. We can use the fact that bilayer graphene has a bandgap pro-
portional to an applied transverse electric field while single layer graphene shows
zero gap independently of the applied field when measuring double layer devices
as used in Chapter 9.

4.1.2 Graphene etching

In a few cases, as for the samples used in chapters 6 and 7, the graphene flake has
to be shaped in a very specific structure, e.g. a quantum-dot, nanoribbon or small
island. This can be obtained by etching the graphene flake with oxygen plasma. For
that we start by creating a mask to be used in the etching procedure.

Step 1 - First the graphene flakes are deposited on a 500 nm thick SiO2 film on a
heavily doped Si wafer which is to be used as a back-gate electrode, Fig. 4.2(a).

Step 2 - After the selection of the graphene flake as described in the section above
we pre-bake the sample in a hot-plate at a temperature of 180◦C for 90 seconds and
spin coat a layer of polymethylmethacrylate (PMMA) with molecular weight 950K
and dissolved 3 wt%. in ethyl lactate at 4000 RPM for 60 s, which results in a uniform
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(a)

(b)

(c)

Figure 4.2: Etching procedure to pattern graphene flakes. (a) A graphene flake on a substrate
is selected. (b) After spin coating PMMA and patterning with a electron beam, the sample
is subjected to an oxygen plasma that can react with the exposed graphene areas. (c) The
polymer is removed leaving behind the etched graphene flake in the desired pattern.

170 nm thick layer.
Step 3 - The sample is then post-baked on a hot-plate at the same conditions for

the pre-baking, 180◦C for 90 s.
Step 4 - The substrate is patterned using an electron beam lithography (EBL)

machine, where initial markers are exposed with a 10 kV electron beam with an areal
dose of 150 µC/cm2. These markers consist of 4 large crosses spaced at the corners
of a square of 2 mm side and small crosses at the corner of a square of 190 µm size.

Step 5 - The initial markers are developed in a solution of methyl isobutyl ketone
(MIBK) and isopropyl alcohol (IPA) (1:3) for 60 s, rinsed in IPA for 30 s and blown
dry with Nitrogen gas. The markers show as holes in the PMMA film.

Step 6 - The initial markers are used to design bonding pads and wide contacts
that reach close to the graphene flake and also fine markers spaced by 90 µm for later
alignment.

Step 7 - Patterning by EBL and developing using the same procedure as before
the bond pads.

Step 8 - The large contacts and fine markers are finalized by using an e-beam
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metal evaporator to deposit a Ti/Au (5/35 nm) layer at pressures below 2x10−6 Torr
and at an evaporation rate of 0.1 nm/s.

Step 9 - The mask for the etching procedure is fabricated by spin coating a PMMA
950k 2wt%. to create a 70 nm thick film on the substrate.

Step 10 - The polymer layer is pattern by EBL using the fine markers by a 30
kV electron beam with a line dose of 1200 µC/cm or an area dose of 450 µC/cm2.
The higher acceleration voltage is used to increase resolution and decrease polymer
undercut to ensure an anisotropic etching of the flake.

Step 11 - After the patterning and development of the mask the sample is loaded
in a reactive ion etching (RIE) machine which creates a 40 W plasma at a pressure
of 10−3 mbar of pure oxygen gas, Fig. 4.2(b). Usually 15 s of plasma exposure is
enough to ensure complete etching of a single graphene layer. In case few-layer
graphene layers have also to be etched, a longer time has to be used. However, it is
worth noting that the etching rate of PMMA is higher than that of graphite meaning
that if very thick graphite layers have to be etched a thicker polymer has to be used.

Step 12 - After the removal of the mask in hot acetone (50 ◦C) , Fig. 4.2(c), and
confirmation of the etching procedure by AFM, the sample can follow the standard
contact deposition procedure described at the end of this section.

4.1.3 Suspended graphene samples

Suspended graphene samples are fabricated by using an acid free method [6]. Be-
sides being a safer method, the absence of acids in the fabrication procedure is im-
portant since acids usually attack the ferromagnetic metals used for spin transport
measurements. Small modifications of the methods used in Ref. [6] had to be made
in order to avoid degradation of the oxide barriers used for spin injection, namely
changes on the solvents used for lift-off. A detailed explanation of the sample fabri-
cation is shown at the end of Chapter 8.

Step 1 - The fabrication procedure starts with Si/SiO2 (500 nm) substrates con-
taining pre-patterned gold markers. Lift-off resist (LOR) 3A is spun 2 times at 3000
RPM to create a homogeneous film of approximately 1 µm thickness.

Step 2 - The substrate is baked on a hot-plate at 180 ◦C for 5 minutes to evaporate
solvent residues and harden the LOR.

Step 3 - The graphene flakes are then mechanically exfoliated and selected using
optical microscopy.

Step 4 - For the EBL process used for the contact deposition, to improve the un-
dercut, we use a double layer Polymethyl methacrylate (PMMA) 50/410K resists
dissolved in chlorobenzene and o-Xylene respectively. These solvents are used to
prevent the removal of the LOR film during spin-coating.

Step 5 - The contacts are then patterned and developed in n-Xylene (20◦ C)
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Step 6 - After contact deposition as described in section 4.1.5 with the polymer
lift-off is done in hot (75◦ C) n-Xylene.

Step 7 - The regions between the contacts are exposed by EBL at 30 kV with doses
of 510 µC/cm2 and developed in 1-methoxy 2-propanol.

4.1.4 hBN Encapsulated graphene samples

The samples of hexagonal Boron Nitride (hBN) encapsulated graphene (for Chap-
ter 9) were fabricated following the technique described in detail in Ref. [7]. The
technique consists of a fast fabrication method in which graphene and hBN flakes
are picked up from substrates creating a stack which is later deposited on another
substrate. The samples used for this thesis consist of hBN/graphene/hBN stacks on
a 300 nm SiO2 layer on a heavily doped Si wafer which is used as a back-gate.

Step 1 - The fabrication procedure starts with the cleaning of Si/SiO2 wafer pieces
where graphene and hBN will be mechanically exfoliated. The wafers used to exfo-
liate graphene were cleaned by ultra-sonication in acetone for 5 minutes followed by
5 more minutes in IPA and finally heated in a tube furnace at 400◦C in air for more
than 30 minutes. The wafers used for the bottom hBN flakes did not undergo the last
cleaning step in the furnace to avoid damage to the SiO2 layer due to rapid thermal
expansion which can lead to back-gate leakages.

Step 2 - The hBN flakes used for the top part of the stack were exfoliated on a
Poly(Bisphenol A carbonate) film that homogeneously coats a microscope slide.

Step 3 - After the selection of the top hBN flakes, these are transferred to another
microscope slide containing a polydimethylsiloxane (PDMS) stamp that is used to
reduce the stress in the polycarbonate (PC) film.

Step 4 - This mask, consisting on the hBN flake, PC film, PDMS and glass is then
placed on a modified optical lithography machine (mask aligner) in which the sub-
strate containing the graphene flake lies on a plate that can be controllably heated,
Fig. 4.3(a).

Step 5 - The mask that contains the top hBN flake is transparent, which allows us
to align the top hBN flake to the graphene flake on the substrate underneath by the
use of micromanipulators.

Step 6 - After alignment, the substrate is brought into contact with the mask
and heated to temperatures up to 75 ◦C. This causes the PC film to heat up and the
adherence of the graphene flake to the mask containing the hBN flake gets stronger
than its adherence to the SiO2 substrate.

Step 7 - After cooling down and retraction of the substrate the graphene flake is
transferred to the mask.

Step 8 - To finalize the stack, the alignment procedure is repeated using the sub-
strate containing the bottom hBN flake which is brought in contact with the mask,
Fig. 4.3(b).
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(a)

(b)

(c)

glass

PDMS
PC

hBN

graphene
SiO2

Figure 4.3: Procedure to make hBN/graphene/hBN heterostructures. (a) A transparent mask
consisting of glass, a PDMS stamp, a thin PC film and the selected top hBN flake is positioned
above a graphene flake on a clean substrate. The substrate is brought in contact with the mask
and heated up, cooled down and retracted leaving the graphene flake on the mask. (b) The
mask now containing the hBN/graphene stack is aligned on top of the bottom hBN flake on
a clean substrate. (c) After the substrate and mask are brought into contact, the substrate is
heated up to high temperatures and retracted. The PC film melts on the substrate and covers
the final heterostructure.

Step 9 - We now heat the substrate to higher temperatures, above 150 ◦C, which
causes the PC film to melt on the substrate. The substrate is retracted while still at
high temperatures and then cooled down, Fig. 4.3(c).

At this point, the successful fabrication of the hBN/graphene/hBN heterostruc-
ture can be confirmed by inspection under an optical microscope. To completely
remove the PC film from the substrate we leave the sample in chloroform for more
than 15 hours, rinse it in IPA and blow it dry using nitrogen gas. After inspection by
optical microscope and AFM to confirm the success of the fabrication procedure we
continue with the contact fabrication as explained below.
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4.1.5 Contact fabrication

In the final step of sample fabrication we deposit the electrical contacts. For all the
samples in this thesis we used ferromagnetic (cobalt) contacts in order to achieve
spin injection/detection. Since cobalt oxidizes easily, this step is usually the last
step in the sample fabrication procedure. Although small fabrication steps can be
performed after contact deposition, e.g. suspending the graphene flakes, it usually
reduces the polarization of the contacts due to oxidation.

All the samples used here follow very similar contact fabrication procedures.
However, the polymers and conditions might vary. For the samples used in chapters
6 and 7, gold alignment markers were already present at this point, which makes the
first few steps (steps 1a - 1d) to define alignment markers unnecessary. For the sam-
ples used in chapter 8, the substrate already contains markers (skipping the steps
1a - 1d). Also, to avoid dissolving the LOR on which the flakes are lying we used
different polymers to define the mask. In this case we used a PMMA consisting of a
double layer of two different molecular weights, 50K/410K dissolved in chloroben-
zene and o-xylene respectively. A detailed explanation of the suspended graphene
sample fabrication is shown at the end of Chapter 8. Here I will explain in detail the
fabrication for the encapsulated graphene samples shown in chapter 9. The etched
graphene samples of chapters 6 and 7 follow the same procedure except of the ex-
posure of the alignment markers. The metal evaporation step for all the samples are
very similar and the differences will be specified below.

Step 1a - We start by spin coating PMMA 950K 4wt% on the sample to create a
homogeneous polymer film that will be used to define the evaporation mask.

Step 1b - If no alignment markers are present on the sample, an initial crude
mark is done with a pair of tweezers in such a way that the mark and the flake to be
processed both fit in the optical microscope field at a magnification 5x.

Step 1c - With the initial marker as a guide, we expose 4 large crosses with a
separation of 1.8 mm and 4 small crosses spaced by 190 µm with the flake in the
centre, Fig. 4.4(a). If a very fine alignment is necessary we further expose even
smaller crosses separated by 95 µm.

Step 1d - After the development of the markers in MIBK:IPA (1:3) for 60 s they
can be clearly seen on optical pictures.

Step 2 - Using a series of optical pictures as guides we design the contact pattern
to be exposed and load the sample once more in the EBL machine , Fig. 4.4(b).

Step 3 - The pre-exposed and developed markers can be seen clearly on the EBL
machine and are used for aligning the pattern to the flake. The exposures are done
at an acceleration voltage of 10 kV with area doses of 150 µC/cm2 for both increas-
ing the undercut, which results in an easier polymer lift-off, and also to increase the
visibility of the pre-exposed markers. For the suspended graphene samples the ex-
posures were done at an acceleration voltage of 30 kV and area doses of 200 - 300
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µC/cm2 to increase the visibility of the gold alignment markers below the LOR film.
The undercut in this case was ensured by the double layer polymer.

(a) (b)

(c) (d)

300 µm 20 µm

Figure 4.4: Encapsulated graphene sample during the contact deposition procedure. (a) Op-
tical microscope image of a hBN/graphene/hBN stack covered by PMMA after the exposure
of the alignment marks separated by 190 µm (highlighted by the yellow circles) and 95 µm
(red circles). (b) Image of the design used for EBL. (c) Optical microscope image of the final
device, and (d) a zoom-in of the central region where the stack is located.

Step 4 - After the patterning of the contacts the samples are loaded in an e-beam
metal evaporator which is pumped down to pressures below 3×10−6 mbar.

Step 5 - To fabricate the oxide layer for spin transport experiments we evaporate
0.4 nm of Ti (or Al in the case of the suspended graphene samples) at an evaporation
rate of 0.7 Å/s.

Step 6 - The sample is exposed to pure oxygen gas for more than 10 minutes at
pressures above 10−1 mbar to oxidise the metallic layer.

Step 7 - After pumping down the chamber to low pressures again the Ti (Al)
evaporation (step 5) and oxidation (step 6) are repeated once more and the chamber
is again pumped back to pressures below 3×10−6 mbar.

Step 8 - We finally evaporate between 35 and 70 nm of Co and cap it with 5 nm
of Al to avoid oxidation of the Co electrodes once the sample is brought to air.
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Step 9 - The lift-off of the polymer mask is done in hot (50 ◦C) acetone and, after
inspection by optical microscope the sample is wire bonded to a chip carrier and
loaded in the experimental setup, Fig. 4.4(c) and (d).

Usually these last procedures (step 9) take less than 30 minutes. It is crucial that
they are done quickly in order to avoid oxidation of the Co electrodes.

From our measurements, contacts fabricated following these procedures usually
have a spin polarization in the order of P = 1 − 10%, which is relatively low when
compared to the highest values measured for contacts on graphene (≈ 33% [8]), but is
sufficient to study the underlying physics in which we are interested. It was shown
before that these contacts usually contain pinholes [9] and, therefore, are not true
tunnel barriers. However, later we have shown that by evaporating the metal used
for the interface barrier in two steps [10], or by using Ti instead of Al [11], can de-
crease the layer roughness considerably from 0.9 nm (rms) to around 0.3 nm (rms).
With this optimized recipe some (around 10%) of the contacts show tunneling be-
haviour. Even though the contacts are not true tunnel barriers their resistance is high
enough in order to not disturb the spin transport in the regions underneath [12]. This
fact can be checked in three different manners. First by calculating the R parameter
[9] and comparing it to the spin relaxation length: R/λs = RcW/Rsqλs, where Rc
is the contact resistance, W the graphene width and Rsq its square resistance. Sec-
ond, the influence of the contacts can be experimentally verified by comparing the
values obtained for λs or τs for the same device for regions with several contacts
and regions with few contacts [9, 12]. Furthermore, a comparison between the spin
transport parameters for similar devices with different number of contacts can be
used as a final check. In this thesis I applied at least one of the techniques above
to evaluate the influence of the contacts on the spin relaxation. The results for each
specific experiment is described in the next chapters.

4.2 Electrical measurements

In this section I will explain how the electrical measurements used in this thesis
were performed. I start with a short explanation of the setup used and move to a de-
scription of the standard measurement methods used for charge and spin transport
characterization.

4.2.1 Setup description

All the measurements presented in this thesis were performed with the samples in
vacuum with pressures below 10−6 mbar in order to avoid oxidation of the Co con-
tacts and to protect the device from environmental contamination. The devices were



4

70 4. Experimental methods

measured either in a vacuum chamber in a liquid Helium bath cryostat or in a vari-
able temperature continuous (liquid He) flow cryostat.

The electrical measurements were performed using home-made current sources
to supply the current to the source and drain electrodes. The voltage in the sample
was measured using home-made voltage pre-amplifiers with amplifications ranging
from 1 to 105x. The gate voltages were supplied by Keithley 2410A source meters
or by home-made digital-analog converter (DAC) voltage sources. A representative
circuit of the experimental setup is shown in Fig. 4.5.
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Figure 4.5: Experimental setup used to perform electrical measurements with the circuit di-
agram. The pi-filters are represented by the box π with circuit in the inset. The graphene
field-effect transistor (g-FET) is loaded in the cryostat and prepared to be measured in a local
4-probe geometry as explained in the text.

The device is wire bonded to a chip carrier which is connected via twisted pair
wires to a Fischer R©24-pins connector on the outside of the cryostat. A shielded
cable connects the device to a switch box containing high-frequency (pi-)filters (3 dB
attenuation at 1 kHz). These filters consist of a 1 kΩ resistor with a series inductor
and capacitors in parallel connected to a common ground (the inset on Fig. 4.5 shows
a circuit diagram for these filters). The switch box contains 3-way switches that
connect the device pins to the common ground, float the pins or connect them to
outer pins used to supply voltages and currents using shielded LEMO cables and
the voltage and current sources.
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All the measurements presented in this thesis were performed using current bias
low-frequency lock-in techniques. For that we drive AC currents up to 1 µA through
the sample with frequencies below 100 Hz. In all the measurements the source elec-
trode is kept grounded and the voltage on the drain electrode oscillated sinusoidally.
The lock-in amplifier (Stanford Research SR830) internal source is used to control the
source-drain current source and the voltage between a pair of electrodes is sent to
the lock-in after pre-amplification by the voltage pre-amplifiers. The X and Y com-
ponents of the voltage detected are read by a computer that controls all equipment
via a LabView routine. The frequency f of measurement is chosen to be in a range
where the resistive contribution (given by the X component) does not change as a
function of f .

4.2.2 Charge transport measurements

Whenever a sample is loaded in the experimental setup we perform a series of dif-
ferent measurements in order to characterize if the setup is working properly, if the
electrical contacts to the sample work and the channel is not broken, the contact resis-
tances of each individual contact and to check the square resistance of the graphene
channel. Only after all these tests and the proper sample characterization the actual
measurements can start.

Whenever possible, two pins of the chip carrier are connected together in a short.
Usually we connect two pins to the same back-gate electrode. The first check, used to
determine if the setup works properly, is done by measuring the resistance between
these two pins. Since the low-pass filters in our setup have a resistance of 1 kΩ each,
the total resistance measured should be 2 kΩ and the phase in the lock-in amplifier
should be close to zero due to the purely resistive nature of the signal.

In order to explain the characterization of the device we can draw an equivalent
circuit diagram as shown in Fig. 4.6. The circuit includes 4 resistor types represent-
ing: the graphene channel resistance (Rg), the contact interface resistance (Rint), the
wiring resistance (Rw) and the filter resistance (Rf=1 kΩ).

The initial characterization of the device is done by a second check to verify if all
electrodes are properly connected to the flake. This is done by measuring the resis-
tance between two electrical contacts, e.g. driving a current between contacts 2 and
3 and measuring the voltage between the same contacts. This type of measurement
is referred as a two probe measurement since only two electrodes are used. The total
resistance is the sum of the wiring resistance, contact interfaces, filter resistances and
the channel in between the contacts: R2P = Rf,2 + Rw,2 + Rint,2 + Rg,2 + Rint,3 +

Rw,3 + Rf,3. Since this measurement contains contributions from different sources,
it is used mainly to verify that the electrical contacts to the channel and the chan-
nel itself are working properly. After this two probe check is done for every pair of
contacts we are ready to move on for the characterization of the contacts themselves.
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Figure 4.6: Equivalent circuit for a sample showing the resistances of the filters, wiring, con-
tact interface for 4 contacts (numbered 1 to 4) and the graphene channel in between them.

In order to extract the contact interface resistance we drive a current between
contacts 1 and 2 and measure the voltage between contacts 3 and 2 (Fig. 4.6). This
type of measurement will be referred as a three probe measurement of the contact resis-
tance. The total resistance measured is: R3P = Rf,2 + Rw,2 + Rint,2. Since we know
the filter resistance and usually the interface resistance is much higher than the total
resistance of the wiring (including the wires on the device itself), R3P is a repre-
sentative measurement of Rint,2. It is important to keep in mind that the interface
resistance of the contacts is an important parameter for spin injection as explained in
section 3.2.2.

In order to eliminate the contribution of the wiring, filters and contact resistances
to the measurement of the channel resistance we use a four probe method. Here we
drive a current between the outer electrodes 1 and 4 and measure the voltage be-
tween electrodes 2 and 3. The total resistance measured here is: R4P = Rg,2. There-
fore, by using four terminals we can exclude the contribution from the electrodes
and measure directly the charge transport properties of the graphene channel. This
is the configuration used for all charge transport measurements presented later in
this thesis.

4.2.3 Spin transport measurements

As mentioned in section 3.3.2, in order to measure the spin transport properties of
our devices we use the nonlocal spin valve method. Here we drive a current between
electrodes 1 and 2 and measure the voltage between 3 and 4 (Fig. 4.6). When we
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consider only the charge contribution to the measurement, no resistance is measured
and the total signal is zero. However, as described in the previous chapter, when
we consider the spin accumulation created by the injection electrodes and that the
voltage probe electrodes are spin selective the voltage measured between electrodes
3 and 4 is non-zero.
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[9] C. Józsa, M. Popinciuc, N. Tombros, H. T. Jonkman, and B. J. van Wees, “Controlling the efficiency
of spin injection into graphene by carrier drift,” Phys. Rev. B 79, p. 081402, Feb 2009.

[10] E. de Vries, “Bachelor thesis: Improving the contact resistance for graphene based spintronic de-
vices.” 2011.
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Chapter 5

From quantum confinement to quantum Hall
effect in graphene nanostructures

Abstract

We study the evolution of the two terminal conductance plateaus with magnetic field
for armchair graphene nanoribbons (GNR) and nanoconstrictions (GNC). For GNR, the
conductance plateaus of 2e2

h
at zero magnetic field evolve smoothly to the quantum Hall

regime, where the plateaus in conductance at even multiples of 2e2

h
disappear. It is shown

that the relation between the energy and magnetic field does not follow the same behaviour
as in “bulk” graphene, reflecting the different electronic structure of a GNR. For the nan-
oconstrictions we show that the conductance plateaus do not have the same sharp be-
haviour in zero magnetic field as in a GNR, which reflects the presence of backscattering
in such structures. Our results show good agreement with recent experiments on high
quality graphene nanoconstrictions. The behaviour with magnetic field for a GNC shows
some resemblance to the one for GNR, but now depends also on the length of the constric-
tion. By analyzing the evolution of the conductance plateaus in the presence of magnetic
field we can obtain the width of the structures studied and show that this is a powerful
experimental technique in the study of the electronic and structural properties of narrow
structures.

Published as:
M.H.D. Guimarães, O. Shevtsov,

X. Waintal, and B.J. van Wees
Phys. Rev. B 85, 075424 (2012).
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5.1 Introduction

Electronic measurements in graphene and its nanostructures are being investigated
by several groups [1–4] and triggered many theoretical works on the area [5–13].
The applications of graphene nanostructures range from high on-off ratio field-effect
transistors[2, 14] to spin polarized transport[15] and might lead to a new type of
electronics which takes the valley into account, the so-called valleytronics[16]. With
recent development of device fabrication techniques it is possible to study experi-
mentally high-quality ballistic graphene nanoconstrictions via electronic transport
measurements[17]. In addition, the evolution of the conductance with magnetic
field from the quantum Hall regime to conductance quantization at zero magnetic
field can be used to have insights about the electronic structure and geometry of
the systems considered. This technique has shown to be very important for exper-
imentalists in the study of quantum wires and point contacts [18–20]. Impulsed by
the recent results in ballistic graphene nanoconstrictions[17], we present a study on
graphene nanoribbons and nanoconstrictions and the evolution of the conductance
quantization from zero to positive magnetic field.

For a perfect ballistic armchair GNR with infinite length it is known that its con-
ductance is quantized in steps of 2e2

h at zero magnetic field. Due to the lack of scat-
tering in this structure the transition between the steps in conductance is abrupt [21].
Although, when scattering is added to the picture, the conductance plateaus smear
out until they are not visible anymore [7, 8].

To study how the two terminal conductance quantization evolves with magnetic
field with and without scattering, we considered two different structures as depicted
in Fig. 5.1: a GNR with armchair edges (Fig5.1 a) and a graphene nanoconstriction
(GNC), which is a narrow GNR connected to a wider GNR via an increasing width
graphene structure with zigzag edges. The length of the GNC was varied (Fig. 5.1b
and c). It will be shown that the scattering is enhanced for GNC when compared to
a GNR at zero magnetic field. In our model the nanoribbons can be either metallic or
semiconducting depending on the number of dimer lines (NDL) [6]. In this work we
only consider metallic nanoribbons, in which the minimum of conductance is 2e2

h ,
but our results do not depend qualitatively on the choice of NDL. It is also worth
noting that we do not include the effect of defects in our structures and they are
always in the ballistic regime.

In order for defects and inhomogeneities change substantially the conductance
profile, certain conditions have to be met. At low magnetic field when the conduc-
tance quantization is due to quantum confinement, the effect of edge irregularities
will only be apparent when the size of the irregularities is in the order of the elec-
tronic wavelength. On top of that, the structures have to be long enough for the
conductance plateaus to be washed out [7]. For large magnetic fields, when the
structures are in the quantum Hall regime, deviations from the regular quantum
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(a)

(c)

(b)
N =DL

1
2

9

L

Figure 5.1: The three graphene nanostructures considered in this work. (a) An armchair
graphene nanoribbon, (b) a nanoconstriction with zero length (bowtie) and (c) a graphene
nanoconstriction with finite length L. All three structures in the figure have the same number
of dimer lines NDL = 9.

Hall behaviour can be expected when the distance between scatterers or the distance
between a scatterer and the edge of the structure is in the order of the cyclotron ra-
dius [22]. We argue that, although the effects of such defects can be relevant when
we are in one of the regimes above, this is not the case for the now available high
quality samples [17]. In these samples conductance quantization due to quantum
confinement is observed and also the quantum Hall regime is achieved already at
very low magnetic fields, when the cyclotron orbit is in the order of the structure
width.

To calculate the conductance through the structures we use a nearest neighbors
tight-binding Hamiltonian and retarded Green’s functions approach as implemented
in the KNIT code[23]. The magnetic field is included within a discretized Landau
gauge by adding a phase Φ in the hopping elements in a similar way as described
in Ref. [23]. The Aharonov-Bohm phase Φ represents the phase acquired by an
electron when it goes around one hexagon and its relation to the magnetic field, B, is

given by Φ =
3
√

3a2cce
2~ B, where acc = 0.142 nm is the carbon-carbon bond length in

graphene. The contacts consist of semi-infinite graphene nanoribbons on both sides
of the structures.
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Figure 5.2: Color plot of the conductance of a graphene nanoribbon (NDL = 101) as a function
of the Fermi energy and

√
B. The lines present in the plot are iso values of the conductance.

The numbers in the graph show the values of conductance in units of G0 = 2e2

h
.

5.2 Results

5.2.1 Graphene nanoribbons

We start our study by calculating the conductance, G, through an armchair graphene
nanoribbon as a function of both the magnetic field and the Fermi energy, E, (Fig.
5.2). Here we present our results for only one value of dimer lines (NDL = 101), but
we would like to emphasize that our conclusions do not change qualitatively with
the width, since the behaviour with magnetic field scales with the magnetic length

lm =
√

~
eB and the energy scales with 1/W [6, 7].

In Fig. 5.2 two distinct behaviours of the conductance versus energy against the
square-root of magnetic field can be observed: a constant position and a linear in-
crease of the plateaus with the applied magnetic field. For an infinite graphene plane
in the quantum Hall state we have:

En = vF
√

2e~nB, (5.1)

where n is the Landau level occupation number. So the linear relation between E
and
√
B is an indication that the structure is in the quantum Hall regime.

For experiments performed on GNC or GNR, it is highly relevant to know the
width of the active transport region in the nanostructure. One can estimate it via
the cyclotron orbit for the magnetic field where the transition to the quantum Hall
state is observed. By taking the crossover point between the two behaviours with
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Figure 5.3: Conductance versus energy for graphene nanoconstrictions with different lengths
at zero magnetic field, with a constant width of W = 12.3 nm. The curves different values of
L are shifted by 2e2

h
for a better visualization.

magnetic field the width of the GNR can be extracted through the cyclotron radius:

lC =
E

vF eB
, (5.2)

where vF is the Fermi velocity and e the elementary charge. Applying this relation
to the case of Fig. 5.2, we have lC = 6.015 nm. This value is in good agreement with
the width of the nanoribbon W = 12.3 nm, since W = 2lC .

5.2.2 Graphene nanoconstrictions

In this section the results for a graphene nanoribbon connected to two wider graph-
ene leads (see Fig. 5.1), i.e. a graphene nanoconstriction, are presented. To better
understand this geometry, we start with the effect of the length on the conductance
at zero magnetic field.

By keeping the width constant at W = 12.3 nm and increasing the length of the
constriction from zero (Fig. 5.1 b) to 30.68 nm, two behaviours of the conductance
versus energy can be distinguished in Fig. 5.3. For a short GNC, with a length
L ≤ W , plateau-like features are observed in the conductance with a spacing of
∼ 2e2

h . The plateaus are best defined when L ∼ W . For L > W we observe several
peaks on the conductance which can be attributed to Fabry-Perot oscillations due
to reflection on the graphene leads. The behaviour for a short GNC shows very
good agreement with the recent experiments [17] where a high quality graphene
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nanoconstriction was studied. Although in the experiments it was not possible to
extract the length of such nanoconstriction, we can argue that the constriction has to
be short (L . W ) in order to obtain well defined plateaus in conductance observed
experimentally.

Changing the width of the constriction has similar effects as changing the width
of a graphene nanoribbon, i.e. the energy scale of the conductance features changes
with the inverse of the width.

Figure 5.4: The conductance versus energy for (a) B=0 T and (b)
√
B = 10.5

√
T for a graphene

nanoribbon, in solid black line, and a graphene nanoconstriction with zero and finite length,
dotted red and dashed blue lines, respectively.

In Fig. 5.4a, the conductance at zero magnetic field as a function of the Fermi en-
ergy is shown for a GNR (solid black line) and for a GNC with zero and finite length
in red dotted and blue dashed lines respectively. When comparing the nanoribbon
with the constrictions, two key differences can be observed. First, the plateaus in con-
ductance are sharp and well defined for a GNR but smeared out for a GNC. Second,
there is a presence of a conductance gap for the nanoconstrictions, which is absent
for the nanoribbon. Both differences on the conductance spectra can be explained
by the enhancement of scattering in the GNC, which is absent for the GNR case.
This fact explains the experimental result that even for ballistic nanoconstrictions
the conductance plateaus at zero magnetic fields are not well defined [17]. When the
magnetic field is increased to a value in which the structures enter the quantum Hall
regime the scattering is suppressed for the lower energy channels and the conduc-
tance behaves the same for the three structures (Fig. 5.4b). It is important to notice
that when the structures enter in the quantum Hall regime, the steps in the conduc-
tance at multiples of 4e2

h disappear and we obtain the expected steps for an infinite
graphene sheet.

In Fig. 5.5 we have the conductance as a function of both the Fermi energy and√
B for the graphene nanoconstriction with zero length (for a finite length a similar
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Figure 5.5: Color plot of the conductance of a graphene nanoconstriction (NDL = 101) with
zero length as a function of the Fermi energy and

√
B. The lines present in the plot are iso

values of the conductance. The numbers in the graph show the values of conductance in units
of G0 = 2e2

h
.

plot is obtained). We observe quantum confinement at low magnetic fields and the
quantum Hall effect at high magnetic fields, similar to the results obtained for the
GNR (Fig. 5.2).

To study in more detail how all three structures behave at high magnetic fields,
the position of the end of the plateaus G = 2e2

h and 6e2

h in energy with the applied
magnetic field has to be analyzed. As mentioned before (Eq. 5.1), the energy of
the conductance plateaus should obey: En = αn

√
B, where αn = vF

√
2e~n. In

Fig. 5.6 we can see the position in energy and magnetic field for the G = 2e2

h and
6e2

h plateaus for a GNR and a GNC with zero length. In this plot it is clear that the
plateaus in conductance do not follow the slope α predicted for an infinite graphene
plane (dashed and dotted lines). We observe that, for the same width, the slope
approaches αn when the length of the GNC is reduced. For a very long graphene
nanoconstriction the value of the slope approaches the value obtained for a graphene
nanoribbon: ∼ 0.79αn. We attribute this effect to the broken valley degeneracy due to
the armchair edges that modifies the energy spectrum of the Landau levels[10], since
the energy dispersion for one valley is displaced to a lower energy in comparison to
the other.

Using Eq. 5.2, we obtain the cyclotron radius when the GNC enters the quantum
Hall regime. For L = 0 nm we find lC = 7.231 nm (lC > W/2), while for L = 5

nm lC = 5.212 (lC < W/2). This values are close to the width of the constricted
region (W2 = 6.15 nm) but is somewhat larger when the length of the constriction is
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Figure 5.6: Position of the end of the plateaus G = 2e2

h
(circles) and 6e2

h
(stars) inE and

√
B for

a graphene nanoribbon, in gray, and a graphene nanoconstriction with zero length, in black.
For comparison, the expected values for an infinite graphene plane for n = 1 and 2 are plotted
as a dashed and dotted line respectively. Inset: Obtained magnetic field for the transition to
the quantum Hall regime versus occupation (Landau Level) number.

reduced.
In experiments it is common to observe several conductance plateaus at zero

magnetic field and it is possible to study their evolution as the magnetic field is
varied. In addition to the use of the slope of the position of one single conductance
plateau, we could also use the fact that the magnetic field to reach the quantum Hall
regime depends linearly with the occupation number n as Bc = 8~

eW 2n. By using this
equation to fit the position in magnetic field at which each Landau Level is created
(inset of Fig. 5.6) in the case of the wide GNR, we obtain W = 13.2 nm. Despite
of the width of the nanostructure, by the effect known as “magnetic depopulation”
[19] which consist in the deviation of the linear behaviour between n and B, one can
probe the presence of 1D subbands at zero magnetic fields even when the conduc-
tance quantization is not observed.

5.3 Conclusions

In summary we used a tight-binding and retarded Green’s functions approach to cal-
culate the two terminal conductance as a function of the Fermi energy and magnetic
field for graphene nanoribbons (GNR) and nanoconstrictions (GNC). The conduc-
tance in the GNC showed a smoother transition between the conductance steps if
we compare it to a GNR of the same width. By studying the effect of the length
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of the constriction on the conductance we could show that in order to obtain the
well defined plateaus observed experimentally in ballistic GNC, the length has to be
comparable to the width. These results help to understand the experimental results
obtained and also provide a way to estimate the length of such structures, not always
possible to do experimentally.

We also studied the evolution from quantum confinement to the quantum Hall
state through the analysis of the conductance plateaus position in magnetic field. We
obtained that, although the position of the G = 2e2

h and 6e2

h plateaus follow a linear
increase with

√
B, the slopes of the curves found for both a graphene nanoribbon

and a graphene nanoconstriction were lower than the expected value for an infinite
graphene plane. The value of the slope is close to the value for an infinite graph-
ene plane for a very short constriction and deviates more for long constrictions and
nanoribbons. By analyzing the position of the conductance plateaus with magnetic
field we obtained the width of the constrictions and ribbons studied through a semi-
classical approach. The widths obtained are in good agreement with the real values
used in our simulations, which shows that this analysis is a powerful tool for esti-
mating dimensions of nanostructures.
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Chapter 6

Spin transport in graphene nanostructures

Abstract

Graphene is an interesting material for spintronics, showing long spin relaxation lengths
even at room temperature. For future spintronic devices it is important to understand
the behavior of the spins and the limitations for spin transport in structures where the
dimensions are smaller than the spin relaxation length. However, the study of spin injec-
tion and transport in graphene nanostructures is highly unexplored. Here we study the
spin injection and relaxation in nanostructured graphene with dimensions smaller than
the spin relaxation length. For graphene nanoislands, where the edge length to area ratio
is much higher than for standard devices, we show that enhanced spin-flip processes at
the edges do not seem to play a major role in the spin relaxation. On the other hand, con-
tact induced spin relaxation has a much more dramatic effect for these low dimensional
structures. By studying the nonlocal spin transport through a graphene quantum dot
we observe that the obtained values for spin relaxation are dominated by the connecting
graphene islands and not by the quantum dot itself. Using a simple model we argue that
future nonlocal Hanle precession measurements can obtain a more significant value for
the spin relaxation time for the quantum dot by using high spin polarization contacts in
combination with low tunneling rates.

Published as:
M.H.D. Guimarães, J.J. van den Berg, I.J. Vera-Marun,

P.J. Zomer, and B.J. van Wees
Phys. Rev. B 90, 235428 (2014).
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6.1 Introduction

Experiments and applications in the field of spin electronics, known as spintronics
[1], often require that the spins keep their information for a long time, travel a long
distance or that the devices show a large spin dependent signal. Graphene has at-
tracted a lot of attention for spintronics because of the long spin relaxation time (τs)
[2–4] which, in combination with its long mean-free path (lmfp), leads to the longest
spin relaxation length at room temperature (λs) [5, 6]. The spin accumulation in a de-
vice can be defined as [7] µs = (µ↑ − µ↓)/2, where µ↑(↓) is the chemical potential for
spin up (down). The relatively high sheet resistance (Rsq) of graphene flakes when
compared to normal metals, and its robustness to high current densities [8], makes
graphene an efficient system for the creation of large spin accumulation [9, 10] which
results in large spin dependent signals.

A successful route for increasing the spin accumulation in a device without the
need of large current densities is by miniaturizing the devices to scales where their
width W and length L are smaller than λs [11–14]. At these scales the spin accumu-
lation is confined in a small area and the spins do not diffuse away as in the case of
standard devices [15]. A twofold increase in the local spin signal was demonstrated
in metallic devices where L > λs [14]. Since graphene has λs ≈ 2 µm [7], the fab-
rication of devices with dimensions smaller than λs is much easier than for metals,
where λs is usually smaller than 1 µm [16]. Therefore, the increase in spin signal
is expected to be even larger for graphene based nanodevices. Moreover, it was al-
ready demonstrated that the spin signal can be further increased due to quantum
interference effects in graphene devices where the phase coherence length is smaller
than the device dimensions [17], in a similar way to carbon nanotube devices [18, 19].

However, it is possible that the edges of the graphene flake have a limiting in-
fluence for the spin relaxation [7, 20]. It is known that edge states in graphene can
be spin polarized [21–23] which can enhance spin-flip processes at the edges [20].
By lowering the dimensions of the graphene flake to below λs, the edge length to
area ratio increases and the spins probe the edges of the structure more often than
for a regular size device. Therefore, the study of graphene spin valves with small
dimensions gives insights about the role of the edges on the spin relaxation.

When the device dimensions are even smaller, in the order of lmfp, quantum con-
finement of the electrons can be obtained [24, 25]. For electrons confined in three di-
mensions we have the solid state analogous to an atom, a quantum dot (QD), which
shows discrete energy levels [26]. Spins in a QD are heavily used for quantum in-
formation processing and quantum computation using spin qubits [27]. Graphene
quantum dots are predicted to have spin relaxation times two orders of magnitude
longer than for pristine graphene flakes [28], which makes graphene very appealing
for quantum computation. However, the study of spin relaxation in quantum dots is
not trivial, usually demanding fast and precise voltage sources and/or the fabrica-
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tion of two coupled quantum dots [27]. The possibility of studying the spin transport
properties of QDs using nonlocal techniques is therefore an appealing alternative.

In order to obtain effective electric spin injection into graphene we have to over-
come the issue known as the conductivity mismatch problem [29, 30]. This issue
arises because the spin resistance of graphene Rλ is generally much higher than the
spin resistance of the ferromagnetic metals used for spin injection RλF . If the ra-
tio RFM/Rλ is much smaller than 1, the spins tend to return to the ferromagnetic
contacts and relax there. For a graphene flake much longer than the spin relaxation
length (L � λs), the spin resistances for the graphene flake and a ferromagnet con-
tacting it can be defined as: Rλ = Rsqλs/W and RλF = ρFMλFM/A, where W is the
graphene channel width, and ρFM , λFM and A are, respectively the resistivity, spin
relaxation length and cross sectional area of the ferromagnet. Generally the spin re-
laxation length in graphene is much longer than for the ferromagnet, and graphene’s
resistivity is usually much higher than the resistivity of ferromagnetic metals, lead-
ing to a ratio RFM/Rλ � 1, and resulting in a poor spin injection. This problem can
be circumvented by the use of highly resistive barriers, where the term RFM is then
substituted by the contact interface resistance Rc. The problem of conductivity mis-
match in the context of graphene spintronics has received much attention in the past
years [7, 31–33]. Estimations of the influence of the contacts in the measured spin
relaxation in graphene show that most of the measurements performed in a nonlo-
cal 4-probe geometry are not limited by contact induced spin relaxation [31, 32]. On
the other hand, local 2-probe measurements where the contact resistance is orders
of magnitude higher than for conventional devices estimate a much higher spin re-
laxation time in epitaxial graphene on SiC[33]. However, the influence of localized
states in the SiC substrate [34] and the fact that spin signals were only reported at 4.2
K hinders the comparison with other experiments.

Here we report spin injection and transport in graphene nanostructures with di-
mensions smaller than λs. By Hanle precession measurements we obtain the spin
relaxation time in these devices τs ≈ 30 ps. Using a model that takes into account
the size of the devices, we show that for graphene nanoislands where L,W < λs
the nonlocal spin signal can be increased by a factor of ≈ 100 when compared to
standard devices, where L � λs. Our simulations show that contact induced spin
relaxation effects have a larger influence on measurements in confined devices than
in devices where the length is longer than λs. Comparing our simulations with the
experiments we find that the experimentally obtained values for τs are limited by
contact induced spin relaxation. An estimation of the intrinsic values for the spin
relaxation times in our graphene nanoislands results in τs ≈ 200 ps, indicating that
the enhancement of spin-flip processes at the edges is not the main mechanism for
spin relaxation in graphene on SiO2.

Furthermore, we study the spin transport through an open graphene quantum
dot, which consists of a graphene quantum dot connected by two graphene nanois-
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lands from each side. We show that the measured spin relaxation is dominated by
the graphene areas that connect the quantum dot in the case where the tunneling rate
to the dot is high. The transition between the spin relaxation happening mostly in
the quantum dot to spin relaxation happening mostly in the outside areas is explored
as a function of the tunneling rate to the dot using a simple model.

6.2 Methods

Our samples are prepared using mechanically exfoliated graphene on 500 nm SiO2/Si
substrates. Single layer graphene flakes were selected using optical contrast and con-
firmed by atomic force microscopy (AFM). In order to increase the precision for the
next fabrication steps we use electron beam lithography (EBL) to define alignment
markers close to the selected flake. In the same EBL step we pattern bonding pads
and large contact wires and finally evaporate Ti/Au (5/35 nm) by the use of an elec-
tron beam induced evaporator. To pattern our graphene flakes into the structures
used here we perform another EBL step to define an etching mask using high molec-
ular weight (950K) polymethyl methacrylate, and use a pure oxygen plasma to etch
the graphene flakes. After the etching procedure the structures are once again ana-
lyzed by the use of AFM to select the structures with cleaner surfaces and ensure a
homogeneous contact interface for the electrodes. The electrodes are patterned by
another EBL step followed by metal evaporation. To avoid the conductivity mis-
match problem we first fabricate a TiO2 layer by evaporating 0.4 nm of Ti followed
by oxidation in a pure oxygen atmosphere at pressures above 10−1 Torr. This step is
repeated once more and, after the evaporation chamber is pumped to high vacuum,
35 nm of Co are evaporated. All the electrical measurements here are performed
using standard low-frequency (f < 20 Hz) lock-in techniques with bias current be-
tween 10 nA and 2 µA.

6.3 Graphene nanoislands

6.3.1 Experiment

We start discussing the experimental results for graphene nanoislands in whichL,W <

λs. We studied a total of 3 devices of this type. Two of the devices with dimensions
1 × 0.5 µm2 and one with 1 × 0.25 µm2. All contact resistances for these 3 devices
are between Rc = 10 and 36 kΩ. While for some devices the contact resistances are
in the order of tens of kΩ, for others they can reach above MΩ. We attribute this to
undesired contamination resulting from the etching procedure, as observed before
[7]. Unless specified otherwise, all the results reported here were obtained at room
temperature.
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It is important to note that the edges of etched flakes are usually irregular at the
atomic scale, not following a specific crystalographic orientation, due to the rough
etching procedure. However, even though the rough edges do not have all the char-
acteristics of a crystallographic edge, they can show localization and enhanced scat-
tering, which can enhance spin-flip processes [20].

Figure 6.1 shows a phase contrast AFM image of one of the devices before contact
deposition with the contact pattern outlined by lighter semi-transparent blocks. In
order to perform the spin dependent measurements with minimum contribution of
the charge dependent signal we use the nonlocal technique [7], Fig. 6.1(a). When
a current I is driven between two ferromagnetic electrodes, a spin accumulation is
generated underneath the injection electrodes which diffuses away from the injection
point. The voltage Vnl is probed outside the charge current path, which minimizes
the charge contribution to the signal and, since the voltage probes are also ferromag-
netic, the chemical potential for a specific spin species is preferentially detected.

For devices like the ones shown here, the spins can probe the whole flake before
relaxing which causes the spin accumulation in the device to be, in principle, homo-
geneous [11, 15]. The presence of a spin accumulation can be tested by a nonlocal
spin valve measurement where a large negative parallel magnetic fieldB|| is applied
to the device followed by a sweep in B|| while recording the nonlocal resistance,
Rnl = Vnl/I . Since the electrodes have different widths, their coercive fields vary,
which causes their magnetization to switch direction at different values of magnetic
field. The switches in magnetization of the electrodes can be seen as abrupt steps in
the nonlocal resistance [left inset of Fig. 6.1(b)].

In order to extract the spin relaxation time in our devices we perform Hanle pre-
cession measurements where a perpendicular magnetic field B⊥ is applied to the
device causing the injected spins to precess around the field. This results in a de-
crease of the spin signal due to incoherent spin precession and spin relaxation. The
resultant signal can then be fitted by the solution to the Bloch equations for spin
diffusion:

Ds
d2~µs
dx2

− ~µs
τs

+ ω × ~µs = 0, (6.1)

where Ds is the spin diffusion constant, ω = gµB ~B/~ with g the Landé g-factor, µB
the Bohr magneton and ~B = B⊥ẑ the magnetic field. The spin relaxation length can
be calculated using the relation λs =

√
Dsτs.

Considering non-invasive contacts and a one-dimensional (1D) infinite channel,
the solution for Eq. 6.1 for the spin signal as a function of B for one spin injector and
one spin detector is [35]:

Rs =
P 2RsqDs

W

∫ ∞
0

P(t)cos(ωt)exp(−t/τs)dt, (6.2)
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Figure 6.1: (a) Phase contrast atomic force micrograph of a typical graphene nano-island
device. The graphene is outlined by the dashed line and the contacts are represented by
the lighter semi-transparent blocks. The measurement scheme for nonlocal spin transport
is shown below. (b) Nonlocal spin signal as a function of a perpendicular magnetic field. The
line in red is a fit using Eq. 6.2 to extract the values forDs and τs. Left inset: Nonlocal spin sig-
nal as a function of a parallel magnetic field. The arrows indicate the direction of the magnetic
field sweep. Right inset: Hanle precession for RA(B) in black (grey).

where P(t) = (4πDst)
−1/2exp(−`2/4Dst), ` is the contact spacing, and we assumed

that the spin polarization P of the spin injector and detector electrodes are equal.

Fitting the experimental data with Eq. 6.2 allows us to obtain τs and Ds indepen-
dently. For the zero-dimensional (0D) case, considering uniform spin accumulation,
the spin signal has a Lorentzian form [11]:
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Rs =
P 2

e2νDOSA

(
τs

1 + (ωτs)2

)
, (6.3)

where e is the electron charge, νDOS is the density of states, and A the area of the
island.

In order to avoid contribution from background signals to our analysis [31], we
calculate the spin dependent signal as: Rs = (RA −RB)/2, where RA(B) are the val-
ues obtained for Hanle precession measurements at the magnetization configuration
of the electrodes specified as A (B) 1. For the case of the measurement shown in Fig.
6.1(b), we have that A is the configuration where all electrodes are aligned parallel
to each other and in configuration B the inner injector is aligned antiparallel to the
other three electrodes.

By fitting the results for all three studied graphene nanoisland devices, we obtain
that τs falls in the range 10 - 30 ps with little variation between fitting the data with
Eq. 6.2 or with Eq. 6.3. The values of τs obtained by the use of Eq. 6.3 are systemati-
cally lower by a factor ≈ 2. This difference is in agreement with previously reported
results [15] showing that Eq. 6.2, which disregards reflection of the spin accumula-
tion at the edges, results in an overestimation of τs by a factor ≈ 2 for very small
systems. Ds obtained by the use of Eq. 6.2 in our devices varies from 0.01 to 0.001
m2/s. The fact that we obtain values for Ds which are comparable to the standard
values obtained on devices where L� λs, Ds ≈ 0.02 m2/s, is an indication that the
spin accumulation in our devices is not truly 0D [15]. As it will be clarified below by
the use of a model that includes the effects of the electrodes on the spin relaxation,
since the contact resistance for our devices is small, the contacts reduce the spin ac-
cumulation underneath them due to contact induced spin relaxation. This results in
a gradient on µs throughout the nanoisland. From now on, when the values for τs
and Ds are discussed we will use the values obtained using Eq. 6.2, unless specified
otherwise.

The obtained τs for our devices is one order of magnitude lower than for regular
SiO2 based graphene devices where τs ≈ 200 ps [7] and about two orders of magni-
tude below the best graphene spintronics devices where τs ≈ 1 ns [3, 5, 6]. Although
this difference could be explained by enhanced spin-flip processes at the edges, we
will show below that the most probable cause is a demeaning influence of the con-
tacts on the spin transport. Since the spins are confined to the graphene island and
the contacts cover more than half the area of the device, the influence of the contacts
in the spin relaxation is expected to be much larger than for regular devices where

1Note that the Hanle precession measurement for the all parallel configuration (A) is independent
of magnetic field. This is due to the fact that the injection electrodes are close together and, while one
injects spin up, the other extracts the same spin species at a very close location, leading to a low total spin
accumulation. Furthermore, the two detection electrodes probe the same spin species almost at the same
location, leading to a lack of sensitivity to the spin accumulation.
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the area covered by the contacts is less than 10% the total device area. It is important
to note that the spin signal obtained in our graphene nanoislands is considerably
smaller than the values predicted in the introduction. As we will demonstrate in
the next section, this also results from the low contact resistance in our devices. To
understand and explain the physics behind our experiments we model our system
as explained below.

6.3.2 Simulations

We use the well established diffusive model to describe the motion and relaxation
of spins in our system including contact induced spin relaxation effects [7, 31]. The
system has a width W and length L with 4 contacts spaced by ` = L/3, two injection
contacts, i1 and i2 and 2 detection contacts, d1 and d2 [inset of Fig. 6.2(b)]. For the
simulations we fix the values for the spin relaxation time τs = 200 ps and the spin
diffusion constant Ds = 0.02 m2/s for the system. This results in a spin relaxation
length of λs = 2 µm. We solve Eq. 6.1 with the boundary conditions that the spin
accumulation is continuous everywhere and that the spin current is continuous in-
side the system except at the injection points. Here we include a source term PiI/W ,
where Pi is the spin injection efficiency. The spin current is set to be zero at the
boundaries x = 0 and x = L. The contact induced spin relaxation is included in the
same way as in Ref. [7, 31]. It is important to point out that this model is valid for
contacts with low spin polarization, as in the case of our experiments, where P ≈ 0.1.

In order to quantify the influence of the contact resistance in the spin transport
we compare the parameter R = RcW/Rsq with the spin relaxation length [7, 31]. For
R/λs � 1 the spins tend to go back to the contacts and relax due to the shorter
spin lifetime in the ferromagnetic metal. In the case R/λs � 1 the contacts are
non-invasive and do not disturb the spin accumulation underneath. We start by
comparing the nonlocal resistance as a function of the ratio R/λs for a system with
total length L = λs/10 with an unbound system (infinite length), Fig. 6.2(a).

The spin polarization of the contacts is taken to be: +0.1 (represented by ↑), -0.1
(represented by ↓) or 0 (no spin polarization). To summarize the polarization of the
4 contacts involved we use P = (Pi1, Pi2, Pd1, Pd2). We will consider three different
cases: one spin injector and one spin detector [P = (0, ↑, ↓, 0)] in an unbound sys-
tem, one spin injector and one spin detector in a finite device of length L, and two
spin injectors and two spin detectors [P = (↑, ↑, ↑, ↑) and P = (↓, ↑, ↑, ↓)] in a finite
device with length L. The first case is shown as a dashed black line in Fig. 6.2. We
see that our curve agrees with previously reported results [7, 31], with the nonlocal
signal reaching approximately 90% of the maximum signal at R/λs ≈ 10. For the
second case, the bound system with one spin injector and one detector (solid black
line), we observe that the maximum nonlocal signal is about one order of magnitude
higher than for the unbound system. This increase in the spin accumulation is due
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Figure 6.2: Nonlocal resistance normalized by the maximum value obtained in an infinite
(unbound) system as a function of the ratio R/λs for systems of length (a) L = λs/10 and (b)
L = λs/2. The values considering one spin injector and one spin detector aligned in parallel
are shown by the solid black lines. The case of two spin injectors and two spin detectors
in parallel and antiparallel alignment are represented by the dashed blue and solid red lines
respectively. For comparison, the case of an unbound system with one spin injector and one
detector is represented by the dashed black line. The schematics of the system showing the
dimensions and the four contacts is shown in the inset of (b).

to reflection of the spins at the boundaries and also agrees with previously reported
results [15]. The point where the nonlocal signal is 90 % of the maximum signal is at
R/λs ≈ 200, more than one order of magnitude higher than the one for the infinite
system. This can be understood by the fact that since the backflow of spins into the
ferromagnet (across the tunnel barrier) is driven by the spin accumulation under-
neath, an increase in µs due to the confinement results in an increase in the backflow
of spins. This picture can be alternatively viewed as an increase of the effective spin
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resistance in graphene due to confinement.
When two spin injectors and two detectors are considered, we observe that when

the contacts are all in a parallel alignment [P = (↑, ↑, ↑, ↑), dashed blue line] the
nonlocal signal is very small, orders of magnitude lower when compared with the
previous case. This is due to two factors. First, the contacts are separated by less than
λs. While one of the injector contacts injects spin up, the other extracts spin up at the
same rate given their equal polarization. Furthermore, both detection contacts probe
approximately the same value of chemical potential. Second, the spin accumulation
is approximately constant throughout the system due the 0D behavior of µs [11],
which enhances the effects described above for the injection and detection circuits. It
is important to note that these effects are reduced when the length of the device and
spacing between contacts is increased, as can be seen when comparing Fig. 6.2 (a),
which has L = λs/10 and (b) with L = λs/2.

The highest spin signal in the case of two spin injectors and two detectors is
obtained when both injector and detector pairs have an anti-parallel alignment [P =

(↓, ↑, ↑, ↓), solid red line]. In this case, while one injector injects spin up, the other
extracts spin down, which increases the total spin accumulation in the device by
a factor ≈ 2 when compared to the case of only one spin injector. Moreover, one
of the detectors is sensitive mostly to the chemical potential for spin up, while the
other detector senses spin down, this gives another factor of ≈ 2, resulting in a total
increase of≈ 4 to the spin signal when comparing to the case of one spin injector and
one spin detector.

Since the spin accumulation in the case of 4 contacts with non-zero spin polar-
ization is higher than when considering just 2 contacts, the saturation of the signal
(90% of the maximum signal) only occurs at R/λs ≈ 400, twice the value found for
the case of one injector in a closed system and about 40 times higher than for an un-
bound system. This indicates that a high quality resistive interface is very important
when studying the spin transport in confined geometries. This fact was shown by
Laczkowski et al. [14] with results obtained by a transfer matrix technique.

In order to compare the results of the simulations to our devices, we use the
dimensions of our samples L = 1 µm andW = 0.5 µm, and assume a standard value
for the spin relaxation in graphene λs ≈ 2 µm, resulting in 2L = λs, Fig. 6.2(b). The
effects of confinement in this case are less pronounced than for those shown in Fig.
6.2(a). The increase of the spin signal due to confinement, even when considering
the contribution of all 4 contacts is only about a factor of 10. This results in a smaller,
but still noticeable influence of the contact resistance on the spin relaxation, showing
saturation (90%) of Rnl for values above R/λs ≈ 100 when considering 4 contacts
with non-zero spin polarization.

However, we are not only interested in explaining changes in magnitude of the
signal but also in understanding how the Hanle precession measurements are af-
fected by the presence of the contacts. Therefore, we simulate Hanle precession
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curves using the same model described above for known values of τs. For com-
parison we also generate the data for the unbound system as studied by Maassen et
al. [31]. As in the experiments, the Hanle precession curves can be fitted by Eq. 6.2
or by Eq. 6.3 to obtain a value for the spin relaxation time, τfit. In order to compare
the values extracted by the fitting procedures and the values used in the simulation
for the spin relaxation time, we take the ratio: τfit/τs. The Hanle curves simulated
for the unbound (infinite) system are fitted using only Eq. 6.2 and the ones generated
for the confined system are fitted with both models, Eqs. 6.2 and 6.3, for comparison
(Fig. 6.3).
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Figure 6.3: The ratio τfit/τs as a function ofR/λs for finite systems (bound systems) of length
(a) L = λs/10 and (b) L = λs/2. The results obtained by fitting the simulated Hanle pre-
cession curves using Eq. 6.2 are represented by the black circles and the results obtained by
fitting using Eq. 6.3 are shown by the grey circles. The solid black line shows the results for
the infinite (unbound) system using Eq. 6.2.
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All systems follow a similar trend of τfit as a function of the ratio R/λs: τfit
increases with increasing R/λs and after a certain value for this ratio τfit saturates.
We find that, as the experimental results shown in the previous section, the values
for τfit obtained by Eq. 6.2 is about a factor of 2 higher than the values obtained
when we fit the Hanle precession curves with a Lorentzian (Eq. 6.3). By comparing
Fig. 6.3 (a) and (b) we can see how confinement affects the extraction of the spin
relaxation time as a function of the contact resistance. For systems where L � λs
[Fig. 6.3(a)], the value for the spin relaxation time extracted by fitting the Hanle
precession curves only saturates around R/λs ≈ 100. When L = λs/2 [Fig. 6.3(b)],
the saturation of the extracted spin relaxation time happens around R/λs ≈ 10. It
is important to notice that in both cases, L = λs/10 and L = λs/2, the saturation of
τfit/τs occurs for values larger than those for the unbound case (black solid line). As
in the case of the nonlocal signal (Fig. 6.2), this is due to the enhanced backflow of
spins due to the higher µs for confined systems.

In order to give an estimation of the actual spin relaxation time in our exper-
iments shown in the previous section, we use the experimental values L = 1 µm,
W ≈ 0.5 µm, and Rc = 10 - 36 kΩ. With Rsq ≈ 1 kΩ, we have that R ≈ 5 - 18 µm.
Using a standard value for the spin relaxation length of SiO2 based graphene de-
vices, λs ≈ 2 µm, we have that R/λs ≈ 2.5 - 9. In Fig. 6.3(b) we can see that such
a range for R/λs results in τfit ≈ 0.1τs. This means that, for a standard value for
graphene of τs ≈ 200 ps, the spin relaxation time obtained from fitting the Hanle
precession curves is τfit ≈ 20 ps, precisely in the range encountered in our experi-
ments. Therefore we can conclude that our experimental results are still dominated
by contact induced spin relaxation and further improvement of the contact interface
is necessary to unveil the full potential of confinement in the spin signal in graphene
nanodevices.

As an extra confirmation of this last result we simulate our system using the
experimental values and, instead of varying the ratio R/λs we change the value
for τs. We observe that τfit increases monotonically and saturates at τfit ≈ 20 ps
for values of τs above 100 ps. Therefore we can conclude that the values for τs for
the graphene nanoislands in our experiments is considerably larger than τs = 20 ps.
Although we cannot rule out completely the effect of edge scattering on the spin
relaxation in our devices, we can state that if edge scattering does have an effect
on the spin relaxation, it is not the dominant mechanism for SiO2 based graphene
devices since we do not observe any decrease on τs for our nanoislands with an
increased edge length to area ratio.
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6.4 Graphene quantum dots

6.4.1 Experiment

As mentioned in the introduction, the experimental determination of the spin relax-
ation time in QDs is a difficult task often requiring very complicated techniques. An
easier method to extract τs in QDs would be by the use of Hanle precession tech-
niques. However, QDs are often measured in a 2 probe configuration with non-spin
polarized contacts, which makes it especially difficult to detect spin precession sig-
nals.

Here we investigate the spin relaxation time in graphene QDs using a nonlocal
technique that separates the charge and spin contribution. We study the spin trans-
port through the device in the presence of a perpendicular magnetic field in order to
obtain information on the spin dynamics, e.g. the spin relaxation time. A phase con-
trast AFM image of one of our devices is shown in Fig. 6.4(a). The graphene structure
consists in two graphene islands with dimensions 1x1 µm2 connected by a QD de-
fined as two narrow (≈ 80x100 nm2) constrictions with a broader region (≈150nm) in
the center. Two additional graphene structures disconnected from the rest serve as
side-gate (sg) and plunger-gate (pg) electrodes to locally tune the chemical potential
in the constrictions and QD, respectively.

In order to characterize the charge properties of the device we perform a four
terminal measurement where the current is driven between two outer electrodes (1
and 5) and the voltage detected between the electrodes close to the QD (3 and 4).
Fig. 6.4(b) shows the four-terminal resistance of the quantum dot at room temper-
ature and 4.2 K as a function of Vbg for the plunger-gate and side-gate voltages set
to Vpg = Vsg = 0 V. Although we could not reach the Coulomb blockade regime,
the low temperature resistance curve shows peaks and dips which are indications of
confinement in the structure [26].

The spin transport experiments were carried out using the nonlocal geometry
where the current is driven between electrodes 3 and 1 and the voltage is detected
outside the current path, between electrodes 4 and 5 [Fig. 6.4(a)]. The contact re-
sistances for this sample are in the range 100 - 700 kΩ, considerably larger than the
previous ones. Using a standard value for the spin relaxation length on SiO2 based
devices of λs = 2 µm and the values for the square resistance of the graphene islands
connecting the dot Rsq ≈ 2 kΩ 2, we have R/λs ≈ 100 - 700. As discussed in the pre-
vious section, for these values of R/λs contact induced spin relaxation effects do not
play a major role in the measurements. In this case, Rnl and τfit are above 90% of the
intrinsic values even for confined geometries. Since the contacts do not induce extra
relaxation, we expect the spin accumulation in the graphene islands to be constant.

2Here we use the values for Rsq for the regions underneath of the injection points, which in this case
is given by Rsq of the graphene islands that connect the QD.
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Figure 6.4: (a) Phase contrast atomic force micrograph of a graphene quantum dot device.
The graphene is outlined by the solid line and the contacts are represented by the lighter
semi-transparent blocks. The electrodes are numbered 1 - 6. (b) Four-terminal resistance as a
function of Vbg with Vpg = Vsg = 0 V for 293 K (red) and 4.2 K (blue). For this measurement a
current was driven between electrodes 1 and 5, and the voltage detected between electrodes 3
and 4.

To check if we can get spin transport through the QD we performed spin valve
measurements. The measurements shown here were performed at 4.2 K. In Fig.
6.5(a) we show that three nonlocal resistance steps, corresponding to the switch of
magnetization of three contacts, are visible. Since contacts 2 and 6 were electrically
disconnected from the device, we cannot specify exactly the magnetic configuration
of the electrodes for each step. We have to point out that we only observe a nonlocal
spin signal with clear switches when we set Vbg to large negative values. When Vbg >
15 V, within the high resistance region of Fig. 6.4, the nonlocal spin signal reduces
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significantly and the switches get indistinguishable from our measurement noise.
In order to obtain a value for the spin relaxation time in our devices we performed

Hanle precession experiments for two different alignment of magnetization of the
contacts [levels A and B in Fig. 6.5(a)] and obtain the curves RAnl and RBnl [inset of
Fig. 6.5(b)]. To eliminate background contributions we take the total spin signal as
Rs = (RBnl − RAnl)/2. Rs is then fitted using Eq. 6.2. Within the range of Vbg = -30 to
-20 V we do not see a significant difference in the values obtained, with τs ≈ 150 ps
and Ds ≈ 0.003 m2/s. As in the case of the spin valve measurements, we could only
obtain a Hanle precession signal above the background noise in our device for large
negative values of Vbg .

The value obtained for the spin diffusion coefficient ofDs ≈ 0.003 m2/s indicates
the low diffusivity of the QD. The value for τs ≈ 150 ps is within the range for the
values expected for a standard SiO2 based device τs ≈ 200 ps. This is no surprise
since, as explained in Ref. [36], in the case where two outer regions are connected
by a central region, the obtained spin relaxation values by Hanle precession can be
strongly affected by the outer regions. This will be elaborated in the section below.

6.4.2 Simulations

In order to quantify our results and give a prospect on how to measure the spin
relaxation in a QD using Hanle precession measurements, we apply the model de-
veloped in Ref. [36] to our systems. In this model we map our devices in a system
composed of two identical semi-infinite outer regions connected by one inner region
of length ` [see inset of Fig. 6.6(a)]. The square resistance, spin relaxation time and
spin diffusion coefficient can be set for each region separately. Here we set the dif-
fusion coefficient and the spin relaxation time for the outer regions as the average
values for SiO2 based graphene spin valves, Do

s = 0.02 m2/s and τos = 200 ps, re-
spectively. The spins are injected at the left boundary of the QD and detected at the
right boundary. We then simulate Hanle precession curves by solving Eq. 6.1 with
the appropriate boundary conditions and the data is fitted in the same way we do
for our experiments, with Eq. 6.2. From this fitting procedure we extract an effective
spin relaxation time for the whole system, τfit.

The square resistances for the outer regions were set to Ro = 1 kΩ and for the QD
RQD = 690 kΩ, and the widths are taken to be the same, W = 100 nm, for simplicity.
Here we use a high value for RQD, which would be the case where the QD is in
the Coulomb blockade regime. However, other sets of calculations with different
combinations where Ro = 1 kΩ and RQD = 100 kΩ, and RQD = Ro show that our
conclusions do not depend strongly on the values for RQD and Ro, if RQD is not
several orders of magnitude higher than Ro. This fact will be clarified below.

The amount of time the spins spend inside the quantum dot is determined by
the tunneling rate (Γ) of the tunnel barriers between the dot and the graphene leads,
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Figure 6.5: (a) Nonlocal spin valve measurement in a graphene quantum dot with Vbg = -20 V
and Vpg = Vsg = 0 V at 4.2 K. (b) Nonlocal Hanle precession with the same gate voltages as in
(a). The fit using Eq. 6.2 is shown by the red line. Inset: Data for the nonlocal resistance as a
function of a perpendicular magnetic field for the two levels A and B shown in (a).

created by the narrow graphene ribbons in our experiment. In our model, we take
the two tunnel barriers and the quantum dot as being a single system, and relate
the dwell time of the spins in the dot with the spin diffusion time through the bar-
rier/QD/barrier system: τd = 2/Γ. The factor of 2 arises from the fact that the spins
have to tunnel through two tunnel barriers before reaching the detection circuit.

We start by studying the dependence of τfit as a function of the spin relaxation
time inside the QD (τQDs ) for different values of τd. As depicted in Fig. 6.6(a), when
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τd is small, the obtained value for τfit is independent on τQDs , and has a value close to
τos . This results from the fact that the spins do not spend sufficient time to experience
spin relaxation inside the QD, therefore the obtained value for τfit is mostly given
by the outside regions. When the spins spend a longer time inside the dot (larger
values of τd), we observe that τfit ≈ τQDs until τQDs ≈ τd. This can be understood by
the fact that, when the spins spend sufficient time inside the dot to relax, the value
obtained by fitting the Hanle precession curves represent the spin relaxation inside
the QD.

The dependence of τfit with τd can be understood by realizing that we have a
type of conductivity mismatch between the QD and the graphene islands connect-
ing it, similar to the case of a graphene/ferromagnet interface. We can quantify
the mismatch between the QD and the outer regions by the ratio of the spin resis-
tances between both systems. The spin resistance for the outer regions is given by:
Roλ = Roλo/W , where λo =

√
Doτo is the spin relaxation length in the outer re-

gions. Using λQDs =

√
τQDs (2`2/τd), the spin resistance for the dot can be written

as a function of the length between the two tunnel barriers `, the diffusion time and

the spin relaxation in the dot as: RQDλ = (`RQD/W
√

2) ×
√
τQDs /τd. Therefore, the

ratio between the spin resistances is: Roλ/R
QD
λ = (Ro/RQD) × (λo/`) ×

√
2τd/τ

QD
s .

In the case of small values of τd and/or large values of τQDs , the ratio Roλ/R
QD
λ is

small and there is a high mismatch between the regions. Therefore the obtained spin
relaxation time, τfit, is given by the outer regions. For the case of long spin diffusion
times, the mismatch is smaller and the values obtained for the spin relaxation time
are more representative of the relaxation in the QD. This is a type of impedance mis-
match in which an important parameter is the spins’ time of the flight through the
QD compared to their spin relaxation inside the dot.

In order to understand what would be necessary to detect the spin relaxation in
graphene quantum dots with the theoretically predicted τQDs ≈ 10 µs [28], we study
the behavior of τfit with τd. Our analysis is summarized in Fig. 6.6(b). It can be
seen that the spin relaxation in the QD starts to have an influence on the obtained
τfit when τd ≈ τos . For low values of τQDs , soon after τd ≈ τos , τfit decreases sharply
and saturates at τQDs . For long spin relaxation times in the QD when compared to
the outside regions, τfit increases slowly with the increase of τd and saturates at
τfit = τQDs for τd > 10τQDs .

Translating the diffusion time of the spins through our structure to a tunneling
rate in/out the QD, it can be seen that, in order to measure the spin relaxation times
predicted for graphene QDs using Hanle precession, we require highly decoupled
QDs, with Γ < 105 s−1. Although these values for the tunneling rate are very low,
values of Γ ≈ 105 s−1 were experimentally demonstrated in graphene QDs [37].
The value of Γ can be easily tuned in graphene QDs by a local Vsg [25]. Therefore,
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Figure 6.6: (a) τfit versus τQDs for different values of τd. The dotted line shows τfit = τQDs .
Inset: Schematics of the system used for the simulations. Two semi-infinite regions with spin
relaxation time τos are connected by a central region representing the QD with spin relaxation
time τQDs . The diffusion time between spin injection and detection τd is represented by the
dotted line. (b) τfit versus τd for different values of τQDs . The corresponding tunneling rate
Γ = 2/τd is shown in the upper axis. The horizontal lines show the values used for τQDs .

we expect that by studying the values of spin relaxation time obtained using Hanle
precession measurements as a function of Γ would reveal the intrinsic spin relaxation
time in graphene QDs.
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It is important to point out however, that when the diffusion time is very long
the spin signal is very low. For our simulations with τd > 5 ns the total amplitude
of the simulated spin signal was too small to be fitted. This happens due to two
effects. First, the spins have time to relax in the dot, which reduces the total signal.
And second, as explained above, the spin resistance in the direction across the dot is
much higher than in the direction away from the dot. Consequently, the spins tend
to diffuse away in the opposite direction and very few spins travel across the dot
and are detected. Therefore, for the type of studies presented here, it is necessary to
increase the nonlocal spin signal by, for example, increasing the spin polarization of
the contacts [10, 32] and at the same time increase the time the spins spend inside the
QD by decreasing the tunneling rate.

In our experiments τd = `2/2Ds ≈ 75 ps, with ` = 0.63 µm, and the obtained spin
relaxation time is ≈ 150 ps. When we compare this value with Fig. 6.6(b), we see
that the value for the spin relaxation extracted using Hanle precession is invariant
with respect to τQDs . This means that our measurements are dominated by the spin
relaxation in the outer regions. As stated above, in order to obtain a value closer to
the value for the spin relaxation time in the QD we have to combine contacts with
high spin polarization with a QD weakly coupled to the graphene islands (outer
regions).

6.5 Conclusions

In conclusion we showed spin accumulation and transport in graphene nanostruc-
tures. We demonstrated the effect of confinement in graphene nanoislands with di-
mensions smaller than the spin relaxation length. By Hanle precession measure-
ments we could extract the spin relaxation time in these systems. Using a theoretical
model, we showed that for these 0D systems the effect of contact induced spin re-
laxation is much higher than for the standard devices where spins can diffuse away.
When the contact resistance is sufficiently high to not induce spin relaxation, the
maximum value for the nonlocal spin signals in confined systems is more than one
order of magnitude higher than for unbound systems, where the total length is much
longer than the spin relaxation length. Comparing simulations and experiments we
see that the low experimentally obtained values for τs seem to be due to contact
induced spin relaxation. Furthermore, by using the experimental values in our sim-
ulations, we see that τs in our graphene nanoislands has to be considerably higher
than 20 ps in order to match the values obtained by our experiments. Therefore the
spin relaxation in the graphene nanoislands do not seem to be reduced by the higher
edge length to area ratio in our samples, which indicates a low influence of enhanced
spin-flip mechanisms at the graphene edges.

We also studied the nonlocal spin transport in a graphene quantum dot con-
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nected by two graphene nanoislands. In this case, the contact resistances were high
enough in order to reduce significantly the effect of contact induced spin relaxation.
A value for τs ≈ 150 ps was obtained by Hanle precession measurements. By simu-
lating our devices we showed that this value for the spin relaxation time seems to be
due to spin relaxation in the outer graphene islands and not by the quantum dot due
to the short time the spins spend inside the quantum dot. We explain this effect using
by estimating the spin resistance mismatch between the outer graphene islands and
the graphene QD. Our simulations indicate that, in order to obtain a more represen-
tative value for τs in quantum dots using nonlocal Hanle precession measurements,
one should increase the time the spins spend inside the quantum dot, which can be
achieved by reducing the tunneling rate through the tunnel barriers that connect the
QD. However, the nonlocal spin signal reduces significantly since the spins tend to
diffuse away from the QD and very few make it through and are detected on the
other side of the dot. Therefore, the use contacts with high spin polarization in com-
bination with a highly decoupled quantum dot should allow for the extraction of the
spin relaxation time inside the QD using nonlocal Hanle precession measurements.
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and T. Kontos, “Conserved spin and orbital phase along carbon nanotubes connected with multiple
ferromagnetic contacts,” Phys. Rev. B 81, p. 115414, Mar 2010.

[19] H. T. Man, I. J. W. Wever, and A. F. Morpurgo, “Spin-dependent quantum interference in single-wall
carbon nanotubes with ferromagnetic contacts,” Phys. Rev. B 73, p. 241401, Jun 2006.



6

108 6. Spin transport in graphene nanostructures

[20] V. K. Dugaev and M. I. Katsnelson, “Spin relaxation related to edge scattering in graphene,” Phys.
Rev. B 90, p. 035408, Jul 2014.

[21] Y.-W. Son, M. L. Cohen, and S. G. Louie, “Energy gaps in graphene nanoribbons,” Phys. Rev. Lett. 97,
p. 216803, Nov 2006.

[22] C. Tao, L. Jiao, O. V. Yazyev, Y.-C. Chen, J. Feng, X. Zhang, R. B. Capaz, J. M. Tour, A. Zettl, S. G.
Louie, H. Dai, and M. F. Crommie, “Spatially resolving edge states of chiral graphene nanoribbons,”
Nat Phys 7, pp. 616–620, Aug. 2011.

[23] M. Golor, S. Wessel, and M. J. Schmidt, “Quantum nature of edge magnetism in graphene,” Phys.
Rev. Lett. 112, p. 046601, Jan 2014.

[24] C. Stampfer, J. Güttinger, F. Molitor, D. Graf, T. Ihn, and K. Ensslin, “Tunable coulomb blockade in
nanostructured graphene,” Applied Physics Letters 92(1), pp. –, 2008.

[25] T. Ihn, J. Güttinger, F. Molitor, S. Schnez, E. Schurtenberger, A. Jacobsen, S. Hellmüller, T. Frey,
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Chapter 7

Spin dependent quantum interference in
non-local graphene spin valves

Abstract

Up to date all spin transport experiments on graphene were done in a semi-classical
regime, disregarding quantum transport properties such as phase coherence and inter-
ference. Here we show that in a quantum coherent graphene nanostructure the non-local
voltage is strongly modulated. Using non-local measurements, we separate the signal
in spin dependent and spin independent contributions. We show that the spin dependent
contribution is about two orders of magnitude larger than the spin independent one, when
corrected for the finite polarization of the electrodes. The non-local spin signal is not only
strongly modulated but also changes polarity as a function of the applied gate voltage.
By locally tuning the carrier density in the constriction via a side gate electrode we show
that the constriction plays a major role in this effect. Our results show the potential of
quantum coherent graphene nanostructures for the use in future spintronic devices.

Published as:
M.H.D. Guimarães, P.J. Zomer,

I.J. Vera-Marun, and B.J. van Wees
Nano Letters 14, 2952 (2014).
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7.1 Introduction

Graphene has attracted a lot of attention in the field of spintronics due to theoretical
predictions of long spin relaxation length (λs) and spin relaxation time [1]. Exper-
imentally, although not matching the initial theoretical expectations, graphene has
already shown spin information transfer over long distances at room temperature[2]
and electrical creation of a large spin imbalance (µs ≈ 1 meV)[3]. Despite several
works focused on the experimental limits on the spin relaxation in graphene[2, 4–11],
none have shown the effect of quantum transport properties of the charge carriers
on the spin dependent transport. In order to study such effects we have to move
away from the semi-classical regime and adopt a quantum mechanical approach.
For this, the device dimensions have to not only be comparable to λs but also to the
phase-coherent length (λφ). Graphene has the advantage that both these character-
istic lengths are in the order of a few micrometers [5, 8, 12–16], making the device
fabrication for this kind of devices easier than when using regular metals or semi-
conductors.

The combined effects of confinement, coherence and spin of the charge carri-
ers has led to several ground breaking works on quantum dots [17–20] and other
quantum coherent structures such as Fabry-Perot interferometers[21–23]. When the
electronic transport is studied in a device which dimensions are smaller or compa-
rable to λφ, the conductance shows non-periodic oscillations as a function of the
Fermi energy and perpendicular magnetic field. These oscillations, called univer-
sal conductance fluctuations (UCF), are due to quantum interference between the
different paths the carriers take when they traverse the device, in a similar way to
that of weak-localization (WL) [13, 24]. The interference pattern of the carriers in
the device is influenced by the relative phase between different paths. The relative
phase of the carriers depends on their Fermi wave vector and the Aharonov-Bohm
flux through the sample. Particularly for graphene, UCF and WL have provided in-
formation on the spin behaviour by using non-magnetic contacts and large in-plane
magnetic fields or by studying the temperature dependence of λφ [12, 14, 21].

In this letter we demonstrate that a strong spin dependent transmission can arise
in a graphene nanodevice when the quantum interference pattern shown as UCF
and electrical spin injection and transport are combined. Using ferromagnetic elec-
trodes we create a spin accumulation that can be quantified by the difference in the
chemical potentials for spin up (majority) and spin down (minority): µs = µ↑ − µ↓.
When a current is driven in the device and a voltage is measured outside the cur-
rent path, we can observe oscillations in this non-local voltage as a function of a gate
voltage that have charge and spin contributions. The fact that we use ferromagnetic
electrodes allows us to separate the charge and spin contributions showing that the
spin dependency in the oscillations is about two orders of magnitude larger than
that of the charge when the polarization of the electrodes is taken into account. We
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show that the spin signal can be modulated by orders of magnitude and even reverse
polarity using only an applied gate voltage to change the Fermi level.

A similar modulation and reversal of polarity in non-local signals was observed
in open quantum dots fabricated on a GaAs/AlGaAs 2DEG [18] where the authors
attribute the sign reversal of the spin signal to a spin filtering effect due to quantum
interference in the open quantum dots. However, in order to observe such effects it
was necessary to apply a large in-plane magnetic field to create a Zeeman spin split-
ting, whereas our device operates at zero magnetic field since we generate the spin
accumulation via electrical spin injection. It has also been shown that a control of
magnitude and reversal of the non-local spin signal in graphene can be obtained us-
ing Fabry-Perot cavities [25], but the signals could only be modulated by one order
of magnitude or less. A large oscillating non-local voltage was observed in a series
of quantum dots [23], but the spin dependent nature of the signal could not be mea-
sured. Here we explicitly show that, using a standard non-local device geometry
with ferromagnetic contacts, the transmission through the device become strongly
spin dependent and can be controlled by a gate voltage.

7.2 Methods

Our samples were obtained by mechanical exfoliation of highly oriented pyrolytic
graphite on 500 nm SiO2/Si substrates. Single layer graphene flakes were selected
using optical contrast and the flake structure was defined by electron-beam lithog-
raphy (EBL) followed by reactive ion etching in pure oxygen plasma. In order to
remove polymer remains and keep the graphene-contact interface clean, the sam-
ples were heated to 350 oC in Ar/H2 gas flow for 2 hours. The electrical contacts to
graphene are then made using a second EBL step. For the contact deposition a 0.4
nm layer of Ti is evaporated in an e-beam evaporator at high-vacuum atmosphere.
In order to fully oxidise the Ti layer and obtain a highly resistive contact interface to
avoid the conductivity mismatch problem [6], pure oxygen gas is let in the chamber
and the sample is kept in a pressure above 10−1 mbar for 15 minutes. The entire
evaporation and oxidation process is repeated once more followed by the evapora-
tion of 35 nm of Co.

7.3 Results

Figure 7.1(a) shows an atomic force micrograph of the sample in which the measure-
ments in this paper were performed. The device consists of two graphene areas of
1.2 x 0.75 µm2 connected via a 0.2 x 0.25 µm2 constriction. Three contacts were de-
posited in each of the wide graphene areas and a side-gate about 100 nm away from
the constriction was used to locally control the carrier density. Similar devices that
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did not show UCF were also studied extensively and did not show any significant
modulation neither a sign reversal of the spin signal (see supporting information).

All measurements were performed using standard low-frequency lock-in tech-
niques with currents up to 100 nA at a temperature of 4.2 K. In order to avoid con-
tributions from the contact resistance, all the charge transport measurements were
obtained in a local 4-probe configuration. The spin dependent measurements were
performed in a non-local 4-probe geometry [15, 16] to avoid charge transport contri-
butions as described below. Since our contacts are non-invasive, with contact resis-
tances in the range of 50-200 kΩ, contacts which are not connected do not affect the
spin or charge transport measurements [6, 9].

The local charge transport measurements were performed by applying a current
between the outer contacts (1 and 6) and measuring the voltage drop between con-
tacts 2 and 4. We observe reproducible non-periodic oscillations in conductance (G)
as a function of back-gate voltage (Vbg), Fig. 7.1(b)). These oscillations are attributed
to UCF.

In order to separate the spin from the charge contribution to the signal we use a
4-probe non-local technique[15, 16]. A charge current is driven between contacts 2
and 1 creating a spin accumulation which diffuses away from the point of injection
and can then be detected by measuring the voltage difference, Vnl, between contacts
4 and 6. Since the charge current path is separated from the voltage detection circuit,
most of the charge contribution is in principle excluded. However, as shown later,
due to the quantum coherent nature of the transport a sizeable charge contribution
to the non-local signal can be observed. The non-local voltage can be normalized as
a function of the charge current to obtain a non-local resistance: Rnl = Vnl/I .

When a large negative magnetic field (B≈ -1 T) parallel to the device is applied all
the electrodes have their magnetization aligned in the same direction. By sweeping
the magnetic field to positive values, the magnetization of the electrodes switches
direction at their respective coercive fields, causing abrupt steps in the non-local re-
sistance (red traces in Fig. 7.2(a) and (b)). Once the magnetization of all the electrodes
again points in the same direction, the magnetic field is reversed and scanned from
zero to negative values (blue traces in Fig. 7.2(a) and (b)) showing a symmetric re-
sponse in the non-local resistance. Three states can be clearly identified: A, when the
magnetization of all the electrodes are aligned; B, when one of the outer electrodes (1
or 6) switch its magnetization; and C, after the switch of one of the inner electrodes
(2 or 4). From the width of the contacts we can assume that the switching of the
magnetization of the electrodes occurs at the order: 1, 6, 2 and 4. Since we do not
observe a switch due to one of the outer contacts, the configuration for each of the
steps would be, in the order (1 2 4 6): A (↑↑↑↑), B (↓↑↑↓) and C (↓↓↑↓). As illustrated
in Fig. 7.2(a) and (b), the magnitude and polarity of the switches in Rnl are different
for different values of Vbg . In order to study how the size and sign of the switches in
Rnl change as a function of Vbg we set the device at one of the magnetization config-
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Figure 7.1: (a) Atomic force micrograph of the device on which the measurements are per-
formed. The graphene structure is outlined by a dashed line for clarity. The contacts num-
bered from 1 to 6 and the side-gate (sg) are shown in white. (b) The 4-terminal conductance, G
(black) and resistance, R (red) as a function of the back-gate (Vbg) with the side-gate at Vsg=0
V.

urations and record the non-local signal as a function of Vbg at zero magnetic field.
The obtained Vbg dependency of the Rnl for each of the three states is shown in Fig.
7.2(c).

On a close inspection of Fig. 7.2(c), some peculiarities can be noted. First, there
is a clear structure that shows up for all three magnetization configurations. This
is specially evident around Vbg ≈0 V and can be attributed to a charge contribution
to the non-local signal. It can be also noted that Rnl varies from negative to positive
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Figure 7.2: Non-local spin valve measurements at different back-gate voltages: (a) Vbg=-13.5 V
and (b) Vbg=+8.2 V. The solid red (open blue) points were recorded for a magnetic field sweep
from zero to positive (negative) values. The arrows indicate the scan directions. The letters
(A, B and C) mark the three levels in the non-local resistance corresponding to different mag-
netization configuration of the electrodes. (c) The non-local signal as a function of back-gate
voltage corresponding to the three magnetization configuration of the contacts: A (black), B
(magenta) and C (green). The region in between the arrows should be compared to the region
within the arrows in Fig. 7.1. For these measurements the magnetic field was set to zero after
setting the magnetization configuration of the electrodes. (d) Difference between the traces
B and A (black) and C and A (grey) showing the spin dependent part of the signal. The red
dotted and blue solid lines indicate respectively the values of Vbg in which the measurements
of (a) and (b) were performed. For all measurements in this figure the side-gate voltage was
set to Vsg = 0 V.

values in a wide range, from≈ -300 to≈ 100 Ω. Second, the values forRnl at different
magnetization configuration do not keep a constant spacing between each other as
a function of Vbg , but get modulated and even cross each other at a few points. And
finally, the values of Rnl for the states A and B are centered around zero Ω and the
ones corresponding to state C are centered around ≈-50 Ω. This is what one would
expect for the spin dependent signal considering the geometry of the device, since
the device dimensions are smaller than λs for both graphene regions in the injection
and detection circuits [26]. Taking as an example the injection circuit, when we drive
a current through the electrodes in a parallel configuration, one of the electrodes
will work as a spin up injector and the other as a spin up extractor. For the case of
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contacts with equal polarization, the total spin accumulation created in the region is
approximately zero. On the other hand, when the electrodes are antiparallel, both
will effectively inject spin up, creating then a finite spin accumulation [26]. By reci-
procity, a similar argument can be drawn for the detection circuit. Finite element
(see supporting information) of the device using conservative values for a contact
polarization of P=10 %, square resistance of the graphene Rsq = 1 kΩ and λs= 1 µm
show that a non-local spin valve signal in the order of Rnl ≈ 10 Ω is expected in the
absence of quantum coherence effects.

Since our device is phase coherent, the non-local technique cannot fully exclude
charge contributions. Therefore, the detected Rnl contains contributions from both
the charge and the spin transmission through the constriction. Indeed, as indicated
by the arrows (and the oscillations between them) in Fig. 7.1(b) and Fig. 7.2(c) some
similarities can be observed between the local and non-local signal. To isolate the
spin dependent part of the signal, we do the subtraction ∆RB−Anl = RBnl − RAnl and
∆RA−Cnl = RAnl − RCnl. The values of ∆RB−Anl shows mainly the spin signal due to
one the outer contacts, whereas ∆RA−Cnl is mainly due to one of the inner contacts,
which is the dominant contribution in the response of the spin-valve. The back-gate
dependences of ∆RB−Anl and ∆RA−Cnl are shown in Fig. 7.2(d).

When comparing Fig. 7.2(c) and (d), ∆Rnl and Rnl contain oscillations of similar
magnitudes. However, the spin polarization of the electrodes has still to be taken
into account. As discussed before, finite element simulations without the inclusion
of quantum coherence effects and using typical values for our contacts[2–5, 7, 15, 16]
of P = 0.1 give a spin valve signal in the same order as the average measured value.
Taking into account the efficiency of spin injection by the injector electrodes and
the efficiency of spin detection by the detector electrodes, the non-local spin signal
Rnl ∝ P 2. This implies that, in the case of P ≈ 1, the spin dependent part on the
non-local signal would be about two orders of magnitude larger than the charge
dependent part.

The larger spin contribution to the oscillations in the non-local signal can be ex-
plained by the fact that in order to non-locally observe the UCF we need to create a
non-equilibrium situation (e.g. voltage bias). In the case of the charge contribution
to the fluctuations, we can expect that the non-equilibrium situation decays away
from the current injection electrode on the scale of the phase coherence length. Since
the experiments are performed at a finite temperature, we also have to consider its
limiting factor for the phase coherence. The temperature can be taken into account
by the thermal length, which for a typical value of the diffusion constant D ≈ 0.02
m2/s, is λT =

√
~D/kBT ≈ 190 nm, where ~ is the reduced Planck’s constant, kB the

Boltzmann constant and T the temperature. This means that the non-equilibrium sit-
uation for the charge is maintained over only a few hundred nanometers. However,
for the spins a non-equilibrium situation is maintained by the spin accumulation
which decays very slowly, in the order of λs ≈ 1 µm, allowing for the observation of
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coherent effects in the spin signal on longer length scales.
In order to further investigate the modulation and sign reversal in the spin-valve

signal we performed measurements on the local and non-local resistance as a func-
tion of both side- and back-gate voltages (Fig. 7.3). A careful look at Fig. 7.3(a)
reveals tilted line features showing that the fluctuations in resistance depends on
both Vbg and Vsg . This is specially clear for Vbg < 0 V.
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Figure 7.3: Side- and back-gate voltage dependence of the (a)local 4-terminal resistance and
(b) spin-valve signal (∆RA−Cnl ). The arrows are guide to the eye to exemplify similar features
in the local and non-local signal. Local resistance (black) and non-local spin signal (grey) as a
function of Vsg for a fixed back-gate voltage (c) Vbg = −25.9 V and (d) Vbg = −22.5 V.

Although the trends for the Rnl are not as clear as those for the local signal, a few
features below Vbg = 0 V show a similar behaviour (see arrows on Fig. 7.3(a) and (b)
for comparison). It can also be seen that by only changing the side-gate voltage the
spin signal is not only strongly modulated, but also shows the sign reversal. This
is shown in 7.3(b) by the colours blue (negative spin signal) and red (positive spin
signal). This effect is specially clear when we isolate single traces in Vsg from the
scans of Fig.7.3(b) as shown in Fig. 7.3(c) and (d) for a fixed Vbg . Given the local
influence of the side-gate, this clearly indicates the major role of the constriction for
the oscillations in the non-local spin signal.
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When comparing the traces in Fig. 7.3(c) and (d), we observe some similarities
between the local and non-local signal as a function the side-gate. However, the
apparent strong correlation between the local and non-local spin signal shown in
Fig. 7.3(c) seems to be merely coincidental and did not represent the general trend of
our data, as illustrated by Fig. 7.3(d). On the other hand, the strong modulation and
the inversion of polarity of the non-local spin signal is present throughout the whole
range of studied back- and side-gate voltages. A similar effect was demonstrated
by Folk et al. in quantum dots[18] and attributed to a spin-filtering effect due to
quantum interference. However, in order to prove that this effect can explain our
results, a more detailed study on the dependence of the non-local signal on the spin
accumulation is required. The observation of such a strong modulation and sign
reversal in the spin signal without the presence of magnetic fields demonstrates the
potential of quantum coherent graphene structures for future spintronic devices.

7.4 Conclusions

In conclusion we observed a strong modulation and sign reversal of the non-local
signal in a graphene nanostructure based spin-valve. The oscillations in the non-
local signal, attributed to UCF, showed to have spin and charge related contribu-
tions to the oscillations. By changing the magnetization direction of our ferromag-
netic electrodes we could separate the spin contribution to the signal and showed
that, when the polarization of the electrodes is taken into account, the oscillations in
the non-local signal due to spin is about two orders of magnitude higher than that
due to the charge. Using a local gate to tune the carrier density in the constriction
we demonstrated that the constriction is the main contributor to the oscillations in
the non-local signal. Our results show that graphene nanostructures have a great
potential for future quantum spintronic applications.
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7.5 Supporting Information

Finite element calculations for the spin accumulation in the device

In order to calculate the classical spin accumulation expected for the device we used
finite element simulations as implemented in the software COMSOL R© MULTI-
PHYSICS. For this we solved the equations for spin diffusion: ∇2µs − µs

λ2
s

= 0 for
our confined device geometry with a current of 100 nA applied between two elec-
trodes with spin polarization P = 10%. We assumed typical values for the square
resistance of the graphene flake of Rsq = 1 kΩ which is in the same order order of
magnitude as in our experiment. Furthermore, we assumed a conservative value for
the spin relaxation length of λs = 1 µm. From the results of the simulation (shown in
Fig. 7.4) we obtain a non-local spin valve signal of ≈ 15 Ω which is in the same order
of magnitude of the average experimental value for the non-local spin signal as a
function of back-gate voltage presented in the main text (∆RA−Cnl ≈50 Ω). It is worth
noting that this simulation uses a purely classical diffusion picture, which means
that coherence effects are not included. Although such a picture describes well the
spin transport of previous experimental studies on non-local graphene spin-valves
[3] and also the average observed non-local spin signal, it fails to explain the oscilla-
tions in the non-local signal as a function of gate voltage.
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Figure 7.4: Finite element modelling of the classical spin accumulation in our device. On the
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represents the spin accumulation according to the scale on the right for the case of anti-parallel
alignment of the injection contacts. Bottom: Spin accumulation as a function of distance in the
center of the device for both parallel and anti-parallel configuration of the injection electrodes.
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Effect of the stray magnetic fields from the side-gate electrode

In order to keep the contact interface as clean as possible we lowered the number
of fabrication steps and fabricated the contacts and the side-gates at the same time.
Therefore, the side-gate electrodes are also magnetic. To ensure that the stray mag-
netic fields arising from the side-gate electrode do not influence our results we per-
formed finite element modelling of a cobalt bar of the same dimensions as the elec-
trode in question. The bar is assumed to be uniformly magnetized up to its end,
which gives a maximum estimate of the stray magnetic fields. In Fig. 7.5 we show
the results of the simulation in the region of the center of the constriction (100 nm ≤
y ≤ 300 nm).
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Figure 7.5: Components of the magnetic field in the x, y and z directions as a function of the
distance for a cobalt bar of dimensions 0.1 × 10 × 0.035 µm3. The results are shown for a line
across the center of the constriction as shown in the inset.

As can be seen, the values for the out-of-plane component (z) is too small to create
any orbital effect in the constriction. For the in-plane component, the maximum field
is about 20 mT. This would create a Zeeman splitting ofEZ = 2.3 µeV, which is much
smaller than the thermal energy ET = 361 µeV. Therefore we do not expect that the
stray fields from the side-gate electrode would affect our findings.

To consider the effects of spin precession we have to take into account the out-of-
plane component of the magnetic field Bz ≤ 3 mT which is too small to show any
measurable effect in our measurements.
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Possibility of electric drift due to leakage current from the side-gate
electrode

Here we consider the enhancement of the spin signal due to electric drift originating
from a leakage current from the side-gate electrode. For a side-gate voltage Vsg = 2.5

V the measured leakage current was below the limit of measurement of our elec-
tronic setup: Ileak < 0.01nA. Using this upper bound value for the DC current and
the maximum square resistance of the device, we obtain an upper bound of the DC
electric field of E < 0.1 V/m. This value of electric field is 5 orders of magnitude
lower than the values used to observe an effect of electrical drift on the non-local
spin transport in graphene [27]. Therefore we do not expect an influence of electrical
drift on our measured spin signals.

Comparison to other devices

In total we measured 5 non-local spin-valves with different geometries (with or with-
out a constriction and quantum dot), of which 3 were measured at low temperatures.
From these 3 devices only the one with the constriction, which had the shortest chan-
nel length, showed Universal Conductance Fluctuations (UCF) of which the results
are found in the main text. The two other devices, which had the shape of a quantum
dot and longer channel lengths did not show UCF and also lacked a strong modula-
tion of the non-local signal. Here we present the results for one of these devices.
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Figure 7.6: Four probe local resistance (black) and spin signal (grey) as a function of side-
gate voltage for a back-gate voltage Vbg=20 V. Inset: AFM image of the device before contact
deposition.

The device consists of two large graphene pads connected via a quantum dot in
the center. The sample preparation was identical to the one described in the main
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text. The carrier density at the dot can be controlled using a local side-gate electrode
similar to the one described in the main text. For measurements performed at 4.2 K
we did not observe UCF nor a strong modulation of the spin signal for the whole
range of gate voltages studied. In Fig. 7.6 we plot a typical measurement of the
spin signal (grey), i.e. value of the non-local resistance in a parallel configuration of
the electrodes minus the value of the anti-parallel configuration. For comparison we
also show the local resistance of the device. As it can be seen, in the absence of UCF
we do not observe neither a strong modulation nor a sign reversal of the spin signal.
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charge and spin transport in few-layer graphene,” Phys. Rev. B 83, p. 115410, Mar 2011.

[8] W. Han and R. K. Kawakami, “Spin Relaxation in Single-Layer and Bilayer Graphene,” Phys. Rev.
Lett. 107, p. 047207, Jul 2011.

[9] W. Han, K. McCreary, K. Pi, W. Wang, Y. Li, H. Wen, J. Chen, and R. Kawakami, “Spin transport and
relaxation in graphene,” Journal of Magnetism and Magnetic Materials 324(4), pp. 369 – 381, 2012.

[10] W. Han, J.-R. Chen, D. Wang, K. M. McCreary, H. Wen, A. G. Swartz, J. Shi, and R. K. Kawakami,
“Spin Relaxation in Single-Layer Graphene with Tunable Mobility,” Nano Letters 12(7), pp. 3443–
3447, 2012.

[11] A. G. Swartz, J.-R. Chen, K. M. McCreary, P. M. Odenthal, W. Han, and R. K. Kawakami, “Effect of in
situ deposition of Mg adatoms on spin relaxation in graphene,” Phys. Rev. B 87, p. 075455, Feb 2013.

[12] A. A. Kozikov, D. W. Horsell, E. McCann, and V. I. Fal’ko, “Evidence for spin memory in the electron
phase coherence in graphene,” Phys. Rev. B 86, p. 045436, Jul 2012.

[13] Y.-F. Chen, M.-H. Bae, C. Chialvo, T. Dirks, A. Bezryadin, and N. Mason, “Magnetoresistance in
single-layer graphene: weak localization and universal conductance fluctuation studies,” Journal of
Physics: Condensed Matter 22(20), p. 205301, 2010.

[14] M. B. Lundeberg, R. Yang, J. Renard, and J. A. Folk, “Defect-Mediated Spin Relaxation and Dephas-
ing in Graphene,” Phys. Rev. Lett. 110, p. 156601, Apr 2013.

[15] N. Tombros, C. Jozsa, M. Popinciuc, H. T. Jonkman, and B. J. van Wees, “Electronic spin transport
and spin precession in single graphene layers at room temperature,” Nature 448(7153), pp. 571–574,
2007.
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Chapter 8

Spin transport in high quality suspended
graphene devices

Abstract

We measure spin transport in high mobility suspended graphene (µ ≈ 105cm2/Vs),
obtaining a (spin) diffusion coefficient of 0.1 m2/s and giving a lower bound on the spin
relaxation time (τs ≈ 150 ps) and spin relaxation length (λs=4.7 µm) for intrinsic graph-
ene. We develop a theoretical model considering the different graphene regions of our
devices that explains our experimental data.

Published as:
M.H.D. Guimarães, A. Veligura, P.J. Zomer, T. Maassen,

I.J. Vera-Marun, N. Tombros, and B.J. van Wees
Nano Letters 12, 3512 (2012).
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8.1 Introduction

The prospectives for graphene spintronics are very positive, with theoretical pre-
dictions of spin relaxation times (τs) in the order of hundreds of nanoseconds and
higher[1, 2] due to the lack of nuclear spin for carbon’s most common isotope (12C)
and weak intrinsic spin-orbit coupling. On the other hand the experimental results
typically find τs of hundreds of picoseconds [3–5]. In order to clarify the limita-
tions and mechanisms for spin relaxation in monolayer graphene devices a lot of
effort has been done by both experimentalists [3–9] and theoreticians [2, 10–12] but
up to now this topic is still under debate. Theoretical results pointed out that the
D’Yakonov-Perel mechanism [13] and locally enhanced spin-orbit coupling due to
impurities and lattice deformations [2, 10] are the most probable mechanisms for
spin relaxation for measurements in graphene spintronic devices [2, 11, 12]. Since all
devices studied so far were fabricated on substrates (SiO2 [3–8] or SiC[14]) in which
the intrinsic properties of graphene are masked due to the electronically coupling to
the substrate[15], no previous study was able to confirm these recent theoretical pre-
dictions. In order to address this problem we study spin transport in high-mobility
suspended graphene devices. By removing the substrate, thereby suspending the
graphene flake, we are not only capable of achieving a high quality device with low
contamination [16, 17], but we can also investigate how the absence of the rough
SiO2 substrate influences the spin transport in graphene. Moreover it opens the pos-
sibility to exploit the exquisite mechanical properties of graphene [18] and to study
how pseudo-magnetic fields and strain [19, 20] affect spins in graphene, paving the
way for graphene in the field of spin-nanomechanical applications [21–23].

The effective spin-orbit (SO) field that the spins experience in graphene is directly
related to the density of impurities and adatoms [10, 12]. This effective SO field
causes a momentum-dependent spin precession, resulting in spin decoherence and
relaxation. This mechanism is known as the D’Yakonov-Perel mechanism for spin
relaxation [13]. Assuming such a mechanism for spin relaxation1 with an effective
SO coupling ∆SO, the spin relaxation time behaves like [12, 13]:

1

τs
=

4∆2
SO

~2
τp (8.1)

where τp is the momentum relaxation time and ~ the reduced Planck constant. With
the reduction of adatoms and impurities we should obtain a low value of ∆SO ap-
proaching the theoretical predictions[2, 25, 26] (∆theory

SO ≈ 10 µeV) and a high value

1Up to now all previous results for graphene spin valves on SiO2 or for our suspended devices without
cleaning show a constant behaviour of τs

τp
as a function of the Fermi energy. This goes against the theories

for Elliott-Yafet mechanism for spin relaxation in graphene as showed in Ref. 11. This way we assume the
most recent theory that best describe all the measurements of spin transport in graphene available so-far
(Ref. 12).
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for the momentum relaxation time τp > 0.1 ps. Since τs increases quadratically with
the reduction in ∆SO, we expect that for clean samples we reach the initial theoretical
limits of τs > 10 ns.

At a first glance, suspending the graphene flake to obtain a very high quality
device seems the best approach. But the main challenge is that the most common
technique to suspend graphene flakes [16, 17] is acid-based and therefore not com-
patible with ferromagnetic metals necessary for spin transport. The reason is that
the acid used to etch the SiO2 underneath the graphene also etches away the fer-
romagnetic metals used for the electrodes. Also, devices produced by the standard
technique are typically short, in the order of 1 µm or less to avoid that the graph-
ene flakes collapses when a gate-voltage is applied. This is undesirable for spin
precession measurements since the time for one period of precession for low mag-
netic fields (B < 1 T) have to be in the same order as the diffusion time of the spins
in order to obtain a Hanle precession curve [27] showing a complete spin preces-
sion. To overcome these issues we developed a polymer-based method [28] in which
we are able to produce flakes suspended over long distances and contacted by fer-
romagnetic electrodes with highly resistive barriers. In our process the graphene
flakes are exfoliated on top of a 1 µm thick Lift-Off Resist (LOR) film spin-coated
on a Si/SiO2 (500 nm) substrate. Single layer graphene flakes to be used in our de-
vices are selected by optical contrast [29, 30]. The highly doped Si substrate is used
to apply a back-gate voltage Vg that induces a charge carrier density according to
n = α(Vg−V0), where α = 0.45× 1010 cm−2V−1 is the effective gate capacitance and
V0 is the position in gate voltage of the minimum of conductance. Using standard
electron beam lithography (EBL) and metal evaporation methods we deposit the 1
nm thick Al2O3 tunnel barriers and the 60 nm Co contacts (8.1 a). A second EBL step
is used to make parts of the graphene flake suspended (8.1 b). The detailed device
fabrication is described in the supporting information. The resistance of our contacts
(usually RC ∼20 kΩ) and the gate-voltage dependence of our devices are character-
ized at the beginning of every set of measurements. Before the quality improvement
via the current annealing procedure (described in the next paragraph), the devices
typically show high p-doping and only a small change of the resistance as a function
of Vg is observed [28, 31].

To improve the quality of our suspended graphene devices we perform current
annealing [32] in vacuum (at a pressure better than 10−6 mbar) at a base tempera-
ture of 4.2 K (see supporting information). Since the contact resistance of the spin
injector and detector in our samples has to be kept at high values (>10 kΩ) to avoid
the impedance mismatch and contact induced spin relaxation [4, 7, 33], we use the
outer electrodes to apply the high current densities capable of heating the graphene
flake to high temperatures (8.1c). As shown in 8.1b and c, our devices are composed
of two supported outer parts with a central suspended part. During the anneal-
ing the graphene flake is cooled by the contacts and the substrate in the supported
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parts and mainly heats up in the suspended region. When a sufficiently high tem-
perature is achieved, the polymer residues and contaminants are removed from the
suspended central region. Finally the high quality of the devices can be verified via
the behaviour of the square resistance of the central region (Rsq) as a function of the
gate-voltage (8.1e). It is worth noting that the value and the gate dependence of the
sheet resistance of the supported regions do not change significantly after the current
annealing procedure. This means that the values of carrier density presented here
are representative for the central suspended region. We obtained two high quality
devices in different flakes with mobilities higher than µ = 105 cm2/Vs. One of the
devices was current annealed twice and showed a mobility of µ ≈ 1.2 × 105 cm2/Vs
after the first current annealing and µ ≈ 3 × 105 cm2/Vs after the second. This de-
vice was also characterized for charge and spin transport in between the two current
annealing steps. Here we show the results for this representative high mobility sam-
ple after the second current annealing. The separation between the inner electrodes
(suspended region) is L = 2.5 µm and the electronic mobility is µ ≈ 3 × 105 cm2/Vs
(8.1e). Similar results for both charge and spin transport were obtained in the other
devices.

The values for mobility were obtained in two different ways: either by using the
equation µ = σ

ne and taking the value of µ at a carrier density of n = 1 x 1010 cm−2, or
by fitting the conductivity curves with the formula 1/σ = 1/(neµ+ σ0) + ρs [34, 35],
where σ is the graphene conductivity, e the elementary charge, σ0 the conductivity at
the charge neutrality point and ρs is the contribution of short range scattering. The
values obtained by both ways are consistent with each other and are in the order
of 105 cm2/Vs. We often observe a background resistance in our Rsq(Vg) curves
(8.1e). The most probable source for this background resistance is the non-cleaned
region underneath and/or close by the contacts. We did not subtract this background
resistance in our calculations since this would only lead to higher mobility values.

To perform the spin-transport measurements we use a non-local geometry where
the charge current path is separated from the voltage contacts to exclude spurious
signals [6] (8.2a). When we sweep the in-plane magnetic field we can align the two
inner ferromagnetic contacts in a parallel or anti-parallel configuration. To extract
the spin diffusion coefficient Ds and spin relaxation time τs, we perform Hanle pre-
cession measurements and use the solutions for the Bloch equations in the diffu-
sive regime [7, 27]. The Hanle precession measurements are done by measuring the
non-local resistance as a function of an applied perpendicular magnetic field. To
eliminate background signals in our analysis we fit the data for the total spin-signal

given by: Rs =
R↑↑nl−R

↑↓
nl

2 , where R↑↑(↑↓)nl is the non-local resistance in the parallel
(anti-parallel) configuration of the inner electrodes (8.2b). The values for Ds and
τs obtained for the suspended non-annealed samples are typically Ds ≈ 0.02 m2/s
and τs ≈ 200 ps, giving a spin relaxation length of λs =

√
Dsτs ≈ 2 µm, showing
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Figure 8.1: (a) The graphene flakes are exfoliated on a LOR film spin-coated on a Si/SiO2

substrate followed by the deposition of Co contacts with aluminium oxide insulating barriers
to avoid the conductivity mismatch. (b) Local 4-probe measurement geometry to characterize
the graphene resistance as a function of the gate-voltage applied to the highly doped Si sub-
strate. A second electron beam lithography step is performed to suspend the central region.
(c) Scheme of the current annealing setup used to clean the graphene devices. The high DC
bias is applied to the outer electrodes to avoid the degradation of the inner contacts since these
are to be used for spin injection/detection. (d) Scanning electron micrographs of a typical de-
vice. The scale bars are 1 µm. (e) Local 4-probe resistance (top) and mobility (bottom) versus
carrier density and gate-voltage after the current annealing procedure at 4.2 K. The carrier
density shown corresponds to the carrier density in the central suspended region (see main
text).

no dependence on the temperature (from room temperature down to 4.2 K). Since
the results for the non-annealed samples show no substantial difference from mea-
surements done in fully LOR supported devices (see supporting information), we
can conclude that the substrate is not the main factor limiting the spin relaxation for
our samples before the cleaning procedure. When we consider roughness effects,
this invariance of the spin relaxation time in our measurements without the rough
substrate is in agreement with the results by Avsar et al. [5], where it is shown that
ripples in the graphene flakes have minor (or no) effects on the spin transport pa-
rameters. Also, the widths of our contacts in our samples are much smaller than the
spin relaxation length. So we believe that the regions underneath the contacts do not
change significantly the spin transport properties in our measurements.

After cleaning by current annealing, we extract τs andDs as a function of the car-
rier density via Hanle precession measurements (8.2 c). Comparing our results for
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Figure 8.2: (a) The 4-probe non-local device configuration for Hanle precession and spin-
valve measurements. For the precession measurements the two inner contacts are aligned in a
parallel (anti-parallel) configuration and the non-local resistance is measured as a function of
a perpendicular magnetic field B⊥. (b) A measured Hanle precession curve (black circles) with
a fit using the solutions for the Bloch equations (red line). The spin signal Rs is recorded as a
function of the perpendicular magnetic field. Left inset: the non-local resistance as a function
of the parallel magnetic field. The positive (negative) values of Rnl are due to parallel (anti-
parallel) alignment of the inner electrodes. Right inset: the non-local resistance as a function of
the perpendicular magnetic field for the parallel (black) and anti-parallel (red) configuration
of the contacts. (c) Spin and charge diffusion coefficients Ds (red squares) and Dc (dashed line)
respectively, spin relaxation time τs and spin relaxation length λs as a function of the carrier
density in the central suspended region. All the measurements shown were performed at 4.2
K.

the clean high-mobility samples to previous studies on SiO2 supported devices[3–
8] we observe an approximately 3 times higher spin diffusion coefficient while the
values for the spin relaxation time remain similar. Note that the experimental condi-
tions allow us to extract a lower bound for the spin relaxation time in the suspended
graphene region, this leads to important conclusions as we will discuss below. All
the spin transport measurements presented here were performed at low tempera-
tures (4.2 K).

We start by discussing the results for the spin diffusion coefficient. In 8.2c we
have a comparison of the values of Ds extracted from the Hanle precession measure-
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ments (red squares) with the value of the charge diffusion coefficient (dashed line)
given by the Einstein relation: Dc = 1/(Rsqe

2ν(E)), where ν(E) is the density of
states of graphene at the energy E. In this case the square resistance, Rsq , was ex-
tracted by local 4-probe measurements, as depicted in 8.1b. It can be seen that Ds

and Dc are in reasonable agreement, which is in accordance to previous works on
exfoliated monolayer graphene [3].

We now turn our attention to the results for the spin relaxation time τs (8.2c). If
the spin relaxation time in graphene is limited by a locally enhanced SO coupling
[11, 12] due to impurities and adatoms, we would expect a high τs for a high mo-
bility sample, since an increased mobility is related to a reduction in the density of
impurities. Intriguingly, in our results for high mobility graphene spin-valves, in
which the mean free path is in the order of a micrometer, τs is still in the order of
hundreds of ps. When we calculate the spin relaxation length λ =

√
Dsτs we obtain

large values, up to λ = 4.7 µm, even with the low spin relaxation time in our sam-
ples. But one question remains: what limits the measured spin relaxation time in our
high-quality devices? To address this issue we performed numerical simulations of
spin transport in our devices.

To properly represent our devices we extend the model adopted by Popinciuc
et al. [7]. We consider our devices as a three-part system separated by two bound-
aries. The central part represents the suspended region and the two identical outer
parts represent the supported regions (8.3a). The spins are injected at the left bound-
ary by an injector of polarization Pc1 and contact resistance Rc1 and detected by a
contact at the right boundary with polarization and contact resistance Pc2 and Rc2
respectively. The spin diffusion coefficients, spin relaxation times and the conduc-
tivities, denoted by Di(o), τi(o) and σi(o) respectively, for the inner (outer) parts can
be defined independently. We assume that the spin accumulation ~µs(x) obeys the
Bloch equation for diffusion in one-dimension with an applied magnetic field ~B:
Ds∇2 ~µs − ~µs

τs
+ γ ~B × ~µs = 0, where γ is the gyromagnetic ratio with γ = gµB~−1

where g the g-factor, µB the Bohr magneton and ~ the reduced Planck constant.
For the boundary conditions we assume that ~µs is continuous and goes to zero at
x = ±∞, the spin current at the right boundary is continuous and at the left bound-
ary it is discontinuous by a value determined by the spin injection. We also include
the contact induced spin relaxation due to back-diffusion [7], although for contact
resistances in the order of those we encounter in our experiments, our simulations
showed no substantial difference from the results considering the limit of infinite
contact resistances. Details of the model and simulation are included in the support-
ing information.

By adding a perpendicular magnetic field ~B = Bẑ the spins can precess and
the voltage at the detector electrode is calculated as a function of B, simulating the
Hanle precession measurements. The obtained data is then fitted the same way we fit
our experimental data, with the solutions to the Bloch equation for a homogeneous
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Figure 8.3: (a) A cartoon of the system used in our simulations: two identical and semi-infinite
parts connected by one inner region with length L, all of width W. The spins are injected at the
left boundary (x=0) and detected at the right boundary (x=L). (b) A graph showing the results
obtained for the diffusion constant Dfit by fitting the simulated data with Di (Do) constant
at the value represented by the dotted black line and changing Do (Di) following the dashed
grey line in blue circles (red stars). (c) Results for the spin relaxation time τfit by fitting the
simulation data with τi (τo) constant at the value represented by the dotted black line and
changing τo (τi) following the dashed gray line in blue circles (red stars). The resistivities of
the tree regions were kept at 1 kΩ for the results in (b) and (c).

system, and effective values for Ds and τs are obtained and now denoted as Dfit and
τfit respectively. These effective values are then compared to the values used in the
simulation.
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Since we have four different parameters to consider (τi, τo,Di andDo), we change
them one by one, keeping the others at a constant value. We keep the sheet resistance
of the three regions at the same value of 1 kΩ. The effect of varying the sheet resis-
tance of the inner and outer regions are presented in the supporting information.
Keeping τi = τo = 200 ps and Di = 0.1 m2/s, we varied Do from 0.01 to 0.5 m2/s
and extract Dfit (8.3b, blue circles) which we compare to Di (dotted black line) and
Do (dashed grey line). It can be seen that a change in the spin-diffusion coefficient of
the outer parts does not influence the results obtained by the Hanle precession fits in
the studied range. For all values of Do we always obtained a value close to the value
of Di, Dfit ≈0.1 m2/s. Keeping now Do constant and varying Di (8.3b, red stars) we
confirm that from the Hanle precession analysis we always obtain a value Dfit very
close to the actual value ofDi (dashed grey line). Such a result agrees with our exper-
imental measurements, where the values obtained for Ds from the Hanle precession
measurements are in good agreement with the charge diffusion coefficient, Dc, for
the inner suspended part. In other words, the diffusion coefficient we measure for
our inhomogeneous devices is determined by the one in the central high mobility
region.

Having confirmed that the results obtained for the diffusion constant from our
experiments and simulations follow the same trend, we now analyze the effect of
the spin relaxation times. We fix the spin diffusion coefficients at Di = 0.1 m2/s and
Do = 0.01 m2/s, which are approximately the values we find in our experiments,
and keep τi = 200 ps constant (dotted black line). We then vary τo from 20 to 2000
ps (8.3c, blue circles). The values obtained from the fit of the simulated data for
τfit follow the increase in τo (dashed grey line) and only start deviating at large
values τo ≈ 2000 ps. On the other hand, when τo is kept constant at 200 ps and we
change τi, the values obtained from the fits seem to be determined by the value of
the spin relaxation time in the outer regions. From our calculations, this result holds
for Do ≤ Di, which falls in our experimental range.

The results for the spin relaxation time in our model can be explained in a qual-
itative manner. Due to its diffusive motion, a part of the injected spins spend some
time in the supported region before crossing the suspended region reaching the de-
tector electrode (right boundary). For a sufficiently low diffusion coefficient in the
supported part, the time spent there is enough to relax most of the spins in the case
of a short spin lifetime. Considering Ds ≈0.1 m2/s from our experimental results,
the average time the spins take to diffuse through the central suspended region is
about τd = L2

2Ds
≈ 30 ps for L=2.5 µm. Therefore we should see a decrease in the

effective spin relaxation time τfit in case the average time the spins take to diffuse
through the central region is in the order of the spin relaxation time of this region
(τi), since most of the spins will relax before reaching the detector electrode. This
consequence can be seen in the right graph of 8.3c. If τi is longer than τd, the main
limiting factor in the effective relaxation time is τo.



8

134 8. Spin transport in high quality suspended graphene devices

Now we will compare our theoretical results with the experimentally obtained
values. As said before, we have a good representation of Ds for the central sus-
pended region from the values extracted by the experimental Hanle curves. The
obtained values for the spin relaxation time, on the other hand, are apparently lim-
ited by the “dirty” outer regions. By performing Hanle precession measurements in
fully LOR supported spin-valves, we obtain values of τs ≈ 150 ps and Ds ≈ 0.02

m2/s, which support our conclusions. This means that the spin relaxation time ex-
tracted from our Hanle precession measurements represents a lower bound on the
spin relaxation time of the high quality central region. As far as we are aware this
effect of inhomogeneity in a spin-valve was never reported and it is of importance
to experiments in any inhomogeneous system and not exclusively for graphene. For
systematic studies in non-local spin valves as a function of the local properties of the
central region (e.g. mobility, conductivity or carrier density) one must consider this
inhomogeneity effects in the analysis, otherwise it may lead to erroneous interpreta-
tion of the experimental data.

Although we are not able to determine the actual spin relaxation time in the high
mobility region, the experimental conditions allow us to take a very important con-
clusion with regard to the spin relaxation mechanism. If we consider the D’Yakonov-
Perel as the main mechanism for spin relaxation in graphene, we can assume that τs
relates with the momentum relaxation time τp according to [13] 8.1. Since the charge
diffusion coefficient relates to τp by: Dc =

v2F
2 τp, we can extract for our high mobility

samples τp ≈0.2 ps. We can then obtain an upper bound for the average spin-orbit
coupling ∆SO ≤50 µeV using 8.1. It is important to notice that the value for ∆SO that
we estimate is an upper bound which is calculated from the experimentally deter-
mined lower bound on the spin relaxation time in the suspended high quality graph-
ene. Applying the same procedure for typical SiO2 supported graphene spin valves:
τp=0.04 ps and τs=200 ps we obtain an average SO coupling of ∆SO= 110 µeV. If this
value was intrinsic for graphene we would obtain a strong reduction in the spin re-
laxation time in our high quality graphene devices down to τs=50 ps. This value for
τs is comparable to the time the spins take to diffuse through the central suspended
region (τd) and smaller than the spin relaxation time for the non-suspended regions.
This means that if the value for SO coupling obtained in the SiO2 devices was an
intrinsic value for graphene we should be able to observe a very low τs, which is
not the case. From this result we can conclude that the nature of the SO fields in
the graphene devices observed so-far is not due to graphene’s properties, but due to
extrinsic effects. The value obtained for ∆SO in our suspended graphene devices is
about a factor of two lower than what is usually obtained in the low mobility SiO2

supported devices, although it is still five times higher than the theoretical limit of
∆SO ≈10 µeV [2, 25, 26]. Our results are in agreement with recent theoretical predic-
tions that ∆SO scales with the presence of adatoms[10, 12], so higher spin lifetimes
in high quality graphene flakes should be expected.
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8.2 Conclusions

In conclusion we performed spin transport in suspended high mobility monolayer
graphene devices contacted by ferromagnetic leads. We showed that electronic mo-
bilities above 100,000 cm2/Vs for the suspended region can be achieved in our de-
vices via current annealing. Our measurements showed an increase up to one order
of magnitude in the spin diffusion coefficient when compared to SiO2 supported de-
vices and very large spin relaxation lengths (λ = 4.7 µm) were obtained. We did not
observe a change in the measured spin relaxation time when comparing our results
to the traditional SiO2 supported devices. This effect is explained by considering
a simple model that takes the inhomogeneity in our devices into account, consid-
ering not only the suspended regions of the devices, but also the supported part.
We observe that the spin transport measurements of our high mobility graphene de-
vice strongly depends on how spins interact in the lower mobility graphene parts
directly connected to it. In a similar way this inhomogeneity effect is expected to
strongly affect the performance of a typical graphene nanodevice when connected
to other graphene nanodevices or interconnects with different spintronic properties
(due to possible edge roughness or other kind of spin scattering in the system). For
future works, both in graphene and non-graphene based devices, one must take this
effect into account in order to make concise conclusions. We were also able to give a
higher bound for the spin-orbit coupling in our devices of 50 µeV, a factor of 2 lower
than of those encountered in SiO2 supported devices.
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8.3 Supporting information

Device preparation

The devices are prepared in a similar fashion as the ones described by Tombros et al.
[28], although a few changes were made in order to avoid degradation of our high
resistive contact barriers. First a 1 µm thick lift-off resist (LOR) film is spin-coated on
a Si/SiO2 (500 nm) substrate and the graphene flakes are exfoliated on top. Single
layer flakes are then selected by optical contrast using a green filter [29, 30]. For the
electron beam lithography (EBL) process, to improve the undercut, we use a double
layer Polymethyl methacrylate (PMMA) 50/410K resists dissolved in chlorobenzene
and o-Xylene respectively. These solvents are used to prevent the removal of the
LOR film during spin-coating. The contacts are then patterned and developed in
n-Xylene (20o C).

Using an electron beam evaporator with a base pressure lower than 8×10−7 Torr,
we deposit 0.4 nm of Aluminium followed by in-situ oxidation by pure Oxygen gas
at a pressure higher than 1 × 10−2 Torr for 15 minutes and the chamber is pumped
down to the initial base pressure. This process is performed twice in order to get
contact resistances higher than 10 kΩ. After the high resistance barriers are deposited
the chamber is pumped down to the initial base pressure and 60 nm of Cobalt is
evaporated. For some of the studied samples in this work the electrodes were capped
by 3 nm of Al2O3 to prevent Co oxidation. The lift-off is done in hot (75o C) n-Xylene.

To suspend the graphene flakes a second EBL step is performed with an area
dose of 510 µC/cm2 and developed in 1-methoxy 2-propanol. It was found that if
the sample is immersed in Ethyl-lactat as described by Tombros et al. [28] the AlOx
barriers degrade, causing a very large increase in the contact resistance and loss of
the spin-signal. After this final process the sample is bonded and loaded in a cryostat
which is pumped down to a base pressure lower than 1× 10−6 Torr.

Current annealing

After the sample is loaded in the cryostat and characterized, we perform a current
annealing step to remove the impurities in the graphene flake and obtain a high
mobility device. The whole procedure is carried at 4.2 K.

To avoid degradation of the electrodes used for spin injection/detection, we ap-
ply the large DC bias for the current annealing in the two outer electrodes as depicted
in 8.4. The contact resistance of the inner contacts were measured before and after
the current annealing step and showed no noticeable change.

We use a DC current bias-voltage compliance procedure to limit the power in our
devices and avoid them to burn. The current is ramped up slowly (≈ 1 µA/s) un-
til a determined value and then rapidly ramped down, at a rate 4 times faster than
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A

A

Figure 8.4: Top: A SEM picture of a typical device showing the schematics for the current
annealing setup. On the left of the picture it can be seen two regions of suspended graphene
flake, the outermost left successfully cleaned. On the right it can be seen two broken regions
due to failing in the current annealing procedure. The scale bar measures 1 µm. Bottom: A
cartoon illustrating the current annealing setup for comparison.

the ramping up. After each sweep in current we check the gate-voltage dependence
on the sheet resistance to keep track of the device’s mobility. For our samples, this
current annealing procedure had a success rate of about 33% (4 out of 12 regions
showed high mobility), comparable with our previous results [28]. One of the re-
gions was current annealed twice. The first procedure resulted in a mobility of µ ≈
105 cm2/Vs, and after the second current annealing the mobility was improved to
µ ≈ 3 × 105 cm2/Vs. Despite performing spin-transport measurements in this sam-
ple, we also obtained spin signals in another sample with similar properties.

Details on the simulation

To represent our sample we extended the 1D model by Popinciuc et al. [7] to include
three different regions: two semi-infinite outer parts of width W sandwiching one
inner part of length L and width W. In this model we solve the stationary Bloch
equations for the three components of the spin accumulation ~µs(x) in the presence
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of a magnetic field ~B:

Ds∇2~µs −
~µs
τs

+ γ ~B × ~µs = 0 (8.2)

whereDs is the spin diffusion constant, τs is the spin relaxation time and γ = gµb~−1

is the gyromagnetic ratio. All the parameters of the equation above can be set sepa-
rately for each of the three regions, but for simplicity we make the two outer regions
identical. For the boundary conditions we take:

1. µs(x = ±∞) = 0

2. µs(x = 0+) = µs(x = 0−)

3. µs(x = L+) = µs(x = L−)

4. β = σoW
2e

dµs(x=0−)
dx − σiW

2e
dµs(x=0+)

dx + µs(x=0)
2eRc1

5. 0 = σiW
2e

dµs(x=L−)
dx − σoW

2e
dµs(x=L+)

dx + µs(x=L)
2eRc2

where β = PI
2 for the x component of µs and β = 0 for the y and z components,

with P being the spin polarization of the charge current I injected in the left bound-
ary. The contact resistance of the contact at the left (right) boundary is represented
by Rc1(c2), and the conductivity of the inner (outer) regions by σi(o). The contact in-
duced spin relaxation is represented by the last term of items 4 and 5 [7], although
contact effects were found to be negligible for our results when we consider values
obtained experimentally in our samples.

We have to study the effect of four different parameters: the spin diffusion con-
stants Di and Do, and the spin relaxation times τi and τo, where the subscripts ”i”
and ”o” refer to the inner and outer regions respectively. In this analysis we kept the
conductivities of the inner and outer regions fixed at: σi = σo = 10−3Ω−1. In order
to be able to observe the effect of each one of the parameters separately we calcu-
lated several Hanle precession curves keeping three of them constant and vary the
remaining one. The simulated precession curves for a few sets of parameters are de-
picted in 8.5. These curves were then fitted using the solution for the Bloch equations
in a homogeneous system, like we fit our experimental results. From these fits we
obtain an ”effective” spin diffusion constant Dfit and relaxation time τfit as shown
in the main manuscript. We also tried to fit our experimental data with the curves
we get from our model, but it lead to similar results to the ones obtained using the
solution for a homogeneous system. It is worth noting that when we compare the
curves in 8.5a, we observe that in the case of changing Do the obtained precession
curves change in magnitude but not in shape. This means that we do not observe
any change in the values obtained for Dfit or τfit. On the other hand, analyzing 8.5b
we see that changes in Di does not only change the magnitude of the spin signal but
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Figure 8.5: The calculated Hanle precession curves for different values of (a)Do, (b)Di, (c)τo
and (d)τi, while keeping the other parameters fixed.

also the shape of the curve, which results in changes in Dfit with changes in Di. A
similar effect is observed in the analysis of 8.5c and 8.5d.

The effect of the sheet resistance on the Hanle precession

The same way as we can change the values for the spin diffusion coefficients and
relaxation times for the inner and outer parts (Do, Di, τo and τi) keeping σi and
σi fixed, we can also change the values for the square resistances of the inner and
outer regions, Ri = σ−1

i and Roσ
−1
o respectively. By applying the same procedure

of generating a Hanle precession curve and fitting it with the homogeneous model
we can extract the effective spin relaxation time τfit and the effective spin diffusion
coefficient Dfit. The results for different combinations of Ri and Ro are presented in
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Figure 8.6: The results obtained for Dfit and τfit for changing (a)Ri and (b)Ro. The outer
or inner sheet resistance was kept at 5 kΩ while the other was changed. The values for the
diffusion coefficients and spin relaxation times are: Do=0.01 m2/s, Di=0.1 m2/s, τo= 200 ps
and τi= 1 ns.

8.6 below.
As it can be seen in 8.6 (a) and (b), the conclusions obtained in our main text

that Dfit is determined mainly by the inner region and τfit by the outer region re-
main unchanged when we consider resistances in the range of those we encounter
experimentally (1 to 5 kΩ).
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Chapter 9

Controlling spin relaxation
in hexagonal BN-encapsulated graphene with a
transverse electric field

Abstract

We experimentally study the electronic spin transport in hBN encapsulated single layer
graphene nonlocal spin valves. The use of top and bottom gates allows us to control
the carrier density and the electric field independently. The spin relaxation times in our
devices range up to 2 ns with spin relaxation lengths exceeding 12 µm even at room
temperature. We obtain that the ratio of the spin relaxation time for spins pointing out-
of-plane to spins in-plane is τ⊥/τ|| ≈ 0.75 for zero applied perpendicular electric field.
By tuning the electric field this anisotropy changes to ≈0.65 at 0.7 V/nm, in agreement
with an electric field tunable in-plane Rashba spin-orbit coupling.

Published as:
M.H.D. Guimarães, P.J. Zomer, J. Ingla-Aynés,

J. C. Brant, N. Tombros, and B. J. van Wees
Phys. Rev. Lett 113, 086602 (2014).
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9.1 Introduction

The generation, manipulation and detection of spin information has been the target
of several studies due to the implications for novel spintronic devices [1, 2]. In the
recent years graphene has attracted a lot of attention in spintronics due to its theo-
retically large intrinsic spin relaxation time and length of the order of τs ≈ 100 ns
and λs ≈ 100 µm respectively [3, 4]. Although experimental results still fall short of
these expectations [5–8], graphene has already achieved the longest measured non-
local spin relaxation length [6, 9] and furthest transport of spin information at room
temperature [10]. However, the mechanisms for spin relaxation in graphene are still
under heavy debate with various theoretical models proposed [3, 4, 11–14].

To take advantage of the long spin relaxation times in graphene, e.g. for spin logic
devices, one requires easy control of the spin information, for example by an applied
electric field. Single layer graphene is an ideal system for this purpose, not only
because of its high mobilities and low intrinsic spin-orbit fields (SOF), but also due
to the simple relation between the carriers’ wavevector, the applied perpendicular
electric field and the induced Rashba SOF [3, 4, 15–20]. In bilayer graphene a more
complicated behavior is expected when spin-orbit coupling is considered [21].

Here we report nonlocal spin transport measurements on single layer graphene
in which we address both topics specified above. Our devices consist of a single
layer graphene flake on hexagonal Boron Nitride (hBN) of which a central region
is encapsulated with another hBN flake and hence protected from the environment.
The presence of a top and bottom gate give rise to two independent electric fields
that are experienced by the graphene: Etg = −εtg(Vtg −V 0

tg)/dtg and Ebg = εbg(Vbg −
V 0
bg)/dbg , respectively [22], where εtg(bg) ≈ 3.9 is the dielectric constant, dtg(bg) is the

dielectric thickness and V 0
tg(bg) the position of the charge neutrality point for the top

(bottom) gate. Their difference controls the carrier density in the graphene (n =

(Ebg − Etg)ε0/e) and their average gives the effective electric field experienced by
the graphene (Ē = (Etg + Ebg)/2), which breaks the inversion symmetry in the
encapsulated region, where ε0 is the electric constant and e the electric charge. Our
devices show enhanced spin relaxation times of at least 2 ns and also, due to the
higher electronic mobility, spin relaxation lengths above 12 µm at room temperature
(RT) and 4.2 K. By a simple model we show that the measured spin relaxation times
are a lower bound due to the influence of the non-encapsulated regions.

By comparing the spin relaxation time for spins out-of-plane (τ⊥) to spins in-
plane (τ||) as a function of the electric field we get insight on the nature of the SOF
that cause spin relaxation in graphene. For SOF pointing preferentially in the graph-
ene plane, e.g. for adatoms and impurities, we expect: τ⊥ ≈ 0.5τ|| [2, 3, 20, 23]. If the
SOF point out-of-plane, as for ripples[3], we have: τ⊥ � τ||. However, if the main
relaxation mechanism is through random magnetic impurities or defects, no prefer-
ential direction for the spins is expected: τ|| ≈ τ⊥. Here we obtain τ⊥/τ|| ≈ 0.75 at Ē
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= 0 V/nm−1. This ratio decreases with increasing Ē, in agreement with an electric
field induced Rashba SOF pointing in the graphene plane.

9.2 Results

Device number 1 is illustrated in Fig. 9.1a and b. The hBN-graphene-hBN stack
sits on a 300 nm thick SiO2 layer on a heavily doped Si substrate which is used
as a back-gate. The sample preparation is described in detail in the supplementary
information and follows Ref. [24, 25]. We use Co electrodes with a thin TiO2 interface
barrier to perform spin transport measurements. Three devices were studied, all
showing similar results. Here we show the results for the device with the longest
encapsulated region (≈ 12 µm) and spacing between the inner contacts (13.8 µm).

The charge transport properties of the encapsulated region are measured by ap-
plying a current between electrodes 1 and 5, Fig. 9.1a and b, and scanning the top
and bottom gate voltages (Vtg and Vbg , respectively) while recording the voltage be-
tween electrodes 2 and 3. Fig. 9.1c shows the square resistance (Rsq) as a function
of Vtg and Vbg . The charge neutrality point depends on both Vtg and Vbg in a linear
fashion. The slope of the line gives the ratio between the bottom and top gate ca-
pacitances: αbg/αtg ≈ 0.036. A small top gate independent resistance peak around
Vbg = -16.6 V (not visible in Fig. 9.1c) arises from the non-top gated regions between
the two inner contacts. The electronic mobility for this device is µ ≈ 1.5 m2/Vs at
RT and µ ≈ 2.3 m2/Vs at 4.2 K. Although the mobilities of our devices are above
the best devices based on SiO2 they are still one order of magnitude lower than the
best devices on hBN [24] which can be attributed to small bubbles or contamination
visible on the graphene/hBN stack.

Spin dependent measurements are performed using a standard nonlocal geome-
try in which the current path is separated from the voltage detection circuit [5]. The
current is driven between electrodes 1 and 2 and the voltage measured between elec-
trodes 3 and 5, which are on the other side of the encapsulated region (Fig. 9.1a and
b). To obtain the spin relaxation time (τs) and the spin diffusion coefficient (Ds) we
perform Hanle precession measurements where the nonlocal signal is measured as a
function of a perpendicular magnetic field B. We then fit the data with the solution
to the Bloch equations [5].

The results for Ds, τs and the spin relaxation length (λs =
√
Dsτs) as a function

of the Vtg for three values of Vbg at 4.2 K are shown in Fig. 9.2. A similar set of mea-
surements was performed at RT and for other samples where only a small difference
was observed (see supplementary information [26]).

Due to our device mobility, Ds is higher than for regular graphene devices on
SiO2 (Ds ≈ 0.02 m2/s) [5, 6] and comparable to suspended [8] and non-encapsulated
hBN supported devices [10] (Ds ≈ 0.05 m2/s). As an extra confirmation, we check
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Figure 9.1: (a) Side-view schematics and (b) Top-view optical microscope image of a hBN
encapsulated graphene spin-valve. The numbers show the contact electrodes and the top
(bottom) gates electrodes are indicated as TG (BG). The graphene is outlined by the dashed
line. (c) Square resistance (Rsq) as a function of Vtg and Vbg .

thatDs agrees with the charge diffusion coefficientDc = [Rsqe
2ν(EF )]−11, where e is

the electron charge and ν(EF ) the density of states at the Fermi energy EF . Next, we
observe that the obtained spin relaxation times are higher than those on regular SiO2

substrates (τs ≈ 0.1 - 1 ns)[5, 6] and in non-encapsulated hBN supported devices
(τs ≈ 0.1 - 0.5 ns) [10], reaching up to τs=(1.9±0.2) ns at 4.2 K and τs=(2.4±0.4) ns for
RT. These values surpass all previous nonlocal measurements of τs in single layer

1A resistance of 3.2 kΩ was subtracted in the calculation of Dc for Vbg = −52.5V to account for the
non-top gated regions.
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Figure 9.2: (Spin) diffusion coefficient (Ds), spin relaxation time τs and spin relaxation length
λs as a function of Vtg for three different values of Vbg . The error bars are smaller than the dot
size. The dashed red (blue) lines show the charge diffusion coefficient Dc for Vbg = +52.5 V
(-52.5 V).

graphene both at room and low temperatures 2 [27]. We obtain a maximum of λs =
12.3 µm at 4.2 K and λs = 12.1 µm at RT.

Comparing τs obtained in our devices with non-encapsulated hBN based devices
(τs ≈ 0.2 ns) [10], we can conclude that the encapsulation of graphene on hBN signif-
icantly increases the spin relaxation times. Note that the non-encapsulated devices
had comparable electronic mobilities which indicates that τs is not linked to the mo-
mentum relaxation time in a trivial manner [28]. By measuring a region about 5
µm away from the encapsulated part, we find Ds ≈ 0.03 m2/s, τs ≈ 0.3 ns and
λs ≈ 3 µm, in agreement with the previously reported results. The increase in τs
for the encapsulated region can be due to several factors. This region is protected
from polymer remains or other contamination which can increase spin scattering. In
addition to that, the inversion asymmetry, which can generate an extra term for the
spin-orbit coupling, is also reduced and controlled by tuning Vtg and Vbg separately

22-terminal local measurements on epitaxial graphene estimated τs ≈ 100 ns at 4.2 K [27].
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as explained earlier.
As can be seen in Fig. 9.2, τs is modulated by Vtg , showing a dip close to the

charge neutrality point in the encapsulated region (e.g. Vtg=1.1 V and Vbg=-52.5 V).
For larger charge carrier densities in the non-encapsulated regions, the modulation
in τs by Vtg is smaller, although still present. Furthermore, the average value of τs
is maximum at low carrier densities in the non-encapsulated regions (large negative
Vbg) and decreases with increasing Vbg . This difference on the measured τs for differ-
ent carrier densities on the outer regions can be explained by simulations that treat
the full device [8]. Since the transport is diffusive, the spins can explore both the en-
capsulated and the non-encapsulated regions before been detected. We take this into
account by describing our sample as two outer regions connected by a central region
[26]. The relevant parameters (Rsq , Ds and τs) are set for each region individually.
The values for the outer regions andRsq andDs for the inner region can be extracted
from our charge and spin transport measurements.

τiτo τo

injector detector
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 (n

s)
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Figure 9.3: Effective spin relaxation times extracted for different values for τo and τi (lines)
compared to our experimental data for Vbg = -52.5 V (dots). The inset shows a schematics of
the simulated system.

Changing the values of the spin relaxation time for the outer regions, τo, around
the experimentally obtained values and changing the values for the spin relaxation
time in the inner region, τi, we simulate Hanle precession curves that are fitted in the
same way done for our experiments to obtain an effective value for the spin relax-
ation time τfit. We get a reasonable quantitative agreement between our simulations
and experiment at Vbg = -52.5V for τi = 3 ns. This means that the spin relaxation time
for the encapsulated region is higher (τs ≈ 3 ns), but still within the same order of
magnitude as the values obtained by analyzing the data using a homogeneous sys-
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tem (Fig. 9.2). The trend in Vtg is also reproduced, which indicates that it is given by
the ratio of the resistivities of the inner and outer regions.

Even though the experimentally obtained value for τs depends on the gate volt-
ages in a non-trivial way due to the influence of the non-encapsulated regions, we
can still study how the electric field affects the ratio between the spin relaxation times
for out-of-plane to in-plane spins: r = τ⊥/τ||. As explained in the introduction, this
way we can get insight about the SOF in our system.

To compare the spin relaxation for spins parallel and perpendicular to the graph-
ene plane we perform the Hanle precession measurements as described before, but
increase the perpendicular magnetic field to higher values, B > 1 T. At such high
magnetic fields the magnetization of the electrodes rotates out-of-plane and the in-
jected spins do not precess anymore. This is seen as a saturation of the nonlocal
signal at high B, Fig. 9.4a.

We observe that different combinations of Vtg and Vbg result in a saturation of
Rnl at high magnetic fields at values always smaller than Rnl at B=0 T, with the sat-
uration occuring at 43-57% of the initial value. Given that the nonlocal spin signal
is given by ∆Rnl =

P 2Rsqλs
W e−L/λs , where P is the polarization of the electrodes,

L the distance between electrodes and W the channel width, we can estimate the
anisotropy in the spin relaxation times assuming that P and Rsq do not change sig-
nificantly with field. Due to a large magneto-resistance at low carrier densities, our
analysis is done only for points at large enough carrier densities for both the inner
and outer regions 3. We can relate the ratio of the nonlocal spin signal and the ra-

tio of the spin relaxation times by: R⊥nl/R
||
nl =

√
re

L
λ||

(√
r−1√
r

)
, where λ|| =

√
Dsτ||

is obtained via our Hanle precession measurements. In Fig. 9.4b we plot the ratio
τ⊥/τ|| as a function of Ē for different values of n where we see a clear decrease of
this ratio, from 0.75 at Ē ≈ 0 V/nm to about 0.65 at Ē ≈ -0.7 V/nm. The inset on Fig.
9.4b shows the dependence of r as a function of n for different values of Ē where no
clear trend can be seen. The value for τ⊥/τ|| for zero electric field is similar to the
values found previously on SiO2 based devices (τ⊥ ≈ 0.8 τ||) [23]. In the case of a
inversion symmetric graphene layer with no extrinsic sources for SOF we would not
expect any particular preference for direction of the spins, meaning that τ⊥ ≈ τ|| [2].
The fact that even at Ē = 0 V/nm the ratio between τ⊥ and τ|| is below 1 means that
even without an externally applied electric field there are probably remanent SOF
pointing preferentially in the graphene plane.

The decrease of r with increasing Ē is in agreement with theories that dictate an
increase in in-plane Rashba SOF with the increase of electric field [4, 15–20]. The
Rashba-type spin-orbit Hamiltonian for graphene is given by: HSO = ∆R

2 (σ × s)z ,
where σ and s are the pseudospin and real spin Pauli matrices respectively. For

3At low n, Rsq of our devices scales with B2 leading to a background in our signal that overcomes the
nonlocal spin signal at large B.
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Figure 9.4: (a) Rnl as a function of B showing Hanle precession at low fields and a saturation
of the signal at high fields when the magnetization of the electrodes point out-of-plane. Inset:
A cartoon showing the magnetization of the contacts: in-plane at low fields and out-of-plane
at high fields. (b) The ratio τ⊥/τ|| as a function of electric field Ē for different values of carrier
density n. Inset: The same data points for τ⊥/τ|| used in the main graph, but plotted as a
function of n where different colors and symbols represent the different values of Ē.

single layer graphene the spin-orbit constant is known to depend on the Ē in a linear
way ∆R = ζĒ [15, 19], where ζ is the coupling constant. Theoretical values range
from ζ = 0.3 - 66 µeV/Vnm−1 [15–18]. We can roughly estimate ζ by assuming a
D’Yakonov-Perel mechanism for spin relaxation [20, 29] with different values for the
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spin orbit coupling for in- and out-of-plane spins. Our analysis [26] results in ζ ≈
(40±20) µeV/Vnm−1, within the range of the theoretical predictions.

9.3 Conclusions

In conclusion, we measured the spin transport characteristics of a single layer graph-
ene device encapsulated with hBN. We measured spin relaxation times up to τs ≈
2 ns and spin relaxation lengths above λs= 12 µm. By taking into consideration
that the non-encapsulated regions of our devices play a role in our measurements
of τs, we estimate the actual spin relaxation time in the encapsulated region to be
τs ≈ 3 ns. Furthermore, we showed that the ratio between out-of-plane and in-plane
spin relaxation times changes from τ⊥/τ|| ≈ 0.75 to 0.65 with increasing the applied
out-of-plane electric field. This observation is in agreement with an electric field in-
duced Rashba-type spin orbit. Our results show not only that τs in graphene can be
improved by improving the quality of the devices, but also that electrical control of
spin information in graphene is possible, paving the way to new graphene spintronic
devices.

Note added: During the preparation of this manuscript we became aware of a
work in which λs up to 10 µm for single and few-layer graphene were achieved for
a single gated structure which did not allow the study of τs as a function of Ē [30].
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9.4 Supporting Information

Fabrication of the stacks

The hBN-graphene-hBN stacks were fabricated using a pick-up method [24] de-
scribed elsewhere [25] in more details. The graphene and hBN flakes were obtained
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by mechanical cleavage of HOPG (SPI Supplies) and hBN powder (HQ Graphene).
The preparation of the stacks starts with the exfoliation and optical microscopy se-
lection of hBN on a glass mask covered by a thin layer of polycarbonate (HQ Graph-
ene). The single layer graphene and bottom hBN flakes are exfoliated on Si/SiO2

substrates and selected by optical microscopy. The mask containing the top hBN
flake is then aligned and pressed against the substrate containing the graphene flake
and heated to ≈75 ◦C. When the mask is retracted from the substrate the graphene
flake adhere strongly to the hBN flake and releases from the substrate sticking to the
mask. The mask containing the hBN-graphene stack is then aligned to the bottom
hBN flake, brought in contact to the substrate and heated to temperatures up to≈150
◦C. At these temperatures the polycarbonate film melts on the substrate and releases
from the mask together with the stack. The sample is then left in chloroform for at
least 15 hours in order to completely dissolve the polycarbonate film and obtain a
clean graphene surface ensuring good graphene-contact interfaces.

Contact deposition

The contacts and top gate electrodes in this work were all fabricated at the same
step to avoid further contamination of the non-encapsulated graphene regions. The
electrodes were patterned using standard e-beam lithography techniques using a
PMMA 950K (270 nm thick) resist. The markers for the e-beam lithography were
patterned prior to the electrodes in the same PMMA resist and developed leaving
openings which were used for the alignment of the electrodes. We then used an e-
beam evaporator with a base pressure below 10−6 Torr to evaporate a 0.4 nm thick
layer of Ti which was then naturally oxidized by inserting pure oxygen gas in the
vacuum chamber to achieve pressures above 1 Torr. After 15 minutes the chamber
was pumped down once again to the initial base pressure and the procedure was
repeated to deposit and oxidize another 0.4 nm thick Ti layer. This procedure is then
followed by the deposition of a 67 nm thick Co layer with a capping layer of Al (5
nm) to protect the Co layer from oxidizing. The large thickness of the Co layer is
necessary to both overcome the height of the bottom hBN flake and also to facilitate
the alignment of the electrodes by the perpendicular magnetic field. After the resist
lift-off and wire bonding, the samples were loaded in a continuous He flow cryostat
which stands in a room temperature electro-magnet. The contact resistances were in
the range 2 - 100 kΩ.

Transport measurements

The charge transport measurements were performed by standard low-frequency
lock-in techniques with currents up to 100 nA. All spin transport measurements pre-
sented here were done using the non-local geometry in which the charge contribu-
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tion to the measured signal is minimized by separating the charge current path from
the voltage detection circuit. We used standard low-frequency lock-in techniques
with applied currents of 1 µA in order to preserve the high resistive contact interface
barriers and avoid device heating.

Magnetoresistance effects on the nonlocal signal

To be sure that the magneto-resistance contribution is minimal in our nonlocal sig-
nals we characterize the graphene sheet resistance as a function of the applied mag-
netic field. In Fig. 9.5 we show a typical curve of the Rsq versus Vtg for B = 0 and
1 T measured in a 4-probe geometry. It can be seen that the change in Rsq with
B is maximum around the charge neutrality point and small at high values of n.
This observation also reflects on our nonlocal measurements in which we observe
the monotonic increase in the nonlocal resistance as a function of B characteristic to
magneto-resistance effects only for low n.
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Figure 9.5: Graphene square resistance as a function of Vtg for Vbg = −16.65 V for sample 1 at
4.2 K and B = 0 (dashed blue line) and 1 T (red solid line). Inset: Ratio between the two curves
in the main graph showing the magneto-resistance in the sample.

Simulation of Hanle precession data for non-homogeneous systems

In order to describe the different regions in our system (encapsulated and non-
encapsulated) we use a model for spin transport in an inhomogeneous system de-
scribed elsewhere [8]. We solve the Bloch equations for spin diffusion in one dimen-
sion for a system with three distinct regions connected to one another. Each one of
these regions can have independent values for the relevant parameters. We assume
the outer regions identical, with square resistance Ro, spin diffusion coefficient Do
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and spin relaxation time τo. The inner region has distinct parameters Ri, Di and τi.
We assume that the spins are injected at the left boundary of the inner region and
detected on the right, which results in a nonlocal spin signal Rsim. For this work we
get Ro, Do, τo, Ri and Di by charge and spin transport experiments as described in
the main text. We then fit the simulated curves for Rsim using the solution for the
Bloch equation for homogeneous systems (exactly in the same way we analyze our
experimental results). From this fit we extract an effective spin diffusion coefficient
Dfit and relaxation time τfit. An example of such simulated curve and fitting is
shown in Fig. 9.6.
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τo = 0.35 ns

Figure 9.6: Hanle precession curve calculated using the model for a non-homonegeous sys-
tem (black dots) with a fit using the expression for the solution of the Bloch equation in a
homogeneous system.

For a fixed Vbg , the effect of Vtg is to change the spin resistance ratio between the
inner and outer regions, Riλi

Roλo
, where λi(o) is the spin relaxation length for the inner

(outer) regions. The change of this ratio affects strongly the extracted spin relaxation
times τfit but leaves Dfit mostly unaffected [8]. In order to get a good estimation of
τi, we take the experimental values for Vbg=-52.5 V and simulate a few sets of points
with only changing Ri. As it can be seen in Fig. 3b in the main text, we find a close
match between our simulated values of τfit to our experimentally obtained values
of τs for τi ranging from 3 to 5 ns. Meaning that the spin relaxation time for the
encapsulated region is higher than, but still within the same order of magnitude of,
the experimentally obtained values using the solution for the Bloch equations in a
homogeneous system.

It is known thatRc can affect the measurement of τs, especially in the case of very
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long values of λs. However, even though we have a wide range of contact resistances
Rc 2 - 100 kΩ with one sample having all contact resistances above 50 kΩ, we did not
see any clear correlation between Rc and the measured τs. We would expect that, in
the case of contact induced spin relaxation or poor graphene quality in the regions
underneath the contacts, τs would be mostly affected in the non-encapsulated re-
gions. Therefore, the measured spin relaxation time for the non-encapsulated will
be an effective spin relaxation time that includes all these effects, and consequently
is taken into account in our model by setting τo as the measured spin relaxation time
for these regions.

Experimental Hanle precession data

For most of our devices we observe a small asymmetry in our Hanle precession
curves between negative and positive perpendicular magnetic fields 9.7 which might
arise due to some anisotropy in the magnetization of the electrodes. Although we
cannot be certain about the reason for this asymmetry, the parameters extracted by
fitting just one or the other side of the curve do not change significantly. Comparing
the parameters extracted from each side, τs deviates by a factor of ≈ 1.06 and Ds

by a maximum of a factor 2. Since the values for Ds extracted by fitting the whole
Hanle curve match the values for Dc extracted by charge transport measurements,
we believe that our procedure is justified.

The measured spin polarization of our electrodes were in the range P = 1 - 6 %.
These values for P are in the lower range of the values reported in literature [5, 6],
however we believe that this value can be improved by increasing the quality of the
high resistive barriers [31].

Results for spin and charge transport at 4.2 K and room temperature

Our results presented in the main text were all performed in sample 1 at 4.2 K. For
comparison we also include here the square resistance as a function of Vtg and Vbg
and the extracted spin transport parameters for the same sample at room tempera-
ture (Fig. 9.8a) and another sample (sample 2) at room (Fig. 9.8b) and liquid Helium
(Fig. 9.8c) temperatures. The samples dimensions and their electronic mobilities
at room temperature and 4.2 K are given in table 9.8. Sample 3 (not shown here)
showed similar results.

Estimation of ∆R

In order to give a rough estimation for the spin orbit coupling strength ∆R we as-
sume that the spin relaxation is composed of the sum of an electric field independent
and electric field dependent terms: 1/τ⊥ = 1/τind + 1/τE . The spin relaxation time



9

156 9. Controlling spin relaxation in hBN-encapsulated graphene with an electric field

-150 0 150
-0.25

0.00

0.25

0.50

 

Vbg = -52.5 V
Vtg = +3.744 V

Ds = 0.05 m2/s
τs = 1.6 ns

R s (
Ω

)

B⊥ (mT)

-150 0 150

-1.5

-1.0

-0.5

R nl
 (Ω

)

B⊥ (mT)

-150 0 150
-0.25

0.00

0.25

0.50

Ds = 0.04 m2/s
τs = 0.4 ns  

 

R s (
Ω

)

B⊥ (mT)

Vbg = 0 V
Vtg = 0 V

-25 0 25
-0.6

-0.4

-0.2

0.0

 

R nl
 (Ω

)

B|| (mT)

Figure 9.7: Top: Experimental data forRs = (RPnl−RAPnl )/2 at Vbg = -52.5V and Vtg = +3.744 V,
where RP (AP )

nl is the non-local resistance obtained for the electrodes in a (anti)parallel magne-
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to extract Ds and τs is also shown. In the inset it is shown the data for RP (AP )

nl in black (red).
Bottom: Hanle precession curve for Vbg = Vtg = 0 V with the respective non-local spin-valve
shown in the inset.

τ|| is taken equal to the spin relaxation experimentally (τs) and τind is τs multiplied
by the ratio r = τ⊥/τs at Ē = 0 V/nm: τind = 0.75τs. If we assume a D’Yakonov-Perel
spin relaxation mechanism for 1/τE =

4∆2
R

~2 τp, we have: ∆R = ζĒ = (~/2)(τEτp)
−1/2

[20], where τp = 2Dc/vF is the momentum relaxation time, Dc the charge diffusion
constant and vF ≈ 106 m/s the Fermi velocity. We further take Dc ≈ Ds. Solving it
for τE we have:
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Figure 9.8: Charge and spin transport measurements for (a) sample 1 at room temperature
and sample 2 at (b) room temperature and (c) 4.2 K.

`tg `enc L W µRT µ4K

Sample 1 10.35 µm 12 µm 13.8 µm 1.3 µm 1.5 m2/Vs 2.3 m2/Vs
Sample 2 4.5 µm 7.6 µm 8.72 µm 2.8 µm 2.4 m2/Vs 3.3 m2/Vs

Table 9.1: Length of the top gated region (`tg), encapsulated region (`enc), inner electrodes
spacing (L), graphene flake width (W ) and electronic mobilities at room temperature (µRT )
and 4.2 K (µ4K ) for samples 1 and 2.

τE = τs

(
1

r
− 1

0.75

)−1

, (9.1)

and

ζ =
∆R

Ē
=

~
2Ē

1
√
τsτp

(
1

r
− 1

0.75

)−1/2

(9.2)

D’Yakonov-Perel versus Elliott-Yafet mechanisms for spin relaxation

Two mechanisms are often considered in order to try to explain spin relaxation in
graphene: they are the D’Yakonov-Perel (DP) and Elliott-Yafet (EY) mechanisms
for spin relaxation. These two mechanisms show different behavior of the spin re-
laxation time as a function of the momentum relaxation time (τp): τEY ∝ τp and
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τDP ∝ 1/τp, with τEY (DP ) been the spin relaxation time due to the EY (DP) mecha-
nism.

It was theoretically demonstrated that τEY for the specific case of graphene for
many different type of scatterers is given by [14]:

τEY ≈
E2
F

∆2
SO

τp, (9.3)

where EF is the Fermi energy and ∆SO the spin orbit coupling. The DP mechanism
obeys:

τDP ≈
~2

∆2
SO

1

τp
. (9.4)

Following the reasoning of Huertas-Hernando et al. [3], to obtain the relative
importance of these mechanisms we take the ratio:

τEY
τDP

≈
(
EF τp
~

)2

. (9.5)

If τEY /τDP > 1, the spin relaxation time due to the DP mechanism is smaller and
it dominates over the EY mechanism. Using typical values for our samples of EF ≈
30 meV (equivalent to a charge carrier density n ≈ 1012 cm−2) and τp ≈ 10−13 s, we
obtain τEY /τDP ≈ 20, indicating a higher importance of the DP mechanism for the
spin relaxation in our samples.

Although this is not a definite proof that the DP is the dominant mechanism for
spin relaxation in graphene, we believe that it is the most appropriate way to obtain
the spin orbit coupling strength due to the electric field in our devices.
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times in bilayer graphene at room temperature,” Phys. Rev. Lett. 107, p. 047206, Jul 2011.
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Chapter 10

Conclusions

Abstract

This chapter presents an overall conclusion of the works presented in this thesis. Further-
more, I give a comparison between the results obtained during my research period with
recent results from different groups. Next I give a short outlook on graphene spintronics
and future directions that could be taken to answer the main questions still present in the
field and open the door for new spin-based applications for graphene.
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10.1 Conclusions

The work presented in this thesis is mainly focused on the spin transport in graph-
ene. During the period of research in which the works presented here were per-
formed (2010 - 2014) several breakthroughs were made in graphene research. New
methods of fabrication were developed which increased the electronic mobility of
graphene devices either by removing the substrate, therefore suspending the graph-
ene flake, or using less invasive substrates, such as hexagonal boron nitride (hBN)
[1–4]. Electronic mobilities above 105 cm2/Vs were demonstrated in these high qual-
ity devices. Further improvement of the technique used to suspend graphene flakes
allowed the fabrication of suspended graphene devices by a much safer acid-free
method [5].

While studying these suspended graphene devices we found that ballistic nan-
oconstrictions can be formed after the cleaning procedure of current annealing [6].
Some of the measurements of this work were used in chapter 2 to illustrate conduc-
tance quantization due to size confinement and the evolution to the quantum Hall
state.

In order to understand how this evolution from quantum confinement to the
quantum Hall state happens in ballistic graphene nanostructures we simulated var-
ious shapes of graphene nanoconstrictions and compared our simulation results
(chapter 5) to the experiments. Our simulations showed that in order to obtain
results comparable to the experiments, the graphene nanoconstrictions have to be
short, with its length comparable to its width. We also showed that the width of the
graphene nanoconstrictions estimated by analysing the transition between quantum
confinement and the quantum Hall state with a semiclassical approach is in good
agreement with the real values used in our simulations.

The remaining of the thesis is focused on spin transport in graphene devices. Try-
ing to understand if the edges of the flake introduce enhanced spin-flip processes,
and also to study the effect of confinement on spins in graphene, in chapter 6 we
studied the spin dynamics in graphene nanostructures. There we showed that con-
tact induced spin relaxation can have a stronger influence in devices where the di-
mensions are smaller than the spin relaxation length when compared to larger de-
vices. We also showed that enhanced spin-flip processes due to the edges is not the
main source of spin relaxation for graphene on SiO2 substrates.

When the dimensions of the device are comparable to the phase coherence length,
quantum interference effects can influence the spin transport in graphene. In chapter
7 we demonstrate this fact showing that the nonlocal spin signal in quantum coher-
ent graphene spin valves can be strongly modulated by the use of gate voltages.
The strong modulation on the spin signal comes from quantum interference effects
that give origin to the universal conductance fluctuations. Since the spin up and
down channels have slightly different Fermi energies, the transmission for each spin
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species is slightly different and can be modulated using a gate voltage in a similar
way as done in carbon nanotube quantum dots [7, 8].

It has been suggested by several theoretical works that the main source of spin
relaxation in graphene is due to adatoms or (magnetic) impurities [9–18]. To ver-
ify this fact we fabricated high-quality suspended graphene spin valves using the
same sample fabrication technique used for the study of ballistic suspended graph-
ene nanoconstrictions. We showed in chapter 8 that, due to the enhanced electronic
mobilities, the spin diffusion constant is increased by a factor higher than 5 when
compared to the standard SiO2 based graphene spin valves, reaching values around
0.1 m2/s. However, we did not observe an improvement on the spin relaxation time
for these devices, finding τs ≈ 150 ps. These results lead to spin relaxation lengths
in the order of λs ≈ By using a model that takes into account the clean central sus-
pended region and the outer non-suspended regions, we show that the measured
spin relaxation time is limited by the dirtier supported regions. Due to the diffusive
nature of the spin transport, the spins probe both the suspended and supported re-
gions. Therefore the system as a whole, not only the central region, contributes to
the spin relaxation.

The use of graphene in devices in which spins are used to perform logical opera-
tions depend not only on a long spin relaxation time, but also include the ability to
easily manipulate spins in graphene. In chapter 9 we showed that hBN encapsulated
graphene spin valves not only show very long spin relaxation times, but also provide
the control of spin relaxation using an electric field. There we used the fact that a dual
gated geometry (with a top and bottom gate) allows for the independent control of
the carrier density and the electric field in the graphene flake. The higher electronic
mobility in these devices leads to a high spin diffusion constant in the order of 0.05
m2/s and, in combination with the long spin relaxation times around 2 ns, leads to a
spin relaxation length above 12 µm. By comparing the spin relaxation time for spins
injected in-plane (τ||) with the one for spins out-of-plane (τ⊥) as a function of a trans-
verse electric field (Ē) we observed that an increase in the electric field reduces the
ratio τ||/τ⊥ from 0.75 at Ē=0 V/nm to τ||/τ⊥ ≈ 0.65 at Ē ≈ -0.6 V/nm. Our results
are in agreement with an electric field induced Rashba-like spin orbit field pointing
in the graphene plane as theoretically predicted [13, 15, 17]. This study is the first
demonstration of electric field control of spin relaxation in graphene and will guide
future researchers in more detailed studies and the application of graphene in spin
logic devices.

10.2 Outlook

Since the development of the ”scotch-tape method” in 2004 [19] graphene research
has been growing at increasing rate, with more than 32 thousand papers published
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in 2013 alone, and about 700 of those contain the words graphene and spin. In the past
few years, crucial development for graphene spintronics has taken place. Graphene
spintronics grew from a new field to a well established one, with very relevant re-
sults not only for the general graphene community but also for the spintronics com-
munity. Considerable knowledge on the effects of contact induced spin relaxation
was obtained using graphene as an example material in theory works [20, 21] and
as the spin transport channel in experiments [21, 22]. Several mechanisms for spin
relaxation were proposed [9–18] and tested [20, 23–31] in order to understand the
discrepancy between the initial theoretical predictions and experiments.

Although graphene spintronics grew considerably in the past year, with several
groups around the world joining the field, there are still several questions to be
answered and potential applications and phenomena to be explored. Perhaps the
main intriguing question in the field nowadays is the discrepancy between theo-
retical predictions and experimental data for the spin relaxation in graphene [32].
Several works indicated that the main mechanism for spin relaxation in graphene
can be due to adatoms [9–17], magnetic impurities [18, 33] or due to contact induced
spin relaxation [22, 34]. However, experiments shown that there is no apparent cor-
relation between graphene’s momentum and spin relaxation times [28, 31, 35], or
the range of contact resistances in the experiments and the obtained spin relaxation
times [20, 21, 27] 1. The influence of the substrate on the spin relaxation is also not
completely clear [31]. The full suspension of the graphene flake shows similar spin
transport parameters as SiO2 based graphene spin valves [29], which agrees with
theoretical predictions that substrate effects are not the main responsible for spin
relaxation in graphene [12]. However, as shown in chapter 9, encapsulating the
graphene flake in hBN results in a much higher spin relaxation time, even when the
momentum relaxation time is comparable to graphene on SiO2 or non-encapsulated
hBN devices. Furthermore, the effect of defects and localized states in the substrate
was shown to have a major effect on the obtained Hanle precession curves [36], but
no detailed study has been done in these systems yet.

Spin transport in graphene in devices where quantum effects play a role is still
an unexplored field. Initial experiments showed that Fabry-Perot interference can
modulate the spin signals in graphene spin valves [37]. Still, these experiments were
performed with the cavity defined by the two inner contacts, therefore they are not
very well-defined and relatively big Fabry-Perot cavities. Chapter 7 showed that
another quantum interference effect, known as universal conductance fluctuations,
can also result in a modulation of the nonlocal spin signal by orders of magnitude.
The recent advances in the fabrication of quantum coherent graphene devices [38, 39]
can lead to very interesting studied when combined with spin transport in graphene.

1Here I refer to the spin relaxation times obtained using nonlocal Hanle precession measurements.
Although a much higher spin relaxation time was estimated using a local method, it is known that several
effects could mimic spin signals, leading to an erroneous estimation of the spin relaxation time.
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Well defined and small Fabry-Perot cavities can give an easy electrical control on
the amplitude and signal of the spin signals. In a similar way as done in carbon
nanotubes [7, 8], the electrical control of the spin signal could also be obtained in
high quality graphene-based coulomb blockade devices [40].

As discussed in the introduction, logical operations in spintronic devices require
spin injection, manipulation and detection combined in the same device. The first
demonstration of electrical spin manipulation in graphene was shown in chapter 9.
However, plenty of work have to be done before logical operations can be performed
in graphene spintronic devices. Due to the low spin-orbit interaction in graphene,
high electric fields are necessary to induce a Rashba-type spin-orbit coupling in the
devices. For that, gating could be done using ionic liquids [41], or high-κ dielectrics
[42] could be used as gate insulators. After a better electric control of the spin-orbit
coupling is achieved, electric control over spin precession, and therefore controllable
spin precession, can be shown.

New materials, such as layered transition metal dichalcogenides (TMDs) [43] and
topological insulators (TIs) [44], can also open new roads for electronics and spin-
tronics in low dimensional devices. These materials can make use of similar synthe-
sis and fabrication procedures as the ones developed for graphene, and not only have
properties complementary to graphene, but also show completely different physical
phenomena, as spin-momentum locking in TIs and the valley Hall effect in TMDs.
Since the knowledge acquired for graphene devices can be partially used to fabricate
and understand devices based on these materials, several research groups mainly fo-
cused on graphene are now broadening their research to incorporate also TMDs and
TIs. The main advantage of layered materials is that they can be easily stacked to
create heterostructures which combine their different properties [45], leading to new
possibilities for electronic, optical and spintronic devices.

In conclusion, graphene offers many possibilities for spintronics, not only as a
channel with low spin relaxation but also easy spin manipulation. Although spin
transport and relaxation in graphene has been widely studied, a lot remains to be
done. One of the most puzzling questions, ”what limits the spin relaxation in graph-
ene”, still remains open. The relationship between the momentum and spin relax-
ation times is also not understood. Moreover, the combination of quantum effects,
such quantum coherence, with spin transport is just starting to be explored. The un-
derstanding of effects, like spin relaxation, spin dependent quantum coherence ef-
fects and electric spin manipulation in graphene, will be used to fabricate improved
graphene-based spintronic devices which can lead to promising new applications.
Furthermore, new layered materials and their combination with graphene opens
new paths for spintronic devices based in low dimensional materials.
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Summary

The digital revolution, which started in the mid of the XXth century marked the start
of the information age. Since the 1980’s there has been an unprecedented increase in
the use of technology after the invention of the transistor, the personal computer and
the internet. New types of electronic devices, such as tablets and ”smart” watches,
are now been sold around the globe and are already part of our daily life. To keep
up with this technology revolution electronic devices have to be improved and new
types of devices that use cutting-edge technology have to be developed. The semi-
conductor industry, the main responsible for such transformation of the society, is
governed by the International Technology Roadmap for Semiconductors, which is
based on the Moore’s law. The Moore’s law dictates that for every 18 months the
computational capacity of a processor doubles due to a decrease in transistor size
therefore increasing the density of transistors in a single chip. However, the minia-
turization of the transistors leads to a series of problems: the power consumption
of the electronics increases, heat dissipation becomes more difficult, quantum effects
like tunneling start to dominate the electronic transport, etc. Therefore, researchers
are looking at different ways to solve this issue: either by changing completely the
computation procedures, as in quantum computation, or by creating and improving
new types of devices used to do classical computation.

Spintronic and magneto-electronic devices use the electron’s intrinsic angular
momentum, the spin, to store and convey information. Spin is a purely quantum me-
chanical property of particles with no classical analogue. In the case of the electron,
the spin has two eigenvalues: +~/2 and −~/2. Spintronic and magneto-electronic
devices bring a series of advantages for future electronics: they are non-volatile,
resulting in lower power consumption and heat dissipation, and they can take ad-
vantage of quantum effects which makes them suitable for small scale electronics. A
computer hard disk usually uses a variation of the Giant Magneto-Resistance (GMR)
effect which gave origin to the field of spintronics in the late 1980’s. Since then dif-
ferent types of spintronic devices have been proposed and developed. Most of these
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devices require materials in which efficient spin injection and detection can be com-
bined with a long lifetime of spin information, known as the spin relaxation time.
In addition to that, spintronic devices in which logical operations can be performed
require an easy control and manipulation of spin information.

Graphene, a one atom thick carbon material, emerged in the past decade to be
one of the most promising materials for future electronic and spintronic devices. In
the electronic realm, graphene surpasses the widely used semiconductor silicon in
several aspects: electronic mobility, transistor size and speed. However, the lack
of a bandgap inhibits graphene to be used in conventional digital electronics. For
spintronics graphene offers the highest spin relaxation time and length at room tem-
perature combined with an easier spin injection when compared to its other semi-
conductor counterparts.

Nevertheless, early experiments showed spin relaxation times and lengths about
two orders of magnitude lower than the initial theoretical predictions. Since then a
lot of work has been done to understand the limiting factors for spin transport in
graphene devices. In addition to that, spintronic devices which make use of other
appealing characteristics of graphene, such as the long phase coherence length and
the mechanical strength, have been fabricated.

Before presenting the main results I introduce a number of basic concepts used
in charge and spin transport in graphene. In chapter 2 I discuss the electronic struc-
ture of graphene and show how to obtain the band structure by the tight-binding
approach. Next, I review concepts of electronic transport applied to graphene in-
cluding some quantum interference phenomena as universal conductance fluctua-
tions (UCF) and the quantum Hall effect. Using experimental results on a ballistic
suspended graphene nanoconstriction as example, I use semi-classical arguments to
explain the transition between the effect of conductance quantization due to quan-
tum confinement of the carriers and the quantum Hall effect with the increase of a
magnetic field. In the next chapter, I introduce the concepts used in spin transport
in graphene. I start with the explanation of a simple resistor model to understand
the spin transport and also explain how spins can be electrically injected in a non-
magnetic material. Here I also describe how the spin transport can be measured
non-locally, i.e. outside the charge current path, and how a perpendicular magnetic
field can be used to extract the spin transport parameters in a system by the Hanle
effect. I also develop a model to explain what happens if the spin transport channel
is not homogeneous, but consists of interconnects with different spin transport pa-
rameters. Finally, at the end of the chapter, I discuss about the mechanisms for spin
relaxation in graphene. Chapter 4 gives a more technical description of the sample
fabrication and measurement techniques.

Using the results shown previously in chapter 2 on a ballistic suspended graph-
ene nanoconstriction as motivation, in chapter 5, using a theoretical model, we stud-
ied the effects on the electronic transport as a function of magnetic field for nano-
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constriction with different shape, width and length. We show that the semiclassical
arguments used in chapter 2 to extract the width of the nanoconstriction are valid.
Comparing our theoretical results with the experiments we argue that the experi-
mentally studied nanoconstriction had to have a length in the same order of its width
in order to show clear results of quantum confinement.

In chapter 6 we study the spin injection and dynamics in graphene nanostruc-
tures in order to understand what happens when spins are confined in devices which
dimensions are smaller than the spin relaxation length, and also to verify if the edges
of the flake cause enhanced spin-flip processes. We show that, for these small graph-
ene structures, the effects of contact induced spin relaxation are enhanced when com-
pared to standard devices in which the length is several times the spin relaxation
length. Comparing our results with a theoretical model we conclude that the edges
of the flake are not responsible for the spin relaxation in these devices. Furthermore,
we study the nonlocal spin transport through a graphene quantum dot and show
that the extracted spin relaxation time from the Hanle precession measurements are
not representative of the graphene quantum dot, but the adjacent regions used to
contact it.

When devices are miniaturized to scales below the phase coherence length, quan-
tum interference effects start to take place. Using a quantum coherent graphene spin
valve we show in chapter 7 that, due to UCF, quantum interference can strongly
modulate the nonlocal signal with the application of a gate voltage. Since the device
dimensions are comparable to the phase relaxation length, nonlocal measurements
pick-up both charge and spin contributions. In our experiments we use ferromag-
netic electrodes to separate both contributions and show that the spin contribution
to the nonlocal signal are significantly larger than the charge. By measuring the
nonlocal signal for two different magnetic configurations of the electrodes we show
that the nonlocal spin signal is not only modulated by orders of magnitude, but also
changes sign as a function of a gate voltage.

After demonstrating that quantum effects can be used to improve the spin signal
in graphene spin valves we turn our attention to the puzzle that is the discrepancy
between the expected and the measured value for the spin relaxation time in graph-
ene. Several works pointed out that the most probable limiting factor for the spin
relaxation in graphene is the effect of impurities and adatoms. Therefore, in chap-
ter 8 we study the spin transport in a high quality suspended graphene spin valve.
Due to the high electronic mobility of these samples the spin diffusion constant is
enhanced by a factor of 5 when compared to regular SiO2 based devices up to 0.1
m2/s. However, the measured spin relaxation time is still in the same order of mag-
nitude as the regular devices, with τs ≈ 150 ps. Using the model described in the
introduction that takes into account the non-suspended regions, we show that the
measured spin relaxation time is dominated by these areas and only a lower bound
on τs for the high quality suspended region can be given.
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The possibility of electric field control of the spin information in graphene is a
crucial step towards spintronic devices capable of logical operations. In order to
explore this effect we show in chapter 9 the effect of a transverse electric field on the
spin transport in a hexagonal boron nitride (hBN) encapsulated graphene spin valve.
First, we show that a considerable increase on the spin relaxation time, to above 2
ns even at room temperature, can be achieved by the encapsulation of the graphene
flake. Second, due to the dual gated structure of the device, the carrier density and
electric field can be controlled separately, which allows us to isolate the effect of the
electric field on the spin relaxation. By studying the spin relaxation for spins injected
pointing in- and out-of-plane, we show that a transverse electric gives rise to a spin
orbit field pointing in the graphene plane, in agreement with theoretical predictions.



Samenvatting

De digitale revolutie, die in het midden van de 20e eeuw begon, markeerde de start
van het informatietijdperk. Sinds de negentientachtiger jaren heeft er een ongeve-
naarde groei plaatsgevonden in het gebruik van technologie na de uitvinding van
de transistor, de computer en het internet. Nieuwe soorten elektronische apparaten,
zoals tablets en slimme horloges, worden nu wereldwijd verkocht en maken reeds
deel uit van ons dagelijks leven. Om deze technologische revolutie bij te kunnen
blijven houden, moeten elektronische apparaten verder worden verbeterd en zullen
er nieuwe soorten apparaten die gebruik maken van zeer geavanceerde technologie
moeten worden ontwikkeld. De halfgeleider industrie, de hoofdverantwoordelijke
voor dergelijke transformaties van de gemeenschap, wordt geleid door de Interna-
tional Roadmap for Semiconductors, welke is gebaseerd op de wet van Moore. Deze
wet dicteert dat de rekencapaciteit van een processor elke achttien maanden ver-
dubbeld ten gevolge van een afname van de grootte van een transistor en dus een
toename in de transistor-dichtheid op een enkele chip. De miniaturisatie van tran-
sistors leidt echter tot een aantal problemen: elektronica verbruikt steeds meer en-
ergie, afvoer van warmte wordt moeilijker, kwantum effecten zoals tunnelen gaan
het elektronisch transport bepalen, etc. Daarom bekijken onderzoekers naar an-
dere manieren om deze problemen aan te pakken: door middel van een geheel an-
dere aanpak in de procedures van berekenen, zoals kwantum berekeningen, of door
het maken en verbeteren van nieuwe soorten apparaten om op de klassieke wijze
berekeningen uit te voeren.

Spintronische en magneto-elektronische devices maken gebruik van het intrin-
sieke hoek moment, ofwel de spin, van een elektron om informatie op te slaan en
over te brengen. Spin is een zuiver kwantummechanische eigenschap van deeltjes
zonder klassieke analogie. In het geval van een elektron heeft de spin twee eigen-
waarden: +~/2 en - ~/2. Spintronische en magneto-elektronische devices hebben
een aantal voordelen voor toekomstige elektronica: ze zijn niet vluchtig, wat resul-
teert in lage energieconsumptie en opwarming, en ze kunnen kwantum effecten be-
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nutten waardoor ze geschikt zijn voor elektronica op kleine schaal. De harde schijf
van een computer maakt normaal gesproken gebruik van een variatie van het Giant
Magneto-Resistance (GMR) effect, dat aan de oorsprong van de spintronica stond
in de late negentientachtiger jaren. Sindsdien zijn er verschillende spintronische de-
vices voorgesteld en ontwikkeld. De meeste hiervan vereisen materialen waarbin-
nen een efficiënte injectie en detectie van spin kan worden gecombineerd met een
lange overlevingstijd van spin informatie, ook bekend als spin relaxatie tijd. Daar-
naast is het een vereiste dat controle en manipulatie van spin eenvoudig is in spin-
tronische devices die worden toegepast voor logische operaties.

Grafeen, een slechts één atoom dik materiaal van koolstof, is in het afgelopen de-
cennium naar voren gekomen als een van de meest veelbelovende materialen voor
toekomstige elektronische en spintronische devices. Op het gebied van elektronica
overtreft grafeen de breed gebruikte halfgeleider silicium op een aantal gebieden:
elektron mobiliteit, transistor grootte en snelheid. Echter, het ontbreken van een
band kloof verhinderd gebruik van grafeen in conventionele digitale elektronica.
Voor spintronica biedt grafeen de langste spin relaxatie tijd en lengte op kamertem-
peratuur in combinatie met een gemakkelijkere spin injectie en detectie in vergelij-
king met de halfgeleidende tegenhangers. Desondanks resulteerden de eerste ex-
perimenten in spin relaxatie tijden en lengtes die ongeveer twee ordes van grootte
kleiner waren dan wat oorspronkelijk theoretisch voorspeld was. Sindsdien is er
hard gewerkt aan het ontwikkelen van meer inzicht in de beperkende factoren voor
spin transport in grafeen devices. Daarnaast zijn er grafeen devices gefabriceerd die
gebruik maken van andere aantrekkelijke eigenschappen van grafeen, zoals de lange
fase coherentie lengte en de grote mechanische sterkte.

Voor ik overga tot de hoofdresultaten introduceer ik een aantal relevante basis-
concepten voor lading en spin transport in grafeen. In hoofdstuk 2 bespreek ik de
elektronische structuur van grafeen en laat ik zien hoe de bandstructuur kan wor-
den verkregen door middel van een tight-binding benadering. Daarna beschouw ik
de concepten van elektronisch transport toegepast in grafeen, waaronder een aan-
tal kwantum interferentie fenomenen zoals universele fluctuaties in geleiding (UCF)
en het kwantum Hall effect. Met de experimentele resultaten voor een ballistische
vrij hangende grafeen nano-constrictie als voorbeeld, gebruik ik semi-klassieke ar-
gumenten om de overgang uit te leggen tussen kwantum geleiding als gevolg van
kwantum beperking van de ladingsdragers en als gevolg van het kwantum Hall
effect met toenemend magnetisch veld. In het volgende hoofdstuk introduceer ik
de concepten die worden gebruikt voor spin transport in grafeen. Ik begin met de
uitleg van een eenvoudig weerstandmodel om het spin transport te kunnen begrij-
pen en leg ook uit hoe spins elektronisch kunnen worden geı̈njecteerd in een niet-
magnetisch materiaal. Daarnaast leg ik hier uit hoe spin transport niet-lokaal kan
worden gemeten, waarmee buiten het pad van de ladingsstroom wordt bedoeld, en
hoe een loodrecht aangelegd magneet veld kan worden gebruikt om de spin trans-
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port parameters te bepalen door middel van het Hanle effect. Ik ontwikkel ook een
model om uit te leggen wat er gebeurt wanneer spin transport niet homogeen plaats
vindt, maar bestaat uit verschillende verbindingen die elk hun eigen spin transport
parameters hebben. Hoofdstuk 4 geeft een meer technische beschrijving van de ge-
bruikte fabricage- en meettechnieken.

Met de eerdere resultaten uit hoofdstuk 2 voor een ballistische vrij hangende
grafeen nano-constrictie als motivatie, bestuderen we met een theoretisch model in
hoofdstuk 5 de effecten op elektronisch transport als functie van magnetisch veld
voor constricties van verschillende vorm, breedte en lengte. We tonen aan dat de
semi-klassieke argumenten gebruikt voor de bepaling van de breedte van de con-
strictie in hoofdstuk 2 stand houden. Met een vergelijking tussen de theoretische
en de experimentele resultaten beredeneren we dat de experimenteel bestudeerde
constrictie een lengte moet hebben gehad die vergelijkbaar is met de breedte om
duidelijke effecten van kwantum beperking te kunnen tonen.

In hoofdstuk 6 bestuderen we spin injectie en dynamica in grafeen nanostruc-
turen met als doel te begrijpen wat er met spins gebeurt die beperkt zijn tot een
device van dimensies kleiner dan de spin relaxatie lengte, maar ook om te bepalen
of de randen van de grafeen vlok het spin-flip proces bevorderen. We laten zien
dat voor dergelijk kleine grafeen structuren de invloed van contact-geı̈nduceerde
spin relaxatie toeneemt in vergelijking met standaard devices waarvoor de lengte
meerdere malen de spin relaxatie lengte bedraagt. Onze resultaten vergelijkend met
een theoretisch model, kunnen we concluderen dat de randen van de vlok niet ver-
antwoordelijk zijn voor een toename in de spin relaxatie in dergelijke nanostructu-
ren. Bovendien bestuderen we niet-lokaal spin transport door een grafeen kwantum
dot en laten we zien dat de spin relaxatie tijd verkregen uit Hanle precessie metingen
niet representatief is voor de kwantum dot zelf, maar voor de aangrenzende grafeen
gebieden die zijn gebruikt om de deze te contacteren.

Wanneer het formaat van devices kleiner wordt dan de fase coherentie lengte,
beginnen kwantum interferentie effecten een rol te spelen. Gebruik makend van een
kwantum coherente spin valve laten we in hoofdstuk 7 door het aanleggen van een
gate spanning zien dat, als gevolg van UCF, kwantum interferentie het niet-lokale
spin signaal sterk kan moduleren. Aangezien de afmetingen van het device verge-
lijkbaar zijn met de fase relaxatie lengte, pikken niet-lokale meting zowel lading als
spin gerelateerde bijdragen op. In onze experimenten gebruiken we ferromagneti-
sche elektroden om beide bijdragen van elkaar te onderscheiden en laten we zien
dat de spin bijdrage aan het niet-lokale signaal aanzienlijk groter is dan die van de
lading. Door het niet-lokale signaal in twee verschillende magnetische configuraties
van de elektroden te meten laten we zien dat het niet-lokale spin signaal niet alleen
met ordes van grootte gemoduleerd kan worden, maar ook dat het van teken kan
wisselen als functie van gate spanning.

Na aan te hebben getoond dat kwantum effecten gebruikt kunnen worden voor



176 Samenvatting

de verbetering van het spin signaal in grafeen spin valves, richten we onze aan-
dacht op de puzzel die de discrepantie tussen de voorspelde en de gemeten spin
relaxatie tijd in grafeen behelst. Verschillende werken hebben er op gewezen dat de
meest waarschijnlijke beperkende factor voor spin relaxatie in grafeen een gevolg
is van onzuiverheden en geadsobeerde atomen. Daarom bestuderen we in hoofd-
stuk 8 spin transport in een vrij hangende grafeen laag van hoge kwaliteit. Door
de hoge elektron mobiliteit in dit type device wordt de spin diffusie coëfficiënt met
een factor 5 verhoogd in vergelijking met 0.1 m2/s voor standaard grafeen devices
gebaseerd on SiO2. Echter, de gemeten spin relaxatie tijd is van vergelijkbare grootte
als voor standaard devices, met τs ≈150 ps. Gebruik makend van het in de introduc-
tie beschreven model dat de ondersteunde grafeen gebieden ook in beschouwing
neemt, laten we zien dat de gemeten spin relaxatie tijd wordt gedomineerd door
deze regios en derhalve slechts een ondergrens van τs voor het vrij hangende gebied
van hoge kwaliteit kan geven.

De mogelijkheid om spin informatie te controleren met behulp van een elektrisch
veld is een cruciale stap in de richting van spintronische devices die logische ope-
raties uit kunnen voeren. Om deze mogelijkheid verder te verkennen, tonen we
in hoofdstuk 9 het effect van een transversaal elektrisch veld op spin transport in
een door hexagonaal boron nitride (hBN) omsloten grafeen spin valve. Ten eerste
laten we zien dat door het grafeen te omsluiten met hBN een grote toename in de
spin relaxatie tijd kan worden bereikt, tot boven de 2 ns zelfs op kamertemperatuur.
Ten tweede kunnen de ladingsdichtheid en het elektrische veld afzonderlijk worden
gecontroleerd dankzij de duale gate structuur van het device, wat ons in staat stelt
om het gevolg van een elektrisch veld op spin relaxatie te isoleren. Door spin re-
laxatie te bekijken voor zowel spins die geı̈njecteerd worden met de magnetisatie
parallel aan als loodrecht op het grafeen vlak, kunnen we laten zien dat het transver-
sale elektrische veld leidt tot een spin orbit veld die uit het grafeen vlak wijst, wat in
overeenkomst is met theoretische voorspellingen.



Resumo

A revolução digital que começou em meados do século XX marcou o começo da
era da informação. Desde os anos 1980, houve um aumento no uso de aparatos
tecnológicos depois da invenção do transistor, dos computadores pessoais e da in-
ternet. Novos tipos de dispositivos eletrônicos, como tablets e diversos dispos-
itivos smart, são vendidos ao redor do globo e já são parte do nosso cotidiano.
Para continuar com esta revolução eletrônica, os dispositivos eletrônicos já exis-
tentes tem que ser aprimorados e novos tipos de dispositivos que utilizam tecnolo-
gia de ponta devem ser desenvolvidos. A indústria semicondutora, a maior re-
sponsável por tal transformação da sociedade, se orienta pelo International Tech-
nology Roadmap for Semiconductors, que, em certo sentido, é baseado na lei de
Moore. A lei de Moore diz que a capacidade computacional dos processadores du-
plica a cada 18 meses devido à redução do tamanho dos transistores, o que leva a um
aumento na densidade de transistores em um único chip. Porém, a miniaturização
dos transistores leva a uma série de problemas: o consumo de energia dos com-
ponentes eletrônicos aumenta, a dissipação de calor se torna mais difı́cil, efeitos
quânticos, como o tunelamento de elétrons, começam a dominar o transporte, etc...
Os pesquisadores tentam resolver estes problemas usando diversas abordagens. Por
exemplo, mudando totalmente o modo no qual processos computacionais são feitos,
como na computação quântica, ou criando e aprimorando novos tipos de disposi-
tivos usados em computação clássica.

Dispositivos spintrônicos e magneto-eletrônicos usam o momento angular intrin-
seco do elétron, chamado spin, para armazenar informação. O spin é uma pro-
priedade das partı́culas puramente quântica e sem análogo clássico. No caso do
elétron, a componente do spin ao longo de uma direção espacial qualquer pode
adquirir dois auto-valores distintos: +~/2 e−~/2. Dispositivos spintrônicos e magneto-
eletrônicos trazem uma série de vantagens para novos dispositivos eletrônicos: eles
são não-voláteis, o que resulta em uma queda no consumo de energia e dissipação
de calor, e eles podem usar efeitos quânticos como uma vantagem, o que os fazem
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mais adequados para uso em eletrônica em escala nanoscópica. Os discos rı́gidos
dos computadores atuais usam uma variação do efeito conhecido como Magneto-
Resistência Gigante (GMR, do inglês Giant Magneto-Resistance), que deu origem
ao campo de pesquisa em spintrônica no final da década de 1980. Desde então,
diferentes tipos de dispositivos spintrônicos foram propostos e desenvolvidos. A
maioria desses dispositivos exige materiais nos quais a injeção e detecção de spins
pode ser combinada com um longo tempo de vida da informação contida nos spins,
também conhecida como o tempo de relaxação de spin. Além disso, dispositivos
spintrônicos nos quais operações lógicas podem ser feitas demandam um fácil con-
trole e manipulação da informação dos spins.

Grafeno, um material de carbono de um átomo de espessura, surgiu na década
passada como um dos materiais mais promissores para novos dispositivos eletrônicos
e spintrônicos. No ramo da eletrônica, o grafeno supera o material semicondutor
mais amplamente utilizado, o silı́cio, em diversos aspectos: mobilidade eletrônica,
velocidade e tamanho mı́nimo dos transistores. Porém, a falta de um gap faz com
que o grafeno não possa ser utilizado em eletrônica digital convencional. Já para a
spintrônica o grafeno oferece o tempo e o comprimento de relaxação de spin em tem-
peratura ambiente mais longos já medidos e uma injeção de spins mais fácil quando
comparado com outros materiais semicondutores.

No entanto, os primeiros experimentos mostraram tempos e comprimentos de
relaxação de spin por volta de duas ordens de magnitude menores do que as pre-
visões teóricas. Desde então, diversos trabalhos foram feitos para entender os fatores
que limitam o transporte de spin em dispositivos de grafeno. Além disso, disposi-
tivos spintrônicos que fazem uso de outras propriedades do grafeno, como o longo
comprimento de coerência de fase e a alta resistência mecânica, foram fabricados.

Antes de apresentar os resultados principais, aqui nós introduzimos vários con-
ceitos básicos usados no transporte de carga e spin em grafeno. No capı́tulo 2 discuti-
mos a estrutura eletrônica do grafeno e mostramos como obter a estrutura de bandas
usando o método de tight-binding. Em seguida, nós revisamos conceitos de trans-
porte eletrônico aplicados ao grafeno, incluindo alguns efeitos quânticos, como a
interferência quântica, flutuações universais de condutância e o efeito Hall quântico.
Usando resultados experimentais em uma nano-constrição balı́stica de grafeno como
exemplo, nós usamos argumentos semi-clássicos para explicar a transição entre a
quantização da condutância, devido ao confinamento quântico dos portadores de
carga, e o efeito Hall quântico com o aumento do campo magnético. No capı́tulo
seguinte, introduzimos os conceitos utilizados no transporte de spin em grafeno.
Iniciamos com uma explicação do modelo de resistores para transporte de spin e
também explicamos como spins podem ser injetados eletricamente em um material
não magnético. Em seguida, descrevemos como o transporte de spins pode ser me-
dido utilizando uma técnica não-local e como um campo magnético perpendicular
pode ser usado para medir as propriedades de transporte de spin em um sistema,
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utilizando o efeito Hanle. Desenvolvemos um modelo teórico para explicar o que
acontece se o canal usado para transporte de spins é não-homogêneo, consistindo de
interconexões com diferentes propriedades para o transporte de spins. No final do
capı́tulo nós apresentamos uma discussão sobre os mecanismos para a relaxação de
spin em grafeno. O capı́tulo 4 apresenta uma descrição das técnicas de fabricação
das amostras e as técnicas de medida utilizadas nesta tese.

Utilizando os resultados na nano-constrição balı́stica em grafeno suspenso (mos-
trados no capı́tulo 2) como motivação, no capı́tulo 5, usando um modelo teórico,
nós estudamos os efeitos de um campo magnético no transporte eletrônico em nano-
constrições de diversos formatos, larguras e comprimentos. Nós mostramos que os
argumentos semi-clássicos utilizados no capı́tulo 2 para extrair a largura da nano-
constrição são válidos. Comparando os nossos resultados com os experimentos, nós
argumentamos que a constrição estudada experimentalmente deve ter um compri-
mento da mesma ordem que sua largura para mostrar resultados claros de confina-
mento quântico.

No capı́tulo 6 nós estudamos a injeção e dinâmica de spins em nanoestruturas de
grafeno para compreender o que acontece quando os spins são confinados em dis-
positivos cujas dimensões são menores do que o comprimento de relaxação de spin.
Nós também tentamos verificar se as bordas do grafeno causam um aumento de
processos de spin-flip. Nós mostramos que, para estruturas pequenas, os efeitos da
relaxação de spin induzida pelos contatos elétricos aumentam quando comparados
com dispositivos de dimensões nos quais o comprimento é várias vezes o tamanho
do comprimento de relaxação de spin. Comparando os nossos resultados com um
modelo teórico, nós concluı́mos que as bordas do grafeno não são as responsáveis
para a relaxação de spin nestes dispositivos. Ainda, nós estudamos o transporte
de spin não-local em um ponto quântico de grafeno e mostramos que o tempo de
relaxação de spin obtido por experimentos de precessão Hanle não são representa-
tivos do ponto quântico, mas sim das regiões adjacentes usadas para contatá-lo.

Quando os dispositivos são miniaturizados para escalas menores do que o com-
primento de correlação de fase, efeitos de interferência quântica começam a ga-
nhar importância. Usando uma válvula de spin em grafeno no limite de coerência
quântica nós mostramos no capı́tulo 7 que, devido a flutuações universais da con-
dutância, interferência quântica pode modular fortemente o sinal não-local devido
a aplicação de uma voltagem de porta. Como as dimensões do dispositivo são da
mesma ordem do comprimento de relaxação de fase, as medidas não-locais são
sensı́veis à contribuições de carga e spin. Nos nossos experimentos nós utilizamos
eletrodos ferromagnéticos para separar as duas contribuições e mostramos que a
contribuição dada pelo spin ao sinal não-local é maior do que a contribuição devido
à carga. Medindo o sinal não-local para configurações de magnetização diferentes
para os eletrodos, nós mostramos que o sinal de spin não-local é modulado em or-
dens de magnitude e também muda de polaridade em função da voltagem de porta.
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Após a demonstração de que efeitos quânticos podem ser utilizados para aprimo-
rar o sinal de spin para válvulas de spin em grafeno, nós voltamos a nossa atenção
para o enigma da discrepância entre os valores esperados e os medidos experimen-
talmente para o tempo de relaxação de spin. Diversos trabalhos mostraram que o
fator que mais provavelmente limita a relaxação de spins em grafeno é a presença de
impurezas. Portanto, no capı́tulo 8, nós estudamos o transporte de spin em válvulas
de spin em grafeno suspenso de alta qualidade. Como a mobilidade eletrônica
nestes dispositivos é bastante alta, a constante de difusão de spin é alta, 0.1 m2, 5
vezes maior do que dispositivos baseados em grafeno sobre SiO2. Porém, o tempo
de relaxação obtido pelos experimentos é da mesma ordem de magnitude dos va-
lores obtidos em dispositivos normais, aproximadamente 150 ps. Usando o mo-
delo descrito no capı́tulo 3, que leva em consideração as regiões não suspensas, nós
mostramos que o tempo de relaxação obtido nos experimentos é dominado por estas
regiões e podemos dar apenas um limite inferior para o tempo de relaxação de spin
na região suspensa.

A possibilidade do controle da informação contida nos spins em grafeno por um
campo elétrico é um passo crucial para dispositivos spintrônicos capazes de realizar
operações lógicas. Para explorar esse efeito, nós mostramos no capı́tulo 9 o efeito
de um campo elétrico transverso no transporte de spin em uma válvula de spin
em grafeno encapsulado por flocos de nitreto de boro hexagonal. Nós começamos
mostrando que um aumento considerável no tempo de relaxação de spin, até 2 ns,
pode ser alcançado nestes dispositivos em temperatura ambiente. Em seguida, de-
vido à presença de dois eletrodos de porta, a densidade de carga e o campo elétrico
podem ser controlados separadamente, o que nos leva a poder separar os efeitos do
campo elétrico para a relaxação de spin. Estudando a relaxação de spin para spins
que apontam na direção do plano e perpendicular ao plano, nós mostramos que um
campo elétrico transverso resulta em um campo spin órbita que aponta na direção
do plano do grafeno, o que está de acordo com previsões teóricas.
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M. H. D. Guimarães, P. J. Zomer, I. J. Vera-Marun, and B. J. van Wees
Nano Letters 14, 2952 (2014).

4. ”Spin Transport in High-Quality Suspended Graphene Devices”,
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