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Chapter 1

Introduction

Abstract

Since last decade, graphene has been the favorite ’spintronic’ research material, due to its
low intrinsic spin-orbit coupling. This very fact is responsible for theoretically expected
long spin-relaxation length and spin-relaxation time in graphene but it also hinders the
application of graphene as ’Datta-Das’ spin-transistor with a tunable spin-orbit coupling.
Even, the ’expected’ spin transport properties have not been realized yet, leading to var-
ious theoretical and experimental attempts in order to understand the root cause of the
low spin-relaxation time in graphene.
In this thesis, in chapters one-five I present a brief overview of graphene-spintronics
followed by a brief description of the 2-D materials, theoretical and experimental tools,
used in this thesis. On the experimental side, I explore the spin-relaxation in graphene
in two different ways. A first set of experiments explores the effect of external factors
such as impurities, on the spin-relaxation processes in graphene. I demonstrate in chap-
ter six that the magnetic impurities enhance the spin-relaxation via spin-flip processes.
In chapter seven, I devise a novel way to study the spin-relaxation via 1/f spin-noise
studies, which also suggests that the impurity-spin interaction is detrimental for spin-
transport in graphene. Equally important, I also demonstrate that the spin-noise can be
used as a probe for detecting the spin-accumulation as well as it can ’read-out’ the finger-
prints of the underlying spin-relaxation, which establishes noise as an alternative tool to
study spin-transport and impurity-spin interaction. Same conclusions were obtained in
chapter eight where I use a two-channel resistor model to simulate the spin-dependent
noise.
A second set of experiments exploits the potential of the proximity-induced effects in
graphene, via which some ’foreign’ properties such as an enhanced spin-orbit coupling
and a band-gap can be imparted onto graphene, and make it more useful for practi-
cal applications. In chapter ten and eleven I study the possibility of enhancing the
spin-orbit coupling by putting graphene in the neighborhood of WS2, a transition metal
dichalcogenide (TMD), with a high intrinsic spin-orbit coupling. Here, I also use WS2

as an intermediate layer which can tune the spin-injection into graphene and acts as a
’dimmer’ switch for spin-injection. This can have future applications. This thesis also
demonstrates the use of WS2 as a potential substrate for improving charge transport in
graphene with a modified spin-transport due to WS2-induced spin-orbit coupling. In
chapter nine, I also briefly discuss the potential of insulating 2D-hBN thin flakes for
efficient spin-injection/detection efficiencies, reaching even up to 100 %, accompanied by
a brief analysis of the spin-relaxation process in these structures.
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In conclusion, graphene-2D material heterostructures, discussed in this thesis, demon-
strate enhanced as well as controlled spin-transport in graphene, depending on the choice
of the 2D-material. These results promise to pave a way for graphene-based practical
spintronic devices.
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1.1 Spintronics

Low power electronics with extra functionalities is the driving force for the next gen-
eration electronics which necessitates the development of alternative energy efficient
routes as well as exploit the extra degree of freedom of the information carriers.

Spin-based electronics or ’Spintronics’ relies on the spin degree of freedom of
electron instead of its charge degree of freedom in electronics for information ma-
nipulation, transport and storage. Electron spins having spin-up (↑) and -down (↓)
states are used as ’1’ and ’0’ for logic applications. The present technology, still in its
development phase promises low power consumption with fast access to the stored
information in magnetic bits [1, 2]. The discovery of the giant magnetoresistance
(GMR) effect by the group of Albert Fert and Peter Grünberg in 90s [3, 4] led to real-
ization of the first spintronic devices. In the GMR effect, two magnetic metal layers
(FM1 and FM2) are separated by a nonmagnet (NM), and the resistance of the sys-
tem changes from low to high or vice versa on the application of a magnetic field.
The high and low resistance state of the FM1/NM/FM2 system is treated as ’0’ and
’1’ states for data storage. Similarly, the tunnel magneto resistance (TMR) effect was
realized while replacing the NM with a thin tunnel barrier which are nowadays be-
ing used in computer hard disks and nonvolatile magnetic random access memory
(MRAM) for data storage applications.

The current development phase of the novel spintronic devices is quite promis-
ing. The unique ability of spin-current, which also carries spin-angular momentum,
to switch the magnetization state of a FM layer via the spin-transfer-torque (STT)
phenomenon has drawn a lot of attention for the development of the STT MRAM
devices for memory applications [5]. This technology is attractive for low power
applications [6]. A very recent demonstration of this phenomenon in 2D transi-
tion metal dichalcogenide (TMD) materials, e.g., MoS2,WS2 is very promising [7],
not only for memory applications but also for providing the possibility of exploring
the additional ’valley’ degree of freedom as information carriers in these materials.
Among the fast emerging phenomena in spintronics, is the realization of racetrack
memory [8], which is based on the current induced domain wall motion in a ferro-
magnetic material. Recent improvement this technology in terms of durability and
read/write speed of the data bits is a positive signature for the racetrack memory
based applications [9].

The last decade, after a successful isolation of graphene[10] and other 2D ma-
terials [11] with the use of a scotch tape, has provided access to novel spin depen-
dent phenomena in these materials and their heterostructures. Due to the reasons
described below in Sec.1.3, graphene is an excellent material for spintronic appli-
cations at room temperature (RT). Also, the ability of graphene to induce intrinsic
electronic and magnetic properties of the neighboring material such as inducing fer-
romagnetism in graphene when put on top of ferromagnetic insulators, and an en-
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hanced spin-orbit coupling in a contact with transition metal dichalcogenides makes
graphene an ideal platform for studying foreign properties, and manipulating the
spins via external means. This very ability is a precursor for the ’Datta-Das’ tran-
sistor [12], a building block for spin-logic applications, where one can control the
spin-current via an electrical gate, similar to that in electronic transistors. Graphene
with broken space inversion symmetry, provides access to the spin coupled ’val-
ley’ degree of freedom which can be realized by combining graphene with different
host-materials [13–16] or with the application of an external electric field [17]. This
opens a new avenue for the field of ’spin-valleytronics’ where one can use two de-
grees of freedom of electron for information storage and transport and control one
degree via another. This could lead to a more complex and advanced generation of
spin(valley)tronics devices.

1.2 Graphene

Graphene is a 2-dimensional network of sp2 hybridized carbon atoms arranged in
hexagonal rings, forming a honeycomb lattice structure. Graphite is a stack of sev-
eral single layer graphene (SLG) sheets put together via weak van der Waals (vW)
forces between the layers. In 2004, it was isolated successfully from graphite via an
ingeniously simple scotch-tape method [10] and identified optically due to its unique
contrast on substrates such as SiO2/Si.

Graphene has shown a lot of outstanding characteristics, for example, high me-
chanical strength [18], high thermal conductivity [19] and optical sensitivity [20].
It also has remarkable electronic properties [21] due to linear band dispersion and
massless nature of electrons at low excitation energies, such as chiral nature of charge
carriers and high mobility because of low backscattering and weak electron-phonon
coupling.

1.3 Graphene Spintronics

Graphene is considered as an ideal material for spintronics due to weak intrinsic
spin orbit coupling and hyperfine interactions because of the low atomic mass of
the constituent carbon atoms. In pristine graphene, theoretically predicted values
reach very high such as spin relaxation time τs ∼ 100 ns and the spin relaxation
length λs ∼ 100 µm [22, 23] which is several orders of magnitudes higher than in
typical semiconductors and metals. However, external factors such as impurities,
substrate roughness, charge inhomogeneities are expected to drastically affect its
spintronic properties. Therefore the best experimental values of τs ∼ 12 nanoseconds
and spin relaxation length λs ∼ 30 µm [24] are still an order of magnitude less than
the theoretical prediction.
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1.4 Spintronics with Graphene-hBN and Graphene-TMD
heterostructures

As mentioned in Sec.1.3, graphene is an excellent material to realize spin transport
due to weak spin-orbit coupling. However, the same property hinders the realiza-
tion as a working spin-transistor due to lack of control of the spin-degree of freedom
[12, 25]. On the other hand, TMDs with low mobility, have huge intrinsic SOC up
to � 0.5 eV in the valence band and � 10 meV in the conduction band, which is
almost three orders larger than in graphene [26]. A combination of graphene and
TMD appears to be a promising platform to circumvent the aforementioned short-
comings of both materials [27]. An enhanced SOC can be induced in graphene by
proximity to a TMD because of two reasons: i) the spatial inversion symmetry is
broken at the graphene-TMD interface which is the precursor for the Rashba SOC
[28] and ii) the d-orbitals of the TMD hybridize with graphene and enhance the in-
trinsic SOC in graphene. In this way, the proximitized graphene maintains its ex-
cellent charge transport properties [29]. While the spin transport properties due to
induced SOC are expected to be affected significantly [30–35]. This is evident in re-
cent quantum magneto-transport [36–38], spin-Hall [35] and non-local spin transport
measurements [39–41]. In these systems, one can tune the Rashba SOC by applying
an electric field perpendicular to the device plane and thus electrically control the
spins, thus realizing a spin transistor with a gate control.

Apart from introducing an enhanced SOC in graphene via the proximity interac-
tions, TMDs are also expected to induce valley-dependent effects in graphene due to
sublattice symmetry breaking. A graphene-TMD system offers a unique platform to
study other novel effects such as spin-valley coupling by an in-plane electric field
and spin and valley Zeeman effects in the presence of an out-of-plane magnetic
field [42]. In summary, spin-valley coupling can provide extra functionalities and
new features to the conventional graphene spintronic devices with rich underlying
physics that has yet to be fully explored.

1.5 This Thesis

This thesis experimentally explores two important avenues of spintronics: first, study-
ing the effect of impurities on spin relaxation in graphene, and second, experimen-
tally exploring the possibility of enhancing the spin-orbit coupling in graphene for
spin manipulation. I also briefly discuss the potential of hBN tunnel barriers for
efficient spin current injection/detection in graphene. In this way, this work is not
only a significant attempt to understand the nature of spin-relaxation in graphene
but also provides other necessary tools such as control over spin-current by modify-
ing the spin-injection and transport process which are an important step for future
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spintronic devices.
This introduction chapter provides a brief history over the developments of the

field of spintronics, followed by the recent developments. I have also included a con-
cept summary of spin transport study in graphene and some recent developments
of combining graphene with other 2D materials such as semiconductors (WS2) and
insulators (hBN) and the potential of these hybrid devices for novel spintronic ap-
plications.

Chapter two explains the electronic band structure of 2D materials: graphene,
WS2 and hBN. I also summarize the basic concepts of electronic transport in these
materials, which are used in the later chapters.

Chapter three covers the basic concepts of spin transport which I use to analyze
my experiments data. Here, I explain the electrical spin-injection into a nonmagnetic
material and discuss the spin-detection and manipulation methods, i.e., spin-valve
and Hanle spin-precession in the nonlocal spin-transport channel. In the second
half, I give a brief overview of different spin-relaxation mechanisms in graphene,
followed by a note on the effect of external factors such as impurities on the spin-
transport with a summary of the previously reported experiments. Concepts needed
in the later chapters such as proximity-induced spin-orbit coupling, spin-valley cou-
pling, electric field controlled Rashba spin-orbit coupling, are also explained.

In chapter four, I explain the basic concepts of electronic and spin-dependent
noise. In this thesis, instead of directly measuring the DC spin signal, we measure
the fluctuations in the spin-signal and demonstrate for the first time, that spins can
transport noise. Basic concepts to understand these measurements are explained in
this chapter.

Chapter five provides a description of the steps for preparing the samples dis-
cussed in this thesis, viz a detailed step-by-step protocol for the stack preparation,
which is the heart of the sample preparation nowadays. Then a brief description of
the lithographic steps such as polymer spin-coating, electron-beam lithography, and
the lift-off process is also provided.

After introducing the basic concepts and experimental tools, I present my first
experimental findings in chapter six. Here, I try to address the long standing puzzle
that external, specifically magnetic impurities affect the spin transport and are the
dominating factor in reducing the spin-relaxation time in graphene. We study this
effect in a four probe nonlocal geometry with ferromagnetic contacts.

In chapter seven, I introduce a new tool to explore the interaction of impurities
with the spins in graphene. Here I measure the noise in the spin-signal using a low
frequency spectrum analyzer. We also show that the measured spin-dependent noise
is dominated by spin relaxation processes and propose the noise measurement as a
tool for further exploring its nature. In this chapter, I also describe in detail the setup
calibration for the noise measurements, which are useful for understanding the noise
in normal dc transport measurements.
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Chapter eight is a a re-interpretation of the results obtained in chapter seven by
circuit simulations. Here, I develop a two channel resistor model to calculate the spin
signal and simulate the charge and spin-dependent 1/f noise, and estimate the noise
from different resistors in the circuits, representing different physical phenomena.

In chapter nine, I present a short summary of the results obtained for spin-
injection using single and bi layer hBN tunnel barriers. I also present the analysis
of spin-relaxation processes, present during spin-transport in graphene-hBN het-
erostructures.

In chapter ten, I present my experimental findings of spin transport in graphene-
WS2 heterostructures in detail. Here, a thick WS2 crystal is placed on top of a graph-
ene flake. I demonstrate that a spin current can be injected into graphene using a
thick WS2 crystal as an intermediate layer that controls the interface resistance. I
also demonstrate a suppressed spin transport in graphene in the proximity of WS2

which is an indicative of a proximity-induced SOC in graphene.
In chapter eleven, I use WS2 as a substrate for graphene and explore the possi-

bility of inducing spin-orbit coupling in graphene, which is essential to realize the
Datta-Das spin-transistor. In this device architecture, I observe improved charge
transport properties with significantly reduced spin-transport parameters, confirm-
ing the presence of an enhanced SOC in graphene, and opens up a new route to
study the novel spintronic phenomena in graphene, in the proximity of a TMD. Fur-
ther, I also demonstrate that the induced Rashba SOC in graphene can be modified
by applying an external electric field perpendicular to the device plane, resulting in
a gate control over the spin-relaxation time.
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Chapter 2

2D-Materials

Abstract

Thin 2D materials with distinguished properties are at the heart of modern day research,
dedicated to the development of next- generation electronic, optoelectronic and spintronic
devices. A unique ability of these materials of borrowing the electronic and magnetic prop-
erties from the neighboring materials, when stacked together, makes them an interesting
platform for tuning their intrinsic properties as well as a playground to realize a rich
physics such as spin-valley coupling, spin-charge conversion, spin-Hall effects and many
more. This chapter provides a summary of basic electronic properties of three different 2D
materials: graphene, hBN and WS2, discussed in the later chapters of this thesis.
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Graphene hBN WS2

Boron (B)

Nitrogen (N)

Tungsten (W)

Sulfur (S)

Carbon (C)

5 μm 5 μm5 μm

Figure 2.1: Lattice structures of a monolayer graphene, hBN and WS2. Optical images of the
exfoliated flakes are shown in the lower panels. Graphene has been exfoliated on a SiO2/Si
substrate with 300 nm oxide thickness (tSiO2 ), and hBN has been exfoliated on a tSiO2=90 nm
substrate. WS2 has been exfoliated on a poly dimethyl siloxane (PDMS) substrate.

2.1 Graphene

As predicted by Wallace in 1946 [1], graphene is a zero band gap semiconductor, i.e.,
a semi-metal with a linear band dispersion (Fig. 2.2) of the low energy excitations
close to the Fermi energy [2]:

E(k) = h̄vF |k|. (2.1)

Here, E is the energy difference with the Fermi level of the neutral state, vF is the
Fermi velocity � 106 ms−1, and k is the wave vector relative to the symmetry points
K and K’ in the Brillouin zone (BZ). There are no electronic states where the valence
and conduction bands meet, also known as Dirac points. The conical shape band
structures around K and K’ are the same, though they are nonequivalent and rep-
resent the two valley degrees of freedom. The linear dispersion relation for both
electrons and holes has two implications: i) they have a constant velocity indepen-
dent of the applied electric field and ii) do not have any mass at low energies.

Unlike other conventional two-dimensional systems such as transition metal dichchalco-
genides and 2D-electron gas, the density of states (DOS) in graphene has a linear
dependence in energy:

ν(E) =
gsgv|E|
2πh̄2vF 2

(2.2)

Here, gs=2 and gv=2 represent the spin and valley degrees of freedom, respec-
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tively. The Fermi level EF can be modulated in graphene by electrostatic gating.
The total number of induced charge carriers due to a change in the Fermi energy can
be calculated by integrating ν(E) over this range, i.e., n(EF ) =

� EF

0
ν(E)dE. In the

metallic regime, the conductivity (σ = 1
Rsq

) of graphene, where Rsq is the graphene
sheet-resistance, can be written as:

σ = neµ (2.3)

implying that the sheet resistance of graphene decreases with increasing carrier den-
sity.

2.2 Hexagonal Boron Nitride (hBN)

Boron nitride is a member of the 2D-family arranged in a stack of layers like graph-
ene and can be exfoliated using the same scotch-tape method. It is an insulator with
a band gap of � 6 eV [3] and is atomically flat [4]. Being an insulator, it can be
used as a substrate. A complete encapsulation of a graphene flake between two hBN
flakes [5] improves the carrier mobility and spin transport properties of graphene
on a SiO2/Si substrate [6] . Graphene’s charge and the spin transport properties are
significantly affected by the roughness [7], presence of dangling bonds and electron-
phonon coupling [8] of the underlying substrate. These shortcomings are suppressed
in graphene on a hBN substrate, resulting in an improved mobility and higher spin
relaxation length [9]. These parameters can be improved further, if one completely
encapsulates graphene by fabricating a sandwich of a hBN/Gr/hBN heterostructure
[10]. In this way one can protect graphene from the chemical impurities which are
introduced during various lithographic steps and can further improve the charge
and spin transport properties of graphene.

Recently, there has been a lot of attention on exploring hBN as a tunnel barrier
for spin-injection/detection in graphene as a replacement for the conventional oxide
tunnel barriers which suffer from inhomogeneities and pinholes and hinder an effi-
cient spin-injection and spin transport [6, 11]. Thin hBN layers down to monolayers
have been used for this purpose and due to their crystalline and pinhole free nature,
have proved to be superior to oxide tunnel barriers.

2.3 Transition Metal Dichalcogenides

Transition metal Dichalcogenides (TMDs) are represented as MX2, where M(=Mo,W)
is a transition metal and X=(S,Se,Te) is an element from the chalcogen family. In a
TMD monolayer (ML) M atoms are sandwiched between two X atoms and M and X
are connected via the covalent bonds. A bulk MX2 crystal consists of several MX2
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Graphene WS2
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Figure 2.2: (a) Band structure of graphene near the K(K’) point shows a linear energy-
momentum dispersion. A parabolic band structure of a monolayer WS2 has spin-split con-
duction (shown below in Fig. 2.2(b)) and valence bands near K and K’ symmetry points. The
dashed line denotes the Fermi energy EF of the electrons. (b) Line-representation of the band
structures with n-type doping, i.e. EF is close to the conduction band.

MLs stacked on each other via the van der Waals interactions, similar to graphene,
and they can be cleaved into thinner layers up to single layer by the same scotch-tape
method. The electronic and optical properties of a TMD can be tuned depending on
the number of electrons in d-orbital of the constituent transition-metal. Also, be-
cause of different crystal symmetries, these properties can be tuned with respect to
the number of layers. For example, a bulk WS2 exhibits indirect band gap around
1.3 eV which is enhanced up to � 2 eV, while reducing the number of layers down
to a monolayer WS2 [12, 13]. Because of the presence of a sizable band gap, it is suit-
able for the electronic and optoelectronic applications [14]. However, for electronic
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applications, low mobility and the presence of a Schottky barrier at the contact-TMD
interface [15] hinders the efficient charge injection and high current on/off ratio [16].
The Schottky barrier hight can be reduced by choosing a low work function material
[17] and by introducing an insulating tunnel barrier such as Al2O3 or hBN between
the metal and TMD. The mobility of the transport channel can also be enhanced by
more than an order of magnitude by the encapsulation of MX2 with insulating hBN
crystals [18–20] . For a bi-layer WS2, the carrier mobility � 300 cm2V−1s−1 (at T=83
K) has been reported [15], which can be even enhanced further, and is comparable to
the mobility of low quality CVD graphene [21].

TMDs not only have a desirable band gap but also offer rich properties that are
either missing or difficult to realize in graphene. Due to lack of inversion center
in odd number layer TMDs, they have inequivalent K and K’ valleys in the BZ, as
shown in the band diagram of a single layer TMD in Fig. 2.2. These valleys acquire
a finite Berry curvature and orbital angular moment due to a contribution from the
d-orbitals of the transition metal ’M’ that are opposite in sign for both valleys. When
circular polarized light is shone on a TMD, it excites the electrons from the valence
band to the conduction band only in one valley due to optical selection rules. In
presence of a nonzero Berry curvature which acquires opposite signs for each valley,
the electrons moving in a finite electric field acquire a nonzero anomalous velocity
perpendicular to the applied electric field. The electrons in K and K’ valleys therefore
move in opposite direction [22]. This effect, analogous to the Spin-Hall Effect (SHE),
is known as Valley Hall Effect (VHE). Due to the spin-orbit coupling, both effects can
be observed together in odd-layer TMDs. For even-layer TMDs, no valley effect is
expected. Since each valley acquires a finite magnetic moment at K and K’, which
is oriented perpendicular to the plane of the 2D crystal, on applying an out of plane
magnetic field, electrons in different valleys move in opposite directions with respect
to the Fermi energy. This phenomenon is referred to as the Valley-Zeeman effect [23,
24]. TMDs also exhibit Rashba spin-orbit coupling which can generate efficient spin-
to-charge conversion compared to bulk materials. This effect is known as ’Inverse
Rashba-Edelstein Effect’, and is analogous to the inverse spin-Hall-effect [25, 26].

The lattice structure and the optical images of the 2D-materials discussed above
are shown in Fig. 2.1

2.4 hBN-Graphene and WS2-Graphene Heterostructures

Graphene, via its π/ (pz) orbitals can interact with the neighboring material. How-
ever, this interaction being weak, graphene can preserve its band structure and still
can adopt the foreign properties such as opening of a band-gap at K(K’) point, and an
enhanced spin-orbit coupling (SOC) [27–29], Zeeman interaction [30] and exchange
splitting [31] from the host material, which are missing in pristine graphene. This
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(a) (b) (c)

WS2-Graphene hBN-Graphene

Boron (B)
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Figure 2.3: (a) Top view of a WS2-graphene heterostructure. Due to a mismatch in the lattice
constants of graphene (a=2.46 A◦) and WS2 ((a=3.18 A◦)), these structures do not align and.
On the other hand, due to almost matched lattice constants of graphene and hBN (a=2.5 A◦),
(a) graphene (gray lattice) and hBN and almost aligned, with a position of one carbon atom
on B and another on N, or (b) one carbon atom in the center and the other on B or N.

unique ability of graphene makes it an attractive platform for studying proximity
induced effects.

The induced properties depend both on the lattice constant and constituent atoms
of the stacked material. For example, graphene and hBN have similar lattice con-
stants, as schematically demonstrated in Fig. 2.3(b)-(c). As a result, a carbon atom on-
top of a boron atom and the neighboring carbon atom on-top of a nitrogen atom, ex-
perience different periodic crystal potentials, which allows to open up a finite sized
band-gap in graphene [32]. The commensurability of the structure, i.e. the relative
alignment angle between the hBN and graphene crystallographic axes is important
to observe moiré patterns [33]. Since hBN consists of light atoms, i.e., boron and
nitrogen, it can not induce any SOC in graphene. On the other hand, TMDs, having
larger lattice constants than graphene, as shown in Fig. 2.3(a), are relatively insen-
sitive to the commensurability. However, having intrinsic SOC due to the presence
of d−orbitals in transition metals, they can interact with the π orbitals of graphene,
and have shown to induce almost 100-1000 times larger SOC in graphene [28, 34],
compared to its pristine state [7].

In addition to the induced SOC, the sublattice symmetry is also broken at the
graphene-host material interface, which allows the possibility of inequivalent valleys
in graphene and valley-related effects [35] and also the Rashba SOC at the interface
[29, 34]. These effects are discussed in detail in ch. 11 of this thesis.

In summary, a coupled spin-valley physics with spin-orbit coupling in TMDs
and graphene-TMD heterostructures offers an exciting platform to explore a variety
of physical phenomena that can add novel functionalities to the future electronic
devices.
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Chapter 3

Principles of Graphene Spintronics

Abstract

Spintronics studies spin-related effects in mainly transport properties of materials and
and devices, often at nanoscale. In this chapter, I present basic concepts of spintronics
which are extensively used to analyze the experiments in this thesis. I first explain the
concept of electrical spin injection into a nonmagnet by a ferromagnet. Then, I discuss
the nonlocal spin-valve measurements for detecting spin-signals, followed by Hanle spin-
precession measurements that help to extract the spin-transport properties of the nonmag-
netic spin-transport channel. In the second half of the chapter, I summarize the dominant
spin-relaxation mechanisms in graphene, followed by a brief review of the effect of im-
purities on the spin-relaxation process. A recently developed pickup-transfer method has
made it possible to realized graphene-2D material heterostructures and study the effect of
the substrate on spin-relaxation processes with a possibility of coupling the electron spin
with other, such as ’valley’ degrees of freedom. I also review the basic concepts of substrate
(transition metal dichalcogenide)-induced and electric-field induced SOCs in graphene,
which can be used to artificially enhance the intrinsic SOC of graphene and can lay a
foundation for the graphene based spin-valleytronic devices.
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3.1 Electrical Spin Injection

The charge conductivity (σ) of a FM in a two-channel model [1] is defined as:

σ = σ↑ + σ↓ (3.1)

and
σ↑,↓ = De2v↑,↓(EF ) (3.2)

where σ↑,↓ is the conductivity for the spin up (down) electrons with respect to the
magnetization axis of the ferromagnet, ’D’ is the diffusion coefficient of the material,
’e’ is electronic charge and v(EF ) is the density of states (DOS) at the Fermi energy
EF . For a ferromagnet, v↑(EF ) �= v↓(EF ), therefore, a current flowing through the
FM is spin polarized.

For a nonmagnetic (NM) material: v↑(E)=v↓(E). A charge current flowing through
a FM-NM system, generates a non-equilibrium spin accumulation close to the FM-
NM interface, which decays in the bulk of both magnetic and nonmagnetic mate-
rial at a distance away from the interface. The spin accumulation µs is defined as
µs = (µ↑ − µ↓)/2 [2]. In case of spin injection, spin accumulation µS0 at the injection
point is given by the formula [3]:

µS0 = PiIRλ (3.3)

where Pi is the spin-injection efficiency of the injection electrode, Rλ = Rsqλs/W is
the channel spin resistance, in the characteristic spin relaxation length λs, W is the
channel width, and I is the DC injection current. The spin-accumulation µs(x), x
distance from the injector electrode is:

µs(x) = µS0exp(−x/λs) (3.4)

and the detected non-local voltage Vnl at x = L is given by:

Vnl(x = L) = µs(L)× Pd =
PdPiIRsqλexp(−L/λs)

2W
(3.5)

where Pd is the spin-detection efficiency of the detector electrode [4].

3.2 Spin-valve Measurements

Figure 3.1(a) shows the measurement scheme for spin injection and detection in a
lateral spin valve geometry. For the spin-valve measurements, we pre-magnetize
all the electrodes along their easy axis of magnetization, here the -y axis. When
all ferromagnets are magnetized in the same direction as shown in Figure 3.1(b) (-y
direction), FM1 injects a positive spin-accumulation with the electron spins having
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Figure 3.1: (a). A four probe nonlocal connection scheme for lateral spin-valve measurements.
A charge current is injected between electrodes FM2 and FM1 while a non-local voltage is
detected between electrodes FM3 and FM4. An oxide tunnel barrier such as TiO2 or Al2O3

is deposited between the ferromagnet and graphene. (b) A sketch of the spin accumulation
profile when both the injectors are aligned in the same direction (+y direction). The dotted red
(green) curves denote the individual contribution of FM1 (FM2), and the black (blue) curve
represents the net spin -up (-down) chemical potential along the channel. A positive non-local
voltage is detected as VNL = VFM3 −VFM4 corresponding to black dots in the curve. (c) An anti-
parallel configuration leads to a larger spin accumulation and an enhanced Vnl is detected.

their quantization axes in +y direction and FM2 will extract the spins along this di-
rection. The spin accumulations, created by each of these electrodes decay according
to Eq.3.4. For simplicity, FM4 is taken far from the injection circuit where µs = 0,
and serves as a reference electrode. Since all electrodes have the same magneti-
zation direction, FM3 detects a positive nonlocal voltage with respect to the back-
ground, corresponding to a positive spin up chemical potential underneath the de-
tector. Now, a magnetic field along +y axis, reverses the magnetization direction
of FM2 at

−→
B = +B0ĵ, aligning it along +y-axis. It, then extracts a negative spin-
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Figure 3.2: (a) Spin-valve signal for a graphene flake on SiO2 as a function of in-plane mag-
netic field B||. Three switches are observed because of the contribution of the outer injector.
Black (red) arrow denotes the magnetization direction of the injector (detector) (b) Hanle spin-
precession measurements as a function of an out-of-plane magnetic field B⊥ with the FMs
premagnetized in config. ↓↑↑ (black curve) and config. ↓↓↑ (red curve).

accumulation or in other words, injects a positive spin-accumulation, resulting in an
enhanced positive spin accumulation in the channel. On increasing

−→
B further, the

magnetization of FM1 is reversed along the +y direction as well. Now, both injectors
are aligned opposite to the detector. This situation is similar to the first case when all
the electrodes are aligned along-y-axis, except the detector magnetization direction.
FM3 detects the same magnitude of the spin-accumulation with respect to the back-
ground, but with a negative sign. The ferromagnets are defined to be in a parallel (P)
configuration when the inner injector and detector electrodes have their magnetiza-
tion axis in the same direction, in an anti-parallel (AP) configuration for the opposite
case. Finally, by increasing

−→
B further, FM3 is also aligned along the +y-axis. This

situation is same as the first case when all electrodes had their magnetization axes in
the same direction, leading to the same nonlocal voltage. A spin valve measurement
for a graphene device with three switches are is shown in Fig. 3.2(a).

3.3 Hanle Spin Precession Measurements

Spin valve measurements can only provide the information about the switching field
of the electrodes and the magnitude of the non-local signal. To extract the informa-
tion about the spin transport properties (λs, τs), we perform Hanle measurements.
For this, a magnetic field B⊥ is applied perpendicular to the plane of the device. The
ferromagnetic electrodes are magnetized in a specific configuration (parallel or anti-
parallel) in advance by applying an in-plane magnetic field. Their magnetization
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state does not change while applying an out-of-plane magnetic field unless a high
out of plane field is applied. On applying B⊥, the spins in graphene precess around
around B⊥ with a frequency −→ωL and the spin transport is modified in two ways: 1)-
On increasing the magnetic field B⊥, it increases the dephasing of the spins in the
channel and reduces the net spin accumulation at the detector. 2)- the magnetic field
also provides an averaged precession to the spin-accumulation and results in an os-
cillatory change in the sign of the spin voltage on increasing the magnetic field. Both
changes are reflected in the non-local spin signal on increasing the B⊥ magnitude
[4, 5].

The dynamics of µs in the presence of a magnetic field is given by the Bloch
equation:

d−→µs

dt
= Ds�2−→µs −

−→µs

τs
+−→ωL ×−→µs (3.6)

with spin diffusion constant Ds, spin relaxation time τs and the Larmor frequency
−→ωL = gµB/h̄

−→
B . For

−→
B = 0 and at the stationary state dµs/dt = 0, the solution to

Eq.3.6 has µs ∝ exp(−x/λs). Here λs =
√
Dsτs is the spin diffusion length.

Fig. 3.2 (b) shows a typical Hanle measurement for the parallel (↑↑) (black curve)
and the anti-parallel (↑↓) (red curve) configuration. Here, ↑↑ (↓↑) denote the relative
magnetization directions of the inner injector and detector electrodes. In order to
remove the background contribution, the Hanle signal for the anti-parallel configu-
ration is subtracted from the signal in parallel configuration. The resultant signal,
i.e., (RP

nl − RAP
nl )/2, is fitted with the solutions to the steady state Bloch equation

(Eq. 3.6). From the fitting, we extract the spin diffusion coefficient (Ds) and the spin
relaxation time (τs). When the extracted Ds and τs are put into eq. 3.5, one can also
estimate the contact polarization P =

√
PiPd.

3.4 Spin Relaxation in Graphene

3.4.1 Spin-Orbit Coupling in Graphene

Graphene is considered to be an ideal spintronic material due to low intrinsic spin
orbit coupling (SOC) of about ∼ 1µeV [6]. However, according to first-principle
calculations, the contribution of d orbitals to the band-gap opening due to σ − π

bond mixing caused by the ripples and substrate roughness, enhances this value up
to ∼ 25-50 µeV [7, 8].

In the absence of SOC, the electronic band structure around K(K’) point is de-
scribed by the Hamiltonian Ho=h̄vF × (τkxσx+kyσy) where kx and ky are the Carte-
sian coordinates of the wave vector k around K(K’) point, vF is the Fermi velocity of
the Dirac electrons, σx,σy are the Pauli matrices operating on the pseudospin space
formed by triangular A and B sublattices of graphene, and τ is the valley index =
1(-1) for K (K’) valley.
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Intrinsic SOC in graphene is described by the effective Hamiltonian HSO=τλIσzsz ,
where λI is the SOC strength and sz is the spin Pauli matrix. This is the Hamilto-
nian proposed by Kane and Mele [9], where a very small spin orbit gap is present.
The space and time reversal symmetries, and therefore the spin degeneracy of the
bands are also preserved in this system. In the presence of a transverse electric field
or due to a substrate potential, the space inversion symmetry is broken which gives
rise to the splitting of the valence and conduction bands at each momentum, similar
to the Bychkov-Rashba type spin-orbit coupling, as shown in Fig. 3.3. The Hamil-
tonian for the Rashba SOC is written as HR=λR(τσxsy + σysx) where λBR is the
Bychokov-Rashba SOC strength, and sx, sy are the spin Pauli matrices. However
due to constant velocity of Dirac electrons in graphene, the splitting is momentum
independent.

ε

k
ΔSOkSO

ε

k
ΔSO

αk

(a) (b) (c)

Figure 3.3: (a) Band splitting in a monolayer TMD and (b) ML graphene, due to the presence
of a surface Rashba SOC. Red and Green sub-bands denote the opposite spin-split sub-bands.
Here, spin-up (red) and -down (green) arrows only represent the opposite orientation of the
spins in kx − ky plane. (c) top view of the in-plane spin components in the kx − ky plane.

3.4.2 Spin Relaxation

In order to explain the low spin relaxation time (τs) in contrast with the theoretical
expectations, following mechanisms have been considered to be responsible for a
high spin relaxation rate in graphene:

Elliot-Yafet (EY) Mechanism

This mechanism explains the spin relaxation by spin-flip during a scattering event.
In the presence of weak spin-orbit coupling λI , a spin is an admixture of spin ’up’
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and spin ’down’ states. When a spin ’up (down)’ electron is scattered by a spin
conserving way by an impurity or a phonon, it has a finite probability of ending up
in spin ’down (up)’ state [10]. For EY type spin relaxation, an enhancement in the
scattering events gives rise to more spin-flips and an enhanced spin-relaxation, i.e.,

1

τs
=

λ2
I

ε2F

1

τp
(3.7)

Here εF is the Fermi energy of the charge carriers in graphene and τp is their
momentum scattering time.

Dykonov-Perel (DP) Mechanism

The DP mechanism explains the spin-relaxation in the presence of SOC due to bro-
ken structural inversion symmetry. A Rashba-type spin orbit coupling is induced in
graphene when the spatial-inversion symmetry is broken. Between the two scatter-
ing events, the spins precess in an effective spin-orbit field governed by λBR. Since
the Rashba SOC couples the electron spin with its direction of motion around the
field, the sense of precession is reversed during the scattering event, which is known
as ’motion narrowing’ of the spin. With more scattering events, there is an enhanced
motion narrowing and the spins dephase less in the spin-orbit field. Therefore, τs is
enhanced by more scattering, i.e.,

1

τs
=

λ2
BR

h̄2 τp (3.8)

Resonant Scattering Mechanism

According to recent studies of spin transport [11] and weak localization measure-
ments [12], magnetic impurities with randomly oriented magnetic moments in graph-
ene, even when present only at small concentrations (∼ 1 ppm), are responsible for
the enhanced spin-flip events and a reduced τs in graphene. This highlights the role
of magnetic impurities as powerful scatterers. When the electron spins are near these
scattering centers, they precess around the impurities in their exchange fields. When
trapped by (quasi) resonant states, their proximity dwell time strongly increases.
When the spin escapes the impurity, it has equal chances of coming out as a spin-up
and spin-down, i.e. τs equals the spin-flip rate and with the broadening of the reso-
nant energies due to different effects, it can lead to the experimentally observed τs of
∼ 100 ps.
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3.4.3 A Summary on Role of Impurities in spin-relaxation in Graph-
ene

Impurities present in graphene are expected to affect the intrinsic spin relaxation
time (τs) significantly and reduce it to the experimentally observed values of 100
ps-1 ns. In presence of the impurities, τs is reduced via three possible mechanisms:

• Via the EY mechanism: an impurity can increase the SOC locally by forming
a sp3 bond with the carbon atom in graphene [13]. Due to distortion of the
graphene lattice, a local magnetic moment is formed at the carbon site which
gives rise to enhanced spin-flip scattering [14]. The spin relaxation rate is then
enhanced with the defect density, giving rise to the EY type spin-relaxation
[10].

• Via the DP mechanism: the impurities present in the substrate or in graph-
ene can give rise to spatially fluctuating Rashba spin orbit field, resulting in a
motion narrowing and the possibility of the DP spin-relaxation [15].

• Via the resonant scattering mechanism [16]: when the impurity has a magnetic
moment such as in the case of hydrogenated graphene or magnetic impuri-
ties, it can dephase the spins drastically, even present in a small concentration
(1ppm).

Many experiments have explored the role of impurities on the spin-relaxation
processes in graphene, either by introducing the impurities externally [11, 17–19], by
hydrogenation [20, 21] or by studying the effect of impurities, intrinsically present
in graphene by weak localization [12] or spin-noise measurements [22]. However,
all these studies ending up in providing different explanations, probably depend on
the source of the impurity and the sample preparation method [14, 20, 23].

The effect of charge impurity scattering was studied in ref. [18, 19] and no signif-
icant effect on τs was observed when changing τp and the mobility, which rules out
significant contributions from charge scattering on the spin relaxation in graphene.
The effect of heavy metal such as Au, was explored to study the effect of enhanced
SOC in graphene [17]. A modest increase in τs was observed with increasing gold
concentration and reduced τp, indicating that the DP mechanism causes spin relax-
ation.

Introducing magnetic moments by hydrogenating graphene [20] and formation
of defects [24] cause enhanced spin-precession with the enhanced spin-flip scattering
in the latter case, which is a signature of EY type spin relaxation.

In ch.6 of this thesis, I study the effect of magnetic impurities on spin transport in
graphene using cobalt-porphyrin molecules and show that the presence of magnetic
centers enhances the spin-flip scattering, suggesting the EY type spin relaxation in
the presence of magnetic impurities [11].
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Lundenberg et al. [12] studied the effect of the impurities in graphene by weak lo-
calization experiments [12] and concluded that the magnetic impurities, even when
present in only small concentration can drastically enhance the spin flip processes.
In ch. 7 of the thesis, I study the effect of the impurities on spin transport by spin-
dependent 1/f noise measurements and come to the same conclusion, viz that (mag-
netic) impurities in graphene affect the spin relaxation process drastically, which
might result in a very short spin relaxation time in graphene.

In summary, most experimental efforts point towards impurities with magnetic
moments as the main culprit degrading the spin transport in graphene, which should
be studied more carefully in the future in order to improve the figure of merit of
spintronic devices.

3.4.4 Effect of Substrate on Spin-transport

Graphene tends to conform to the substrate topography, therefore acquires extrinsic
properties that depend on the substrate lattice constant and its constituent atoms.
Graphene interacts with the substrate atoms by weak van der Waals interactions
which do not significantly affect its charge transport but it can acquire some proper-
ties of the host substrate such as a sizable band gap at the Dirac point, an enhanced
intrinsic spin-orbit coupling, Rashba SOC due to breaking of inversion symmetry,
and spin-valley coupling, all are either lacking or have a very small magnitude in
pristine graphene.

Graphene on an insulating hBN (Eg ∼ 6 eV) substrate, due to their almost matched
lattice constants, the hBN-Gr heterostructure is nearly commensurate. The carbon
atoms in the A and B sublattices lie on top of Boron (B) and Nitrogen (N) atoms, re-
spectively and experience a different crystal potential, referred as ’staggered’ poten-
tial. For a commensurate graphene-hBN heterostructure, a finite band gap of about
50 meV is expected to open up at the Dirac points K (K’) [25]. However, in experi-
ments, such values are not realized due to incommensurability of graphene on the
substrate [26], which averages out the effect. Due to breaking of the sublattice sym-
metry at the interface, a Rashba SOC should also exist. However, it is not observed in
the absence of interacting d-orbitals from the hBN substrate [27]. Unlike the Si/SiO2

substrate, the hBN substrate is atomically flat and does not have dangling bonds at
the interface to the graphene. This helps in mitigating the effect of substrate induced
ripples and charge inhomogeneities in graphene and enhances the mobility by more
than an order of magnitude [28–30]. For a high mobility graphene, the coexistence
of EY and DP mechanisms was reported by Zomer et al. [29], similar to graphene on
SiO2, indicating that external impurities and contacts might play an important role
rather than the substrate in limiting τs in graphene. For low quality samples (µ <

1000 cm2V−1s−1), the spin relaxation is dominated by the EY mechanism [31].
Graphene on a TMD substrate (WS2 in this thesis) is particularly interesting for
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Figure 3.4: (a) Graphene on WS2 substrate. A finite band gap in the order of meV [32, 33] is
expected by the sublattice symmetry breaking, as well as spin-split valence and conduction
bands in graphene. (b) A schematic for Valley-Zeeman effect in graphene on WS2 at B⊥ =0
and B⊥ �=0. Due to orbital magnetic moments, perpendicular to the graphene plane with
opposite in signs for K and K’ valleys, a B⊥ induces different numbers of spin-up (red) and
-down (black) states at the Fermi energy (green dashed lines) in the valleys, which constitutes
the valley Zeeman effect.

several reasons. The effective Hamiltonian for a graphene-TMD heterostructure is
represented by:

H = H0 +Hλ +HI +HR (3.9)

Here H0 is the Hamiltonian for pristine graphene without SOC, HI is the intrinsic
SOC in graphene, Hλ and HR are the spin-orbit Hamiltonians for the valley-Zeeman
and Rashba SOC. Similar to hBN, a TMD substrate also induces a staggered potential
in graphene by sublattice symmetry breaking which may induce a band gap and
different magnitudes of intrinsic SOC in A and B sublattices, along with the Rashba
SOC.

However, the incommensurability between graphene and TMD crystals reduces
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the induced band gap to the order of a meV [32]. The host TMD has a large in-
trinsic orbit coupling due to the contribution of d-orbitals of the transition metal
(Mo,W). Because, the TMD d-orbitals can couple with the graphene π band, it in-
duces a large SOC in graphene as well as a Rashba SOC at the TMD-graphene inter-
face, both of in the order of ∼ 10 meV [34, 35]. The induced SOC is 1000 times higher
than in pristine graphene, which opens up a possibility to realize the Quantum Spin
Hall Effect (QSHE) and Anomalous Quantum Hall Effect (AQHE) in graphene. The
SOC splits the valence and conduction bands in graphene and lifts the spin degen-
eracy by the intrinsic valley-Zeeman SOC and the Rashba SOC at the interface [33].
This can also cause an anti-crossing of the spin-split bands for a large induced SOC
which can lead to a topologically conducting state in the graphene band gap [36].
Because the valley K(K’) acquires spin selectivity in the presence of a staggered po-
tential and SOC, i.e., spin ↑ (↓) has a preference towards valley K(K’), graphene-
TMD heterostructures offer a unique platform to study the spin-valley Hall and
valley-Zeeman effects in graphene [37](Fig. 3.4(b)). Recent magneto-conductivity
experiments demonstrate clear signature of proximity induced SOC by weak anti-
localization [33–35, 38], which leads to an estimation of the SOC in the range of 5-15
meV, along with a meV size valley-Zeeman splitting.

The interplay between the valley-Zeeman SOC (λV) and Rashba SOC (λR) can
also be detected in the anisotropy of the out-of-plane τ⊥s and in-plane τ ||s spin-relaxation
times [39]. A large τ⊥s /τ

||
s ∼ 5-10 is an indication for a high intervalley scattering rate

of the electrons. In this case, the in-plane spins experience a motion-narrowing, i.e.,
their sense of precession is reversed while being scattered from one valley to another
valley due to the reversal of the SOC field direction in each valley, analogous to the
DP type scattering, i.e., 1

τ
||
s

=
λ2

V
h̄2 τiv, where τiv is the intervalley scattering time. The

out-of-plane spins, on the other hand are dephased by the in-plane Rashba field λR

with motional narrowing during momentum scattering, resulting in a DP type spin-
relaxation: 1

τ⊥
s

=
λ2

R
h̄2 τp, where τp is the momentum relaxation time. Usually λV > λR

and τV > τp, which results in a higher τ⊥s than τ
||
s , as was found by Ghiasi et al. [40].

When the intervalley scattering is weak, the in-plane spins experience a constant
λV and get dephased only by time fluctuations, not the out-of plane SOC. The out of
plane spins get dephased by λR in the same way with τ⊥s /τ

||
s ∼ 0.5, which is typical

for the Rashba systems. In this case, B⊥ can modify the spin-orbit coupling in each
valley. Since electrons in K and K’ valleys have opposite and equal orbital magnetic
moments µB, the effective valley-dependent SOC at K(K’) is ≈ +(−)gµBB⊥ + 2λV.
This can create an imbalance in the spin-accumulation of each valley via different
spin-relaxation rates, that would increase with the magnetic field B⊥.
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3.4.5 Electric Field induced Spin orbit Coupling

The in-plane Rashba SOC can be induced in graphene by applying an out of plane
electric field generated by top and bottom gates. The induced SOC strength is also
controlled by the external electric field [30] via electrical gating and provides a plat-
form for the realization of a Datta-Das spin-transistor [41].
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Chapter 4

Theory of Noise

Abstract

In experiments, noise is often considered as an unwanted random signal that limits the
measurement accuracy of the signal of interest. The statistical accuracy of a measurement
can be quantified by the signal to noise ratio (SNR). However, noise can also provide
fundamental information on the system dynamics. Some of the sources of electrical noise
are carrier traps, energy barriers, current redistribution in inhomogeneous materials,
defect motion and thermal fluctuations. In the first half of this chapter, I describe the
basic concepts such as definition and types of electrical noise and its potential sources
producing such fluctuations. In the second half, I briefly discuss about the noise that
depends on the external magnetic field, such as ’magnetic noise’ in ferromagnets, and
the noise caused by a spin-accumulation present in non-magnetic materials, termed as
’spin-relaxation noise’.



4

36 4. Theory of Noise

Noise is a statistical signal. Signal fluctuations in time domain, when trans-
formed to frequency domain, can be characterized in form of a power spectrum.
From Parseval’s law [1], a correlation function R(τ), which represents the fluctua-
tions in time domain, is equivalent to its power spectrum S(ω) i.e. power per unit
frequency in the frequency domain:

Rv(τ) =
1

2π

�
Sv(ω)e

iωτdω (4.1)

where Rv(τ) (units V 2/s) is the correlation function of voltage over time τ . Physi-
cally speaking, the correlation function tells us about the characteristic time scale τ

on which the fluctuations are related. For example, random fluctuations are repre-
sented by the delta function, which implies that the fluctuations are not correlated at
all.

Based on its frequency dependence, noise can be classified into two main cate-
gories:

• White noise

• Coloured noise

The average root mean square (rms) value of the white noise is frequency indepen-
dent. On the other hand, colored noise is frequency dependent. There are two im-
portant types of white noise : Thermal noise and Shot noise.

4.1 White noise

4.1.1 Thermal Noise

Thermal noise was first measured by J.B. Johnson. He measured voltage fluctua-
tions in various types of resistors without applying any current/voltage [2]. John-
son, along with his colleague H. Nyquist, found a universal relation between the
voltage fluctuations and the resistance of the sample, which is given by:

SThermal
v = 4kBTR (4.2)

or
VThermal =

�
4kBTRΔf (4.3)

Here SThermal
v is the thermal noise power spectral density in V2 Hz−1. VThermal is the

measured rms noise voltage. kB = 1.38 × 10−23 J/K is the Boltzmann constant, T
is the temperature of the sample and Δf is the noise measurement bandwidth in
Hz. Thermal noise is also known as Johnson- Nyquist noise. It originates due to
temperature assisted fluctuations in the number of charge carriers and is observed
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as voltage fluctuations at equilibrium in the transport channel [3]. Since the source
of these fluctuations is Gaussian (due to the Brownian motion of the carriers), the
nature of fluctuation amplitude has a Gaussian distribution.

4.1.2 Shot Noise

Shot noise, also like thermal noise, is ’white’ in nature. Shot noise was first observed
by Walter Schottky while measuring the emission current in vacuum tubes. At the
cathode surface, there are trap states which make the emission of the electrons ran-
dom. This randomness is observed as fluctuations in the emission current. Random-
ness of the fluctuations follows the Poissonian statistics which gives the fluctuation
magnitude:

Sshot
I = 2IDCeF (4.4)

or in terms of voltage power spectrum:

Sshot
v = 2IDCeFR2 (4.5)

Vshot =
�
2IDCeFR2Δf (4.6)

here Sshot
v is the shot noise power spectral density in V2 Hz−1 and Sshot

I is the shot
noise power spectral density in A2 Hz−1. Vshot is the shot noise rms voltage, IDC

is the DC current flowing through the channel, e=1.602 × 10−19 C is the electronic
charge, R is the sample resistance, F stands for the ‘Fano’ factor. The Fano factor
varies in following ways, depending on the transport type [4]:

• F=0, if there is no shot noise generated in the channel. That is the case for
absolute transmission, for example in quantum point contacts.

• F =1, if there is transmission only due to burst or random emission of the
charge carriers, as in the case of vacuum tubes and tunnel barriers .

• and 0 ≤ F ≤ 1 for the diffusive transport (≈ 1/3) [5].

The origin of the shot noise is due to the quantized nature of charge carriers.
Shot noise is observed only when the flow of charge carriers is unidirectional, i.e.,
< IDC >�= 0, and every charge carrier is independent. This is the reason why we
observe shot noise in p-n junctions [6] while normal metal resistors do not exhibit
any shot noise.
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4.2 Colored noise

4.2.1 Flicker Noise

Flicker noise, also known as pink noise, is a frequency dependent noise and can be
quantified by the following equation:

SV
1/f =

γHV
2

Nfα
(4.7)

or

SV
1/f =

γHIDC
2Rsample

2

Nfα
(4.8)

where SV
1/f is the noise power spectral density of the fluctuations in V2Hz−1, N is

the total number of charge carriers in the transport channel, f is the frequency in
Hz, α is a real number exponent and γH is called the ‘Hooge Parameter’ which is a
characteristic quantity of the material and quantifies the materials’ noisiness. γH is
dimensionless when α = 1. In this case, the flicker noise is known as 1/f noise. In
most of the cases α ≈ 1 but it can also range between 0.8 and 1.4 [7]. An average
rms voltage V measured across the sample, can also be rewritten as a product of IDC

flowing in the sample and the sample’s resistance Rsample, (Eq.4.8). Although 1/f
noise is intrinsically present in the sample, there has to be a net nonzero current flow
in order to measure the 1/f noise [8].

Flicker noise is one of the most studied and still unsolvable phenomena in sci-
ence. The mathematical aspect which makes it interesting is that the variance of the
process which can also be written as

�
SV
1/fdf , should diverge at any positive expo-

nent value. However, in reality we never observe an infinite variance. Therefore,
there must be a cut-off frequency below which the behavior of the spectrum changes
and the integral

�
SV
1/fdf converges. A lot of models have been proposed to explain

this behavior. A nice summary of those models is provided in reference [9].
An activated random process with a single characteristic time τ has a Debye-

Lorentzian spectrum:

S(ω) ∝ τ

1 + ω2τ2
. (4.9)

If τ is uniformly distributed between τ1 and τ2, Eq.4.9 follows a S(ω) ∝ ω−1 form.
To explain the 1/f noise in semiconductor field-effect transistors, McWhorter [10]
proposed that the 1/f noise in this system arises due to fluctuations in the number
as well as mobility of the charge carriers. Both types of fluctuations may be due to
trapping-detrapping of the carriers by impurities present in the transport channel. It
is the same idea of the activated random processes described by Eq.4.9, just with a
distribution of τ . Another model proposed by Voss and Clarke [11], also known as
‘Thermal fluctuation model’ tries to couple the fluctuations in the resistance with the
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temperature fluctuations:

�ΔV 2�
V 2
DC

=
�ΔR2�
R2

(4.10)

with

�ΔR2� = (dR/dT )2Cv
−1kBT

2 (4.11)

Here Cv is the specific heat of the material. As Cv ∝ N, Eq.4.10 has the same form
as presented by the Hooge equation (Eq.4.7). However, this model fails to explain
the large macroscopic noise in semiconductor devices. For metals which have large
dR/dT, Eq.4.10 quantifies the fluctuation magnitude successfully. Until today no for-
mal explanation exists for the origin of 1/f noise.

For graphene, several noise measurements have been reported over the years
[5, 12–14]. Since graphene is a 2-dimensional sheet, it offers a unique platform to
probe the physics behind the surface versus volume dependence of the 1/f noise
[15]. For the flicker noise measurements in graphene, typical values of the Hooge
parameter γH are in the order of 10−4 to 10−3. γH magnitude goes down as the
number of graphene layers increases. The reason for the lower noise in multilayer
layer graphene is explained by the screening of the charge fluctuations by the outer
layers [7]. Flicker noise has also been studied as a function of charge carrier density
in graphene field effect transistors. The Hooge parameter as a function of back-
gate voltage (carrier density) shows different behaviors for single, bi and few layer
graphene, described in detail in references [7, 14].

Graphene also exhibits the shot noise. Typical values for the Fano Factor (F),
reported in graphene are in the range of 0.29-0.40 [5, 12]. Graphene exhibits a very
high 1/f noise due to its surface sensitivity towards impurities, therefore, the shot
noise measurements have to be performed at very high frequencies (f > 1MHz) and
low temperatures where the thermal and 1/f noise contributions are negligible.

We can estimate the total noise in graphene by adding the individual contribution
from the thermal, shot and 1/f noise given by Eqs. 4.2, 4.5 and 4.7, respectively.

We obtain the spectra shown in Fig. 4.1, using typical values for γH ≈ 10−3,
graphene resistance Rsample ≈ 1kΩ, n ≈ 1012 cm−2, sample area A ≈ 1 µm2, α = 1

and F = 0.33. At room temperature (300 K) the thermal noise is much higher than
the shot noise level (Figure 4.1(a)) and we only see a crossover between the thermal
and the 1/f noise. While reducing the temperature to liquid helium temperature
(4K), the thermal noise is below the shot noise level for reasonable currents (≈ µA)
and we can now see the crossover from 1/f noise to the shot noise level. It can be
understood from Figure 4.1(b) why shot noise is measured at very high frequencies
(≈ MHz) and low temperatures.
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Figure 4.1: Estimation of the total noise spectrum for a graphene device at (a) T=300K and (b)
T=4K for different values of DC currents

4.3 Spin-dependent Noise

There exists a special class of noise in ferromagnetic materials, which unlike the
charge noise is sensitive to the external magnetic field and spin-dependent density
of states in the ferromagnets. In literature, this noise is termed as ’magnetic noise’.

In non-magnetic/paramagnetic materials, a finite non-equilibrium spin-accumulation
can be created using a ferromagnetic injector or via optical means. The spin accu-
mulation diffuses away and is brought into equilibrium via the spin-relaxation pro-
cesses due to the non-conserved nature of the spin-current. These ’spin-relaxation’
processes are believed to produce noise in the spin-current. The non-conserved na-
ture of the spin-current is reflected in a higher Fano-factor for spin-current than in
charge current for the shot-noise measurements [16, 17]. There is no standard term
for this noise. For further discussion, we call this noise ’spin-relaxation noise’.

4.3.1 Magnetic Noise

The ferromagnetic transport channel exhibits the noise due to magnetization fluctu-
ations along with the background electronic noise. Noise related to magnetization
fluctuations in the ferromagnet which also depend on the applied magnetic field,
has been studied in the GMR (Giant Magneto Resistance) and TMR (Tunnel Mag-
neto Resistance) geometry over the previous years and is a well understood phe-
nomenon. In a TMR structure, a low frequency flicker (1/f) noise is observed which
has its origin both from the magnetization fluctuations and nonmagnetic electronic
fluctuations. The first contribution is caused by the thermally activated domain wall
hopping and domain wall rotation [18, 19] and the later contribution comes from the
impurity states near the tunnel barrier or due to the non-ideal growth of the tunnel
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barrier [20]. There is also an alternative explanation that the spin-current exerts a
torque on the ferromagnetic electrodes, causing magnetization fluctuations [21–23].

4.3.2 Noise associated with Spin-accumulation

Since last decade, several theoretical proposals have surfaced, predicting the exis-
tence of noise in the spin-accumulation and in spin-current [16, 24, 25]. In fact, one
can measure the spin-accumulation via noise measurements which leads to the field
of spin-noise spectroscopy and establishes noise measurements as a probe for spin-
accumulation without the need of the ferromagnetic contacts [26]. One can also
study other fundamental aspects related to the spin-current and its behavior dur-
ing the transport, e.g., interaction of the spin-current with the underlying impu-
rities during spin-transport can be studied by measuring the noise in the low fre-
quency (1/f) regime. One can also probe the non-conserved nature of spin-current
via shot noise measurements for the spin-transport. In a recent experiment, Arakawa
et al. [27] have measured the shot-noise related to spin-accumulation and found the
same Fano factor for charge and spin-transport. They show that the non-equilibrium
spin-accumulation generates the spin-dependent shot noise, which depends on the
relative alignments of the ferromagnetic electrodes and there is negligible spin-flip
scattering during the spin-injection, confirming the fact that the spin-current is con-
served during the spin-injection process and the spin-up and spin-down channel
behave independently.

In case of graphene, the literature reported so far aims to study the noise associ-
ated with the electron transport in single, bi and few layer graphene [7, 13, 15, 28].
But there has been no experiments performed to measure the noise associated with
the spin transport.

In this thesis (refer to ch. 7 for details), we for the first time, measure the spin-
dependent 1/f noise in graphene in presence of the spin-accumulation via the cross-
correlation methods and also use the noise signal to estimate the spin-transport pa-
rameters in graphene. The extracted spin-transport parameters comply with those
obtained independently from the spin-transport measurements, and establish the
noise measurements as an alternative probe for measuring the underlying spin-
accumulation. For the 1/f regime, we quantify the charge and spin-dependent 1/f
noise with their respective noise magnitudes, and find that the noise magnitude for
the spin-dependent 1/f noise is three-to four orders higher than that for the charge
1/f noise and is modified with the spin-relaxation rate in graphene. The observa-
tions clearly support the hypothesis, that the finger prints of spin-relaxation can be
detected by measuring the noise in the spin-current and can be used as a tool to
further study the spin-relaxation processes.
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Chapter 5

Experimental Methods

Abstract

In this chapter, I describe the experimental techniques involved for fabricating the devices
in this thesis. The chapter starts with describing the methods for exfoliating different
2D-materials such as graphene, WS2 and hBN. Following this, I explain the dry-pick
up transfer method in detail which is used for fabricating the graphene-2D material het-
erostructures. In the second half of the chapter, I briefly mention the lithographic steps
for contact preparation and deposition. In the last part, I explain the electrical connection
scheme for charge and spin transport measurements.
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5.1 Sample Preparation

Substrate Preparation

We use a heavily n-doped silicon (Si) substrate with a 300 nm SiO2 insulating layer
which can be used as a capacitor with a capacitance ≈ 7.1×1010 cm−2V−1 (∼110 µF
m−2 is SI units). The n++ doped region is used as a back gate electrode. For cleaning
of the substrate surface we ultrasonicate it in acetone and then in isoprpoylalcohol
(IPA) solution for 2 minutes in each step. Further we bake the substrate in oven at
170◦C to get rid of the water molecules from the surface. We use these pre-cleaned
substrates for the exfoliation of graphene and hBN flakes.

5.1.1 2D Material Exfoliation

Graphene

Graphene source material comes in several forms and grades, which quantify the
impurity level present in the material. We use a Highly Orieneted Pyrolytic Graphite
(HOPG) crystal as a source material for this because the HOPG has a bigger surface
area with a very low amount of impurities. The scotch-tape method [1] is used to
cleave the HOPG crystal and transfer it onto a pre-cleaned SiO2/Si substrate. We
use an optical microscope to find the graphene flakes on the substrate. A contrast
in optical reflectivity helps to distinguish different numbers of graphene layers. The
optical contrast also depends on the oxide thickness and the wavelength of the light
source we use. Therefore, for each exfoliation we calibrate the contrast for a structure
with respect to the increasing number of layers, one by one (Fig. 5.1). The difference
in the optical reflectivity of the layers gives us the optical contrast of a single layer
graphene, which usually turns out to be around 4-6%.

Tungsten Disulfide (WS2)

Thin WS2 flakes down to few nanometers can be easily exfoliated on a polydimethyl-
siloxane (PDMS) substrate and similar to graphene, are identified by their optical
contrast. Exfoliation of WS2 on a PDMS stamp helps a direct polymer free transfer of
the desired flake onto a target substrate with the help of a transfer stage arrangement
( Fig. 5.2).

After the transfer onto a desired substrate, the WS2 flake is annealed in an Ar-H2

environment for two hours at 200-250◦C in order to remove the polymer residues
on the flake coming from the PDMS stamp. Though, this procedure has not shown
a significant improvement in the surface morphology. In an attempt to anneal at
higher temperatures ( 350◦C), the WS2 flakes were seen to crumble.
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Figure 5.1: (a) A few-layer-graphene flake after exfoliation on a SiO2/Si substrate. The optical
contrast varies with the flake thickness due to change in the optical reflectivity. The lightest re-
gion (with line profile a’-b’-a’) represents a single layer. The optical contrast (OC) of the single
layer is determined by measuring the difference in the OCs of the structures with increasing
no. of layers, as denoted by the line profile a-b-c. The difference in the OC between point b
and c is the contrast of a single layer. It can be seen in the optical profile in (b) with increasing
the no. of layers one by one, the optical contrast increases almost by the same amount. (c) The
optical profile of a single layer along the line a’-b’-a’.

(a) (b)
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Figure 5.2: (a) WS2 flake on a PDMS substrate and (b) on a SiO2/Si substrate after the transfer.

Boron Nitride

Boron Nitride (hBN) flakes are exfoliated in a similar way onto a pre-cleaned Si/SiO2

substrate. Boron nitride powder is bought from the external sources (HQ graphene)
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and few nm thick hBN flakes are obtained by the exfoliation in multiple steps via the
standard scotch tape method.

5.1.2 Dry Pick-up Transfer Method

The dry pick-up transfer recipe for making graphene heterostructures in the group
was developed and optimized by Zomer et al. [2] and Guimarães et al. [3]. I follow
the similar recipe with some modifications. In this method, a 3mm x 3mm x 1mm
PDMS stamp on a glass slide with a polycarbonate film covering the stamp is used.
The glass slide is mounted on a transfer stage equipped with a heater and an optical
microscope. The whole procedure is schematically demonstrated in Fig. 5.3. I pre-
pared four types of stacks with different combinations of 2D materials (hBN or WS2)
with graphene:

• stack I- top-hBN/graphene(Gr)/bottom-hBN

• stack II- top-WS2/Gr

• stack III- Gr/bottom-WS2

• stack IV- top hBN/Gr/bottom WS2

Figure 5.3: A step-by step schematic of the pick-up transfer method. Here, flake 1 and flake 2
are either WS2 or hBN.

Below, I summarize the full procedure for making a three layer flake 1/Gr/flake
2 stack where flake 1 is hBN and flake 2 can be either of the hBN or WS2 flakes:
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• First, a mask with a polycarbonate (PC) film, which is in contact with a PDMS
stamp on a glass slide, is mounted on the slide holder of a micro-manipulator.
A slide holder is an aluminum plate in which we can create vacuum to hold the
glass slide with the mask. There also may be other arrangements to hold the
glass slide, depending on the design of the system. After fixing the polymer
mask, we adjust the focus of the optical microscope onto the polycarbonate
film and move the microscope optics to find out a wrinkle free region of the
polymer.

• A substrate containing the top boron nitrite flake (flake 1) is put on an alu-
minum chuck, situated below the optical microscope, both attached to the
transfer stage system. The chuck can be moved in x-y plane in the range of
5 cm. Now we adjust the focus of the microscope on the hBN flake and try
to align it along y-axis. After we have aligned the substrate under the desired
polymer region, we slide the chuck outwards in the x-y plane outside the mi-
croscope arrangement and fix the sample with a glue tape in the same position,
so that it does not move during the flake transfer process. The aligned hBN
flake and mask are shown schematically in step I of Fig. 5.3.

• After the sample is fixed on the chuck, it is moved back underneath the poly-
mer mask and the sample is moved towards the mask along the z-axis with the
help of a lever.

• As the sample is beneath the mask, the focus of the microscope is set in be-
tween the sample and the mask. When the sample is pushed towards the mask
along z-axis, it gets in focus and we keep repeating to put focus in between the
sample and the mask unless both are in the same focal plane and can be seen
in the same focus of the microscope.

• Now the sample is pressed more towards the mask to make a physical contact
and we see the fringes appearing in the outer region of the polymer. The stamp
has to be kept pressed until the fringes reach close to the stack. One should be
careful at this moment that the fringes do not cross the stack.

• After the fringes are very close to the sample, we start heating the substrate
around 60-90◦C approximately for 1-4 minutes. The heating time varies from
sample to sample and depends on the compound thermal conductivity of the
substrate+polymer. The substrate-polymer contact increases due to thermal
expansion of the substrate. As a consequence of heating, the polymer gets
more sticky, and now, it is possible to pick up the hBN flake (flake 1). At this
point, the fringes move due to heating. We stabilize the fringes while adjusting
the force from the lever.
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• After the pick up, for retracting the substrate on the stage from the polymer,
we first switch off the heating so that the substrate cools down and is not in a
contact with the polymer anymore. In this duration, the fringes moving away
from the flake can be seen. Now we can retract it back mechanically with the
help of the lever. The transferred hBN flake is shown schematically in step II
of Fig. 5.3.

Figure 5.4: graphene-top hBN stack and top hBN-graphene-bottom hBN stack

• We use the same process again to pick up the graphene flake via the top hBN
flake (flake 1). A graphene flake is placed in a perpendicular orientation (along
x-axis) with respect to the picked up hBN flake and following the earlier step,
it is picked up. While heating up the substrate, when the polymer with the
top hBN comes in contact with graphene, it can easily pick up the flake even
outside the top hBN region due to increased adhesion of the graphene to the
polymer (step III of Fig. 5.3). The graphene flake underneath the hBN is picked
up due to the van der Waals force between the flakes.

• In order to transfer the graphene-hBN stack on the flake 2 (hBN or WS2) which
also acts as a target substrate, we repeat the same transfer process. In the last
step of heating, we overheat the substrate up to 150◦C, approximately for 30
seconds so that instead of picking up the flake, the polymer with the top hBN
and the graphene flake, breaks on top of flake 2, and now we have a bottom
flake 2/graphene/top hBN stack covered with the polycarbonate film (step IV
of Fig. 5.3).

An optical image of a hBN/graphene/hBN stack, prepared via the dry pick-
up transfer method is shown in Fig. 5.4. Procedure for preparing stack II, i.e. top
WS2/graphene is much easier. Since WS2 is directly exfoliated on the PDMS stamp,
it can be transferred onto the graphene flake on SiO2/Si substrate by just pressing
the WS2 covered PDMS stamp onto the graphene flake, using the same transfer stage
arrangement.
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Removal of Polycarbonate

The PC film on top of the stack is dissolved in a chloroform solution. The stack is put
in the chloroform solution for at least 6 hours so that the polycarbonate is removed
from the top of the stack. Afterwards the stack is rinsed gently in a IPA bath 2-3 times
so that the chloroform residues are washed by the IPA solution (step V of Fig. 5.3).
After the PC removal, the stack is annealed in an Ar-H2 environment at 250-350◦C
for 3-6 hours, in order to remove the remaining PC residues from the stack. This
completes the stack preparation process.

5.1.3 Electron Beam Lithography

In order to define the sub-micron size contacts, we use the electron beam lithogra-
phy (EBL) technique. These techniques provide a good control over the dimensions
down to tens of nanometers. We first spin-coat a polymer on top of the substrate. We
use a polymethmethylacrylate (PMMA) polymer with molecular weight of 950K. A
selective exposure of the polymer to the electron beam breaks the polymer chains.
After the EBL, we develop the pattern by rinsing the EBL exposed sample in Methyl
Isobutyl Ketone(MIBK)+Iso Propyl Alcohol(IPA) (1:3) solution for 1 minute and then
in IPA solution for 30 seconds. The parts of the polymer exposed to the electron
beam, get dissolved and the remaining part stays on the substrate.

5.1.4 Contact Fabrication

As a first step to define the tunnel barriers, we deposit 0.4 nm of titanium (Ti) or
Aluminum (Al) at ≈ 10−6 Torr with a deposition rate of 0.7 A◦/s, then we introduce
an oxygen gas flow to the chamber at ≈ 10−1 Torr for 15 minutes to fully oxidize
the Ti(Al) layer. This process is repeated to obtain approximately 1 nm thick tunnel
barrier. After this step, we deposit a desired thickness of the ferromagnetic cobalt
(Co) layer. As cobalt may get oxidized easily, we encapsulate it by depositing a 3 nm
thick layer of aluminum (Al), which forms a thin protective layer of Al2O3 on top of
it. After the deposition, the remaining PMMA is removed by putting the sample in
hot acetone (≈ 50◦C), leaving the desired pattern on the sample (step VI of Fig. 5.3).

5.2 Electrical Measurements

In order to characterize the charge and spin transport properties of graphene, we use
a low-frequency lock-in detection method to apply an AC current and measure the
voltage response in our samples. A schematic of the measurement setup is shown in
Fig. 5.5.

It consists of following components:
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Figure 5.5: A schematic of the measurement setup. An IV meetcast (IVM) is a home made
current source, which also has an input amplifier with its gain in 1-105 range. An AC voltage
at frequency fref is applied from the lock-in to the voltage controlled current source source
in the IVM which flows a constant current in the sample via a switch box (black wires). The
voltage drop across the sample (red wires) is connected to the input amplifier of the IVM via
the switch box and is amplified with Ain. The amplified signal is fed back to the lock-in input.
The lock-in measures the signal at fref, filtering out the other frequency components.

• A SR 830 lock-in amplifier which can generate a sinusoidal voltage with an
oscillation frequency in the range of 1 mHz-102 kHz.

• Kiethly 2410 DC source meters for applying/reading a DC voltage/current.
Mostly a DC voltage is used for a back-gate voltage application or character-
izing the high resistance devices which have resistance > 100 kΩ, because the
lock-in has an input impedance of about 10 MΩ.

• A home-made voltage controlled current source which can generate a current
from 10 nA/V-10mA/V.

• A connection switch box with π filters consisting of a resistance Rfilter=1kΩ and
a capacitance Cfilter= 10 nF.

• A cryostat for keeping the sample in vacuum.
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• A computer system with a LabView program to control the equipments and
store the measured data.

In this arrangement, an alternating voltage, oscillating with frequency fref is ap-
plied via the lock-in voltage source to the voltage-controlled current source and an
AC current iac of the same frequency, proportional to the applied voltage flows into
the sample via the switch box. The lock-in detection method works on a feedback
loop, which only measures the input signal at fref and discards the signals at other
frequencies. This very ability of the lock-in-detection method helps to filter out the
noise present at other frequencies and measure the small signal buried in noise. The
filters at the connection box help to filter out the noise at higher frequencies and also
protect the sample from sudden electrical discharge and disturbances in the power
supply. For the signal averaging, the lock-in measurement unit performs the dig-
ital averaging over a certain time constant τ . The thumb rule for selecting fref is
τ > 3 × 1

fref
. The lock-in detection also provides other advanced functions for filter-

ing out the noise such as using the ’high reserve’, and/or ’roll-off’ option of the low
pass filter around fref. All these options apparently require more averaging of the
measured signal, and therefore require more measurement time. So, there is a clear
trade-off between clean signal and the required waiting time.

5.2.1 Charge Transport

In order to measure contact+flake resistance, contact resistance and flake resistance,
we use the 2 probe, 3 probe and 4 probe connection scheme, respectively. In Fig. 5.6,
C1, C2, C3 and C4 represent the contact resistances, which is the sum of the interface
resistance, resistance of the contact path and the resistance of the filter, depending
on the connection box used. G1, G2 and G3 represent the resistances of the flake
segments. By applying a current between pins C1 and C4 and measuring the voltage
between the same pins (two probe measurement), the total resistance measured is
R2p = RC1+RG1+RG2+RG3+RC4. Applying a current between pins C1 and C2 and
probing the voltage between C3 and C2 (three probe measurement) gives R3p = RC2,
the contact resistance. Applying a current between pins C1 and C4 and measuring
the voltage between C2 and C3 (four probe measurement) gives R4p = RG2, the flake
resistance of the central region.

5.2.2 Spin Transport

For spin-transport measurements, we use an AC four probe non-local detection scheme.
A fixed charge current I is applied using a current source between C1 and C2, and a
voltage difference is measured non-locally between C3-C4. This method reduces the
effect of the local charge contribution and we are able to observe the effects purely
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Figure 5.6: Electrical measurement scheme: the panel shows different resistors correspond-
ing to three graphene segments G1, G2 and G3 (in red) and four contacts C1, C2, C3 and C4
(in black). Each contact represents the resistances contribution from the ferromagnet, tunnel
barrier, connection path and the resistance from the filter box. (a) The two probe (2p), (b)
three probe (3p) and (c) four probe (4p) connection schemes for measuring the contact+flake
resistance, contact resistance and flake resistance, respectively. (d) the four-probe non-local
spin-injection and detection scheme. Here, no charge current flows in the non-local path and
ideally a zero charge voltage is measured between C3 and C4

related to spin transport [4]. A detailed description of the spin-valve and the Hanle
spin-precession measurement method is provided in chapter. 3.
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Chapter 6

Spin Relaxation in Graphene with
self-assembled Cobalt Porphyrin Molecules

Abstract

In graphene spintronics, interaction of localized magnetic moments with the electron
spins paves a new way to explore the underlying spin relaxation mechanism. A self-
assembled layer of organic cobalt-porphyrin (CoPP) molecules on graphene provides a
desired platform for such studies via the magnetic moments of porphyrin-bound cobalt
atoms. In this work a study of spin transport properties of graphene spin-valve devices
functionalized with such CoPP molecules as a function of temperature via non-local spin-
valve and Hanle spin precession measurements is reported. For the functionalized (molec-
ular) devices, we observe a decrease in the spin relaxation time (τs) even up to 50 %, which
could be an indication of enhanced spin-flip scattering of the electron spins in graphene
in the presence of the molecular magnetic moments. The effect of the molecular layer is
masked for low quality samples (low mobility), possibly due to dominance of Elliot-Yafet
(EY) type spin relaxation mechanisms.

published as:
S. Omar, M. Gurram, I.J. Vera-Marun, X. Zhang,

E.H. Huisman, A. Kaverzin, B.L. Feringa, and B.J. van Wees
Phys. Rev. B 92, 115442 (2015).
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6.1 Introduction

Graphene, one atom thick layer of sp2 carbon atoms, has potential for spintronic
applications due to theoretically predicted high spin relaxation time (τs ≈ 100 ns)
and long spin diffusion length (λs ≈ 100 µm)[1, 2]. These exceptional properties are
attributed to negligible spin orbit coupling and weak hyperfine interaction due to
the low atomic mass of carbon [3]. However, the maximum reported experimental
values demonstrate λs of about 12 µm [4] for encapsulated graphene and τs about
2.7 ns for the hydrogenated graphene [5], which although remarkable when com-
pared with other metals and semiconductors, are still lower by more than an order in
magnitude than the theoretically predicted values. A mismatch between theory and
experiments suggests towards external factors such as impurities/defects present
near the graphene lattice, which dominate the spin relaxation process and result in a
lower value for λs.

In order to probe the role of impurities on spin transport, one can systemati-
cally introduce them to graphene. In recent years, different research groups have
demonstrated several ways of introducing impurities (magnetic and non-magnetic)
in graphene such as doping with adatoms (Au, Mg), introducing defects and chemical-
functionalization [6–10], each method introducing a different spin relaxation source.
For example heavy metal atoms such as Au can change the spin transport properties
in graphene via spin orbit coupling [11]. On the other hand, light metal (Mg) ions
can introduce charge impurity scattering of spins in graphene [12], although the ex-
perimental study rules out the role of this mechanism [13]. A significant change in
the spin transport properties of graphene was reported in the presence of magnetic
moments [14], which can be introduced via hydrogenation or by introducing vacan-
cies in the graphene lattice. Remarkably, recent weak localization measurements on
graphene [15] also show that magnetic impurities could play the key role in limiting
the spin relaxation time in graphene. As it has been shown theoretically that [16, 17]

If the localized moments are present at adatoms, they can act as spin hot spots
and enhance the spin relaxation process via resonant scattering. Therefore, the recent
findings serve as an imperative to introduce magnetic impurities in graphene and
investigate their effect on the spin transport.

Introducing the impurities via the methods described above may damage the
graphene lattice and modify its electronic band structure [18]. Alternatively, the self-
assembly of molecular layers on graphene is a non-destructive way to functionalize
the graphene surface and one can still tune the electronic properties of this two di-
mensional material [19]. Recently, Zhang et al. have reported the self-assembly of
porphyrin ligand bound cobalt atoms (CoPP) on top of a graphene surface [20]. Por-
phyrins are attached to graphene via weak Van der Waals interactions, while the
cobalt atoms do not form any chemical bond with graphene in contrast to the di-
rect deposition of metal atoms or ions as discussed above [21]. Therefore, the self-



6

6.2. Device Fabrication 59

assembly is not supposed to change the electronic properties of graphene signifi-
cantly. On the other hand, cobalt atoms have an unpaired spin (S=1/2), which can
act as a localized magnetic moment.

In this work, we study spin transport properties of a CoPP-graphene system as a
function of temperature, using non-local spin-valve and Hanle spin precession mea-
surements. After the self assembly of magnetic molecules, a reduced τs up to 50%
with a lowered spin diffusion coefficient Ds is obtained compared to the values for
the sample without functionalization (pristine sample). A pronounced effect of the
molecular layer was observed for samples with high mobility and high diffusion co-
efficient, alluding to the sample quality playing an important role in determining the
spin transport properties in graphene in contrast to previous studies [22].

6.2 Device Fabrication

Graphene spin-valve devices are prepared using highly oriented pyrolytic graphite
(HOPG), which has very small amount of impurities (ZYA grade, supplier: SPI).
Graphene is mechanically exfoliated onto a pre-cleaned SiO2/Si substrate (300 nm
thick SiO2), where n++ doped Si is used as a back gate electrode. Ferromagnetic (FM)
contacts are patterned via electron beam lithography on the PMMA coated graphene
flake. Then 0.4 nm of titanium (Ti) is deposited in two steps, each step followed by
oxidation to define a tunnel barrier, which is to overcome the conductivity mismatch
problem[23]. The deposited Ti oxide is only present under the contacts, the rest of
the graphene surface is uncovered. On top of the oxide barrier we deposit 35 nm
of cobalt for the spin selective contacts. To prevent oxidation of the ferromagnetic
electrodes, the contacts are covered with 3 nm thick aluminum layer followed by the
lift-off process.

In order to equip graphene with magnetic molecules, a cobalt-porphyrin solution
(conc. 0.56 mg/ml in tetradecane) is drop cast on top of the device and left to dry
for 10 minutes. The residual porphyrin layers on top are removed by rinsing the
device with hexane (Fig. 6.1(b)). Since the exfoliated samples on the insulating SiO2

substrate are not big enough to perform scanning tunneling microscopy (STM), in
order to confirm the self-assembly of porphyrins on graphene we perform STM on
the large area CVD graphene-CoPP system. An STM image (Fig. 6.1(d)) of a CVD
graphene sample (Si/SiO2 substrate) with the CoPP molecules on top confirms the
self-assembly of cobalt-porphyrin molecules on graphene.

6.3 Results and Discussion

A lock-in amplifier detection technique is used to measure the charge and the spin
transport properties of our samples. All the measurements are carried out using
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a cryostat in vacuum (∼ 1 × 10−7 mbar) at different temperatures between 4K and
300K. First, the sample is characterized in its pristine state. Afterwards, the magnetic
impurities are added to the sample and the change in the charge and spin transport
properties is measured. We report the measurements for three samples, prepared
under identical conditions. For discussion, they are labeled as sample A, B and C. A
scanning electron microscope (SEM) image of sample A is shown in Figure. 6.1(c).

6.3.1 Charge Transport

For the charge transport measurements, an alternating current (ac) is applied be-
tween contacts 1 and 4 and the voltage is measured between contacts 2 and 3 (Fig. 6.1(c)).
In order to measure the carrier density dependence of the graphene resistivity (Dirac
curve), we sweep the back-gate voltage. After the self-assembly of the CoPP molecules
on the sample, the gate dependence is found to have a positive hysteresis at room
temperature (inset Fig. 6.2), which alludes to a charge transfer process between graph-
ene and the CoPP molecules [24, 25]. At low temperatures charge states are frozen
in the molecules and no hysteresis is observed. The field effect electron mobility
µe for the pristine device is 7100 cm2V−1s−1, and for the CoPP device µe ∼ 5000
cm2V−1s−1, both mobilities calculated at room temperature (RT) for a carrier den-
sity ∼ 1012 cm−2. Contact resistances (Rc) for all the samples were high enough (≥
1.5 kΩ) to be in the non-invasive regime as described in ref. [23].

6.3.2 Spin Transport

For the spin transport measurements, a four probe non-local detection scheme is
used (Fig. 6.1(b)). This method allows us to decouple the charge and spin cur-
rent paths and thus minimize the charge contribution to the detected spin signal
(RNL=VNL/I) [26]. The spin-valve measurement is performed by first setting a high
magnetic field

−→
B along the -y direction (Fig. 6.1(b)), so all the FM electrodes are

magnetized along the field (parallel configuration). Then sweeping the field in the
opposite direction, the electrodes reverse their magnetization at different fields de-
pending on their coercivity, leading to an anti-parallel configuration between the
inner injector and the detector electrodes, which appears as a switch in the non-local
signal. At high magnetic field, all the electrodes are again magnetized in the same
direction in the parallel configuration. The difference between the parallel and the
anti-parallel signals is the spin-valve signal ΔRNL. The outer contacts are chosen
far away from the inner electrodes. In this way their influence on the measured spin
signal is eliminated and we see only two distinct switches that correspond to the
magnetization reversal of the inner injector and the inner detector.

Spin-valve measurements for sample A before and after the functionalization are
shown in Fig. 6.3 at different temperatures. For both pristine and functionalized
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Figure 6.1: (a)Molecular structure of a cobalt bound porphyrin (CoPP) complex. Co++ (in
red circle) is the central atom in the complex, surrounded by the Porphyrin ligand. In the por-
phyrin ring ‘-R’ represents a long chain alkyl group (-C10H21), which is responsible for mak-
ing weak Van der Waals interaction with graphene during the self-assembly. (b) Non-local
measurement scheme for a graphene spin-valve. Graphene (in gray) with a self-assembly of
cobalt-porphyrin molecules on top (cobalt magnetic moments in red), is probed with ferro-
magnetic tunnel contacts (in blue). (c) Scanning electron micro-graph (SEM) of sample A.
The distance between contacts 2-3 (transport channel) is 5 µm. Outer contacts are chosen far
enough from the inner ones, in order to make sure that they do not affect the spin transport. (d)
A scanning tunneling microscopy (STM) image of CVD graphene functionalized with cobalt-
porphyrin molecules on top (scan area 39 nm2) on Si/SiO2 substrate, which demonstrates an
ordered self-assembly of the CoPP molecules on graphene. A bright spot in the image corre-
sponds to the core of the porphyrin molecule.

states of the sample, the spin-valve signal shows the switches corresponding to the
contacts magnetization. However, after the functionalization, the signal magnitude
is significantly reduced. At low temperature, the signal magnitude is increased for
both the pristine and the CoPP devices (Fig. 6.3).

In order to understand the effect of localized magnetic moments on spin trans-
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Figure 6.2: Resistivity as a function of gate voltage for the CoPP device (sample A) at different
temperatures. Solid (dashed) lines in the plot correspond to forward (backward) sweeping
direction of the back-gate voltage. The CoPP device shows hysteresis at room temperature
(black curve), which disappears at low temperatures (blue curve) . Hysteresis at RT indi-
cates towards a charge transfer process between the CoPP molecules and graphene, which
disappears at low temperatures due to freezing of the charged states in the molecules [24]. A
comparison between the Dirac measurement for the pristine and the CoPP state of the sample
A is shown in the inset (at 4 K) (see inset of Fig. 6.2 (b)). After functionalization, the sheet
resistance increases near the charge neutrality point, which is not significant at high carrier
densities.

port in graphene, we refer to the exchange field model, explained by McCreary et al.
[14]. In this model, an electron spin in graphene can interact with the magnetic mo-
ments via an exchange field B̄ex, which is the average exchange field produced by
the localized moments. Bex varies spatially and in time in a random fashion and
influences locally the Larmor precession of the diffusing spins. The effect of varying
precession frequencies at different locations resembles the D’yakonov-Perel mech-
anism of spin relaxation [27] and is responsible for an additional spin dephasing.
In a spin-valve measurement, an enhanced relaxation (a reduced signal) is expected
when the moments are randomized. As one starts applying an in-plane magnetic
field, the magnetic moments try to align themselves along the field and their de-
phasing effect gets suppressed. This feature would appear as a dip in the spin-valve
signal. Within this picture, the spin relaxation rate by the fluctuating exchange field
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Figure 6.3: Spin-valve measurements for sample A (all the measurements in the electron
doped regime at n ∼ 1012 cm−2) are shown in the positive x-axis for the pristine state and for
the device after the functionalization are shown in the negative x-axis. A strongly reduced
spin-valve signal is observed after the functionalization.

causing the dip is given by the following equation:

1

τex
=

�B2

τc

1

(Bapp,y + B̄ex,y)
2
+ ( h̄

geµBτc
)
2 , (6.1)

where �B is the exchange field fluctuation magnitude, ge=2 is the gyromagnetic
factor of the free electrons, µB is the Bohr magneton, h̄ is the reduced Plank con-
stant and τc is the fluctuation correlation time [14]. According to the formula above,
the maximum relaxation (dip) in the spin-valve measurement should appear when
Bapp=-B̄ex. Therefore the magnetic ordering of the localized moments affects the ob-
servation of the dip. For paramagnetic ordering one would observe the dip around
Bapp=0. On the other hand, for ferromagnetic ordering, there is a non-zero exchange
field Bex present (B̄ex �=0) even when no external field is applied (Bapp=0). Now the
dip would occur at finite external applied field and would exhibit hysteresis.

For the measured spin-valve signal for the CoPP device, we do not observe any
dip, either around zero or non-zero applied field. The only clear effect of introducing
the CoPP molecules is the reduced magnitude of the spin-valve signal. The observed
behavior can be explained by considering the magnetic moments playing the role
of spin-flip scatterers in the transport channel, which enhance the spin relaxation
process but do not produce a measurable effective exchange field. In order to confirm
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Figure 6.4: a) Hanle measurements ((RP -RAP )/2) for the pristine (black squares) and the CoPP
state (red circles) at 4K (sample B). The corresponding fittings are plotted in line. The curves
are normalized with respect to the signal at B=0. After the functionalization Hanle line shape
is broadened, indicating a reduced spin relaxation time (τs). (b) Hanle measurements for
sample B after self-assembly at RT and 4K. The curves are normalized. Broadening of the
black curve (with square symbol) (RT) is dominated by the enhanced Ds. The spin relaxation
time (τs) only changes from 100 ps (RT) to 112 ps (4K). All the measurements were done at
fixed carrier density (n ∼ 1012 cm−2).

if the source of the reduced spin signal is due to an enhanced spin relaxation rate,
we now need to measure the spin transport parameters via Hanle spin precession
measurements.

Hanle precession measurement is a reliable tool to study the spin transport prop-
erties. Here, a magnetic field is applied perpendicular to the direction of the injected
spins, which precess around this field

−→
B with Larmor frequency −→ωL = geµB

−→
B/h̄.

While sweeping the magnetic field, due to the precession, spins can be reoriented to
a direction opposite to the injected one, leading to a sign reversal in the spin signal.
Simultaneously, they also dephase and result in a lower spin accumulation at higher
fields. The Hanle precession can be fitted with the steady state solution to the Bloch
equation (Eq. 6.2) with appropriate boundary conditions [26]:

Ds�2−→µs −
−→µs

τs
+−→ωL ×−→µs = 0 (6.2)

where Ds is the spin diffusion coefficient, τs the spin relaxation time and ωL is the
Larmor frequency.

Referring back to the exchange field model, a Hanle measurement in the presence
of an exchange magnetic field Bex by the magnetic moments would represent a spin
precession due to a net field Bapp+Bex. The precession can result in a narrower
Hanle shape due to an enhanced g factor [5, 14, 28] for a paramagnetic ordering of
the localized moments. Whereas for the case of ferromagnetic ordering, we would
expect a shifted Hanle peak.
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Figure 6.5: A summary of (a) τs and (b) Ds, extracted from Hanle analysis, for sample A
(square+line), B (triangle) and C (circle) before (black) and after (red) the functionalization.
Black data corresponds to the pristine and red data is for the CoPP state of the samples. A
reduced τs and Ds were observed for the samples after the functionalization with a weak tem-
perature dependence, which rules out any exchange coupling between the localized magnetic
moments and the electron spins in graphene [28] and indicates towards an enhanced spin-flip
process, where the present magnetic moments play only the role of spin-flip scatterers. The
effect of the molecular layer is determined by the sample quality (µe, D) in the pristine state.
Since sample A and C have higher mobility and diffusion coefficient, τs is highly reduced for
these samples after the functionalization. Sample B, having lower mobility did not show any
significant change in τs.

Hanle precession curves for both pristine and CoPP devices are shown in Fig. 6.4.
Here we show the purely spin dependent signal, obtained by subtracting the anti-
parallel signal from the parallel signal and the result is fitted by the steady state
solution to Eq. 6.2. The plots have been normalized to the value at Bapp=0 for clearly
demonstrating the change in the Hanle line shape. We observe two general trends
for all measured samples. First, the Hanle curve becomes broader after the CoPP
self-assembly. This is in contrast to the expected narrowing of the Hanle curve in the
presence of a paramagnetic exchange field according to the model described above.
The observed broadening indicates a reduction of the spin relaxation time, in accor-
dance with our interpretation of the signal reduction in spin-valve measurements.
Second, upon decreasing the temperature from RT down to 4 K we do not observe
any significant narrowing of the Hanle line shape which could be interpreted as an
enhanced g factor. On the contrary, the typical line widths and extracted spin life-
times are not strongly dependent on temperature.

A summary of the extracted spin parameters for all samples studied in this work
is presented in Fig. 6.5. For sample A we observed the strongest effect of the molec-
ular layer on the spin parameters. In its pristine state, the extracted spin relaxation
time τs is in the range of 300–400 ps for all the measured temperatures, with a cor-
responding spin diffusion length λs(=

√
Dsτs) 3–4.5 µm. On the other hand, after

self-assembly sample A exhibited a strongly reduced τs in the range 100–200 ps and
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4K RT
pristine CoPP pristine CoPP

Dc Ds Dc Ds Dc Ds Dc Ds
A 0.052 0.048 0.039 0.034 0.100 0.037 0.050 0.027
B 0.010 0.010 0.011 0.010 0.014 0.012 0.020 0.020
C – – – 0.12 – 0.085 – 0.063

Table 6.1: A summary of Dc and Ds (units in m2/s) for sample A, B and C, before (pristine)
and after (CoPP) functionalization. For all the samples, Dc and Ds are approximately in the
similar order. For sample A, Dc in the pristine state is found around 0.05 m2/s. We also some-
times observed an asymmetry in the Dirac curve at different temperatures. This asymmetry
rises due to contact induced doping at different regions [29], resulting in a different value for
Dc at different temperatures.

4K RT
pristine CoPP pristine CoPP

sample A 391 ps 137 ps 310 ps 192 ps
sample B 147 ps 112 ps 92 ps 100 ps
sample C – 189 ps 247 ps 176 ps

Table 6.2: A summary of τs for sample A, B and C for the pristine and the CoPP device.

a correspondingly lower λs ∼ 2–2.5 µm. Interestingly, we did not observe any sig-
nificant temperature dependence for the extracted τs in the measured temperature
range, which would have otherwise been expected due to the presence of an effective
exchange field via localized molecular paramagnetic moments [14, 28]. Therefore the
added magnetic molecules seem to only increase the spin relaxation rate via the in-
troduction of more spin-flip scattering events.

Furthermore, we also observed a minor reduction of the extracted spin diffusion
coefficient Ds after self-assembly, consistent with the observed reduction in mobility
as discussed in Fig. 6.2. Note that the reliability of a Hanle fit is typically established
by comparing the agreement between the extracted spin diffusion coefficient Ds with
the charge diffusion coefficient Dc [5, 14, 23]. The latter can be independently calcu-
lated via the resistivity of the sample at a known density of states ν using the Ein-
stein relation Dc = 1/Rsqe

2ν. In the absence of electron-electron interaction Dc and
Ds should match [30]. As shown in Table. 6.1 both parameters are in a reasonable
agreement, confirming the validity of the the Hanle analysis.



6

6.4. Conclusions 67

It is worth mentioning that the earlier work of molecular doping on graphene [22]
did not exhibit any measurable change in the spin transport properties of graphene,
while the charge transport properties were modified. However, we find that sam-
ple quality, as determined by the magnitude of the diffusion coefficient (Dc, Ds)
or electronic mobility (µe), plays an important role on the influence that the cobalt-
porphyrin molecular layer exerts on the spin transport parameters. For example, for
sample B we do not observe a significant change in Ds and τs after self-assembly.
This reduced sensitivity can be attributed to its low mobility (and diffusion coeffi-
cient) which in the pristine state was ∼2000 cm2V−1s−1, almost a factor of 3.5 times
lower than for sample A. On the other hand, for sample C which had a compara-
tively better quality (Ds ∼ 0.1 m2/s) we again observed a significant reduction of
30 % on the spin relaxation time, confirming our initial observations.

A significant reduction in τs, with a simultaneous moderate reduction in Ds, is
inconsistent with the picture of localized magnetic moments creating an effective
exchange field as discussed above [14, 28], or a model where localized states act
as spin reservoirs [31]. Both models imply a significant increase of the extracted
τs and a proportionally reduced Ds, which can be understood via an enhanced g

factor and the symmetry of the Hanle equation [5, 28]. Even for a reduced g factor,
one would observe a reduced τs and an enhanced Ds, which also does not comply
with our observation. Furthermore, both models are also expected to show a strong
temperature dependence, which is not observed here.

The reduction on the spin transport parameters indicates that the main role of
the Co-porphyrin molecular layer is to act as an extra source of spin-flip scattering.
This interpretation is consistent with the lack of sensitivity to the molecular layer
by low-quality samples, where the initial spin relaxation rate was already large and
therefore masks the relaxation process introduced by the molecular layer. In addi-
tion, the concomitant reduction in Ds and τs observed can be partially understood
by the enhanced momentum scattering introduced by the molecular layer, since in
single layer graphene the leading spin relaxation mechanism is of the Elliot-Yafet
type, which results in the proportionality relation τs ∝ D [32–34]. This observation
is interesting, since previous experiments rule out the role of mobility dependence
of τs [22] or seem to observe an opposite relation between τs and µe i.e. higher spin
lifetime for lower mobility samples [29].

6.4 Conclusions

To summarize, we observe a change both in the charge and spin transport properties
of graphene in the presence of cobalt-porphyrin molecules. In the charge transport
measurements, we observe an increase in the graphene sheet resistance after func-
tionalization due to their interaction with graphene via weak Van der Waals forces.
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For the spin transport measurements we observe lower values of τs and λs for the
CoPP-graphene system compared to the pristine one. The measurements are not
strongly temperature dependent, which are not consistent with the presence of an
exchange field and suggesting that the exchange interactions, if present, are random.
At present, however, we cannot explicitly identify the origin, either due to exchange
interaction or spin-orbit interaction, of the enhanced spin relaxation produced by the
magnetic impurities. The changes are also sensitive to the sample quality (D,µe) in
the pristine state and are masked for a lower value of the mobility or diffusion coef-
ficient, indicating also the presence of Elliot-Yafet type spin relaxation mechanism.
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Chapter 7

Spin Relaxation 1/f Noise

Abstract

Noise measurements are powerful tool to probe the system dynamics. Studying the noise
associated with spin accumulation can be helpful in understanding the very nature of
the spin relaxation processes. More precisely, the 1/f noise associated with the spin ac-
cumulation can be helpful in understanding the electron spin-impurity interaction. In
this chapter, I study 1/f type noise associated with electronic spin transport, using single
layer graphene as a prototypical material with a large and tunable Hooge parameter. The
presence of two contributions is identified to the measured spin-dependent noise: contact
polarization noise from the ferromagnetic electrodes, and the noise originated from the
spin relaxation processes. The noise magnitude for spin and charge transport differs by
three orders of magnitude, implying different scattering mechanisms for the 1/f fluctu-
ations in the charge and spin transport processes. A modulation of the spin-dependent
noise magnitude by changing the spin relaxation length and time indicates that the spin-
flip processes dominate the spin-dependent noise.

published as:
S. Omar, M.H.D. Guimarães, A. Kaverzin,

B.J. van Wees, and I.J. Vera-Marun
Phys. Rev. B 95, 081403(R) (2017).
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7.1 Introduction

Noise in electronic transport is often treated as nuisance. However, it can have
much more information than the average (mean) of the signal and can probe the
system dynamics in greater detail than conventional DC measurements [1]. Low
frequency fluctuations with a power spectral density (PSD) that depend inversely
on frequency, also known as 1/f noise are commonly observed phenomena in solid
state devices. A textbook explanation of the processes generating 1/f noise is given
by the McWhorter model where traps are distributed over an energy range, lead-
ing to a distribution of characteristic time scales of trapping-detrapping processes of
the electrons in the transport channel and causing slow fluctuations in conductivity
[2–4].

Graphene is an ideal material for spin transport due to low spin-orbit coupling
and small hyperfine interactions [5, 6]. However, the experimentally observed spin
relaxation time τs ∼ 3 ns and spin relaxation length λs ∼ 24 µ m are [7] lower than
the theoretically predicted τs ∼ 100 ns and λs ∼ 100 µ m [8, 9]. There are a num-
ber of experiments and theories suggesting that the charge and magnetic impurities
present in graphene might play an important role for the lower value of observed
spin relaxation time [10–14]. It is an open question whether these impurities affect
the spin transport in a similar way as the charge transport, or if the scattering mech-
anisms in both processes behave differently. For electronic transport in graphene,
the effect of impurities can be studied via 1/f noise measurements. In a similar line,
measuring low frequency fluctuations of the spin accumulation can unravel the role
of impurities on the spin transport.

7.2 Sample Preparation

We use graphene as a prototypical material for measuring the spin-dependet noise
associated with the spin signal. Graphene is mechanically exfoliated from a highly
oriented pyrolytic graphite (HOPG) ZYA grade crystal onto a pre-cleaned Si/SiO2

substrate (300 nm thick SiO2), where n++ doped Si is used as a back gate electrode.
Single layer graphene flakes were identified using optical contrast. Ferromagnetic
contacts are patterned via electron beam lithography on the PMMA (poly (methyl
methacrylate)) coated graphene flake. Then, 0.8 nm of titanium (Ti) is deposited in
two steps, each step of 0.4 nm of Ti deposition followed by in-situ oxidation by pure
O2 to form an oxide tunnel barrier to overcome the conductivity mismatch problem
[15]. On top of the oxide barrier we deposit 35 nm of cobalt for the spin selective con-
tacts. To prevent oxidation of the ferromagnetic electrodes, the contacts are covered
with 3 nm thick aluminum (Al) layer. Since we use the cross correlation (XC) method
in order to eliminate the noise from external electronics, the contact are designed on
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both sides of the FM electrodes, as shown in Fig. 7.1.

1.5 µm

1.5 µm

2 µm

A B

Figure 7.1: contacts are designed on both sides of the electrodes. An optical picture of the
sample of single layer graphene (white dotted line) connected via FM electrodes. Noise mea-
surements are done in two regions of the sample, labeled A (l=2 µm, w=1.5 µm) and B (l=1.5
µm, w ∼ 1.5 µm)

7.3 Setup

In order to measure the electrical noise from the sample, we use a dynamic signal an-
alyzer from Stanford Research System (model SR785) which can acquire and analyze
two channel signal measurements (i.e. cross correlation) in time domain and convert
it into a frequency domain signal via the Fast Fourier Transform (FFT) algorithm. The
input signal is digitized at a high sampling rate (262 kHz). The acquisition time and
the frequency resolution is set by the number of samples and the frequency range.
Further we also perform root mean square averaging over the recorded FFT spectra.
So the total acquisition time is N ∗ tacq , where N is the no. of averaging performed
on the data.

Now, we describe the noise measurement scheme in detail. Since, the signal of
interest, i.e., the noise from the sample, can be very small (≈ nano volts), we need
to amplify the signal with the low noise preamplifiers (from NF corporation (Gain-
100x) specified noise floor ≈ 2 nV/

√
Hz) over the noise level of the spectrum an-

alyzer. Note that there is an additional noise introduced in the measurement dur-
ing every amplification and input step. To estimate the sample noise correctly, it is
necessary to know the noise contribution from each step individually for the single
channel measurement.

Noise contribution from the spectrum analyzer (SA) can be estimated by the
scheme illustrated in Fig. 7.2(a). If no input voltage/signal is applied to the SA,
signal appearing at the output will only be due to the noise at the input.

As can be seen in Figure 7.3, the noise output changes with the gain of the in-
put stage amplifier. The total noise can be factorized in two components: i) gain
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ADCASA ADCASAAPA

(a) (b)

Figure 7.2: The schematic inside the rectangle represents the signal flow path for a single
channel inside the spectrum analyzer. Input voltage of the differential amplifier at the input
stage is set to zero in order to measure the noise in the channel. (b) The schematic represents
the noise measurement circuit for the preamplifier, integrated with the spectrum analyzer. In
the cartoon, APA represents the gain of the preamplifier. Voltage input to the preamplifier is
made zero in order to measure the noise from the circuit.

dependent component and ii) gain independent component. Estimation of both the
components can be done by:

V 2
SA =

A2
SAVd

2 + V 2
id

A2
SA

(7.1)

where ASA is the SA input stage gain, Vd is the gain dependent and Vid is the gain
independent input noise component (V/

√
Hz). Vd and Vid can be estimated by a

linear fit which gives Vd ≈ 8 nV/
√

Hz and Vid ≈ 300 nV/
√

Hz.
After knowing the noise contribution from the SA, we can use the same idea to

estimate the noise floor of the preamplifiers. We short the inputs of the preamplifiers
using the connection scheme shown in Fig. 7.2(b).

Now the total noise is given by:

V 2
total =

A2
PAVPA

2 + V 2
SA

A2
PA

(7.2)

Here APA is the gain of preamplifier (100), VPA is the noise (V/
√

Hz) of the pream-
plifier, VSA is the noise contribution from the spectrum analyzer (Eq. 7.1) and Vtotal is
the net measured noise.

We measure the noise of the preamplifier at different input gains (ASA) of the
spectrum analyzer (Fig. 7.4). At high gain of the SA input stage, we get the correct
value for the preamplifier noise floor due to the dominance of the external preampli-
fier noise. At low input gain, the internal noise of the spectrum analyzer dominates.
Estimated noise voltage of the preamplifier was around 1.5 nV/

√
Hz which is below

the value given by the manufacturer (2 nV/
√

Hz).
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Figure 7.3: Noise appearing in a single channel at different gain values of the input stage
amplifier for the connection scheme of Fig. 7.2(a)
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Figure 7.4: Total noise (from SA+preamplifiers) of the circuit shown at different gains of the
input stage amplifiers for the connection scheme of Fig. 7.2(b).

In order to exclude the noise appearing on the independent paths (ch1 and ch2) at
the input stage amplifiers, we can use the XC technique. Here, we short the inputs of
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Figure 7.5: The XC connection scheme for the sample (shown as a box with red cross) noise
measurements. Here, the voltage fluctuations from the sample are recorded independently
via two paths : path 1 (red) and path 2 (blue). In each path, the noise from the sample is
amplified with a low noise preamplifier with the gain APA. The amplified signal is fed to two
independent input channels ch1 and ch2 at the SA. The signal is again amplified (ASA) with the
input stage amplifiers of the SA and then digitized via an Analog-to-digital converter (ADC).
The digital signals from ch1 and ch2 are then converted into the frequenncy domain signals
via the Fast Fourier Transform (FFT) algorithm. Later, the mathematical analysis function
such as auto-correlation or cross-correlation are performed on these FFT signals to remove the
contribution of the independent noise sources in each path.

both ch1 and ch2 and perform the cross-correlation analysis on the signals at ch1 and
ch2. The XC analysis allows to filter out the independently fluctuating noise sources
such as the noise from the preamp and the input stage amplifiers, and we only see
the noise which is common to the cross-correlation path. Using the same scheme as
described in Fig. 7.2(a), we obtain the noise spectra at different ASA values with zero
input voltage at ch1 and ch2. Using Eq.7.1 again, we get Vd ≈ 2 nV/

√
Hz and the

Vid ≈ 77 nV/
√

Hz which clearly shows the power of this technique to suppress the
uncorrelated noise.

Knowing the noise contribution from various parts of our setup, we can estimate
the signal of interest buried in the total signal by subtracting the setup noise con-
tribution. In order to calibrate our setup we perform the standard thermal noise
measurement of resistors at room temperature (293 K), which is given by Eq.4.2.
Using the measurement scheme shown in Fig. 7.5, we can do a single channel or
cross-correlation measurement.

In a single channel measurement, we have to subtract the noise contribution from
the preamplifier and the spectrum analyzer in the total signal. The total noise is
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given by:

V 2
total = (APAVs)

2
+ (APAVPA)

2 + VSA
2 (7.3)

where VPA and VSA are obtained by Eq.7.2 and Eq.7.1 respectively. Vs is the signal,
we want to measure, i.e., the thermal noise from the resistance. A single channel
measurement of the sample resistance provides a good estimation of the thermal
noise down to 1kΩ (Figure 7.6), which is of the order of the noise introduced by the
preamplifier. Therefore, the total noise in the single channel measurement is limited
by the noise of the noisiest source in the measurement path.

In order to exclude the noise from the uncorrelated setup components such as
preamplifiers and the SA input stage, we can use the XC technique to extract the
signal of interest directly without any estimation. As it can be seen in Fig. 7.6, the
thermal noise of the different resistors obtained from the XC analysis are more accu-
rate than the single channel measurement. The XC technique can measure the noise
value down to 0.7 nV/

√
Hz which is equivalent to the thermal noise of a resistance

of ≈ 50 Ω.
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Figure 7.6: Thermal noise measured for different resistor values. The noise values extracted
from the single channel measurement (red stars) deviate more from the theoretical value
(dashed black line) compare to the noise values measured the via cross-correlation method
(blue spheres).
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Figure 7.7: (a) Cross correlation (XC) connection scheme for local charge noise measurement
and (b) non-local spin-dependent noise measurements. A connection scheme for spatial cross
correlation (SXC) is also shown where the XC analysis is performed over the voltage measured
between contacts C3-C5 (V C3−C5

NL , path1) and contacts C4-C5 (V C4−C5(C4�−C5�)
NL , path 3).

7.4 Results

For the noise measurements, we record 800 samples in one spectrum at a high sam-
pling frequency (262 kHz) and measure the 1/f noise in the frequency range of 25
Hz with the resolution of 31.2 mHz. The final spectrum is recorded after performing
the root mean square averaging over 20 FFT spectra.

7.4.1 Charge 1/f Noise

The 1/f noise of the charge transport in graphene is measured in a local four probe
scheme, similar to the charge transport measurements (Fig. 7.7(a)). A dc current is
applied between the ferromagnetic injectors C2 and C5. Since the contacts are de-
signed lithographically on both sides of the ferromagnetic electrode, the fluctuations
in the voltage drop Vlocal across the flake can be measured via the contact pair C1-C3
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(path 1) and C1’-C3’ (path 2). The measured signals are cross correlated in order to
filter out the noise from external electronics such as preamplifiers and the spectrum
analyzer [16]. The electronic 1/f noise Slocal

V is measured at different bias currents
(Idc) at a fixed carrier density.

For the local charge noise measurements, 1/f noise in Fig. 7.8 nicely scales with
I2dc, implying that we are only sensitive to the 1/f noise fluctuations from the flake
and the current source is not introducing the frequency dependent fluctuations from
the contact through capacitive coupling.
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Figure 7.8: 1/f noise of the flake is measured in a local four terminal geometry (Fig. 7.7(a))

By fitting the spectrum with the Hooge formula for 1/f noise i.e. Slocal
V = γcVlocal

2

fa ,
where Vlocal is the average voltage drop across the flake and a is the exponent ∼ 1, we
obtain the noise magnitude for the charge transport γc ∼ 10−7 (device A in Fig. 7.1),
similar to the values reported in literature [17–19]. The charge noise magnitude is
defined as the Hooge parameter γc

H divided by the total number of carriers in the
transport channel, i.e. γc = γc

H/(n ∗ W ∗ L). Here n is charge carrier density, W
and L are the width and length of the transport channel. γc depends both on the
concentration and the type of scatterers e.g. short range and long range scatterers
[17–21]. Now, we would like to briefly explain the case when the contact noise dom-
inates over the channel noise. In the case of contact noise as a dominant noise source,
the impedance of the current source becomes equivalent to the contact resistance at
higher frequencies (∼≥ 10 MHz ) due to capacitive coupling, and, the noise in the
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injected spin current can come from the fluctuating contact resistance. In this case,
the noise would increase at higher frequencies. On the other hand, we observe the
opposite frequency dependence for the measured noise going down at higher fre-
quencies complying with the 1/f noise behavior, and the noise is measured at very
low frequencies where the impedance of the current source is almost constant and is
much higher than the contact resistance, ruling out the effect of the contact noise on
the measured signal.

7.4.2 Spin-dependent 1/f Noise

The spin-dependent 1/f noise can be expressed as:

�SNL
V =

γs�V 2
NL

fa
=

γs(Pµs/e)
2

fa
(7.4)

Here �SNL
V is the spin-dependent non-local noise, γs = γs

H/(n ∗W ∗ λs) is the noise
magnitude for spin transport, e is the electronic charge and �VNL = Pµs/e is the
measured non-local spin signal due to the average spin accumulation µs in the chan-
nel 1. Here γs

H represents the Hooge parameter for spin tranport. In contrast with the
charge current, spin current is not a conserved quantity and exists over an effective
length scale of λs.

Spin transport in a non-local geometry is realized in three fundamental steps: i)
spin current injection, ii) spin diffusion through the transport channel and iii) detec-
tion of the spin accumulation. All these steps can contribute to the spin-dependent
noise. For the first step of spin injection, we use a dc current source to inject spin
current, which helps to eliminate the resistance fluctuations in the injector contact,
leaving only the polarization fluctuations of the injector electrode as a possible noise
source. The polarization fluctuations of the injector can arise due to thermally acti-
vated domain wall hopping/rotation in the ferromagnet [22, 23]. The second pos-
sible noise source contributing to the fluctuations in the spin accumulation is the
transport channel itself, either via the fluctuating channel resistance or via fluctua-
tions in the spin-relaxation process. The third noise source, similar to the first one,
can be present at the detector electrode due to fluctuating contact polarization.

The spin-dependent noise in graphene is measured non-locally as shown in the
connection diagram of Fig. 7.7(b). A dc current Idc is applied between C1 and C2
and a nonlocal noise between C3 and C5 is measured via path 1 and path 2, using
XC method. During the noise measurement, we keep the spin injection current Idc

fixed (10µ A) and change the detected spin accumulation in three different ways. At
B⊥ = 0 T, i) by changing the spin accumulation by switching the relative magnetiza-
tion direction of the injector electrodes, ii) by keeping the spin accumulation constant

1variables Vlocal,�VNL, µs, P,λs represent the time average of the quantities
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Figure 7.9: (a) Hanle precession measurements for parallel [↑↑] and the anti-parallel [↑↓]
magnetization of the inner injector and the detector electrodes. The background signal is
denoted by black dash line (b) Non-local noise measurement for B⊥ at -0.25 T and 0.25 T
corresponding to the black vertical arrows in the Hanle curve. Here, the signal labeled as ’bg’
(black) is the background thermal noise.

and changing the spin detection sensitivity by switching the relative magnetization
direction of detector electrodes, and iii) at B⊥ �= 0 T, by dephasing the spins during
transport and thus reducing the spin accumulation. We can also measure the noise
due to a spin independent background signal at high B⊥ ∼ 0.12 T, where the spin
accumulation is suppressed. In order to confirm that the magnetic field dependence
of the measured noise is not originated by the non-local background, we measure the
non-local noise at high positive and negative perpendicular magnetic fields (B⊥ ∼
0.25 T and -0.25 T) where no spin accumulation is present (Fig. 7.9(a)). the non-local
signal is different due to different background MR (dashed line in Fig. 7.9(a)). How-
ever, we do not observe any difference in the noise level for high positive and nega-
tive B⊥, confirming that there is no detectable noise contribution from the non-local
background MR signal(Fig. 7.9(b)).

The spin-dependent component �SNL
V can be estimated by subtracting SNL

V (at
B⊥ ∼ 0.12T) from the measured SNL

V . For the non-local noise measurements in spin
valve configuration, the noise PSD measured (Fig. 7.10(c)) for the magnetization con-
figuration corresponding to a higher spin accumulation (level II; blue spectrum) is
higher in magnitude than for the one corresponding to a lower spin accumulation
(level I; red spectrum) of the spin valve in Fig. 7.10(a). In a similar way for the Hanle
configuration, we measure the maximum magnitude of the spin-dependent noise for
B⊥ = 0 T, corresponding to maximum spin accumulation (Fig. 7.10(d)). On increas-
ing |B⊥|, both the spin accumulation and the associated noise are reduced. In order
to study its dependence with the spin accumulation, we fit each measured spectrum
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Figure 7.10: (a) Non-local spin valve measurement. The dot-dash line represents the back-
ground level, which is estimated from the Hanle measurement. �VNL is defined as the spin
accumulation above or below with respect to the background level. (b) Hanle measurement
is shown for the level II and level IV of the spin valve. (c) noise PSD measured for the mag-
netization configurations corresponding to level I, II and III in the spin-valve measurement in
Fig. 7.10(a). (d) the PSD plot for the Hanle configuration obtained at different magnetic fields,
corresponding to the circles indicated in Fig. 7.10(b). In Fig. 7.10(c) and (d), ’bg’ represents the
zero current background thermal noise.

of SNL
V versus frequency, obtained at different spin accumulation values (�VNL) with

Eq. 7.4 in the frequency range of 0.5-5 Hz. We take the value of SNL
V at f = 1 Hz from

the fit as a representative value of the 1/f spectrum. The exponent a obtained from
the fit is ∼ 1. A summary of the data points for the noise PSD at different val-
ues of spin accumulation, obtained for device A using Hanle precession is plotted
in Fig. 7.11(a). The �SNL

V ∝ µs
2 relation is valid in the lowest order approximation.

The parabolic fit of the measured non local noise using Eq. 7.4 gives γs ∼ 10−4.
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7.5 Discussion

Via charge and spin-dependent 1/f noise measurements for the same tranport chan-
nel, we achieve γs ∼10−4 Hz−1 which is surprisingly 103 times higher than γc ∼10−7

Hz−1. Certainly, the geometrical factors such as length scales cannot be accounted
for such a huge difference, as for this sample we obtain λs ∼ 1.5 µm which is similar
to the channel length for charge 1/f noise. The three orders of magnitude enhanced
γs points towards distinctive scattering processes affecting the spin dependent noise,
in contrast to the charge 1/f noise. One possible explanation could be found along
the direction of the recently proposed resonant scattering mechanism [12] for spin
transport where intrinsically present magnetic impurities strongly scatter the spins
without a significant effect on the charge scattering strength. The scattering cross
section of these impurities can fluctuate in time and could give rise to a spin depen-
dent 1/f noise.

Now, we qualitatively analyze the possible noise sources, contributing to the
spin-dependent noise and their dependence on the spin-transport parameters. An
analytical expression for the spin-dependent noise (at f = 1 Hz) which is derived
from the equation for the non-local spin signal �VNL (see subsec. 7.5.3 for complete
derivation) can be written as:

�SNL
V

�V 2
NL

= γs � SP

P 2
+

Sλs

λs
2

�
1 +

L

λs

�2

(7.5)

where SP is the contact polarization noise which is Fourier transform of the auto cor-
relation function for the time dependent polarization fluctuations i.e. F�P (t)P (t +

τ)� , Sλs is the noise associated with the spin transport i.e. spin relaxation noise
(F�λs(t)λs(t + τ)�), L is the separation between the inner injector and detector elec-
trodes. Eq. 7.5 suggests that γs is increased for lower values of λs. In order to con-
firm that the spin-dependent noise is affected by the spin transport properties, we
measure SNL

V as a function of the back-gate voltage (carrier density). In agreement
with literature [24, 25], a higher τs is observed at higher charge carrier densities for
single layer graphene (Fig. 7.11(c)). The representative data is shown for device B.
It is worth emphasizing here that for similar charge and spin transport parameters
(Rsq,λs) for device A (350 Ω, 1.8 µ m) and device B (400 Ω, 1.6 µm), we obtain similar
values of γs ∼ 10−4. However, both devices have different values of contact polar-
ization. For device A, P ∼ 5% and for device B, P ∼ 10%. This similarity in γs values
despite the difference in P indicates that there is insignificant contribution of the
contact polarization noise to the extracted γs. On the other hand, for the noise mea-
surements at different carrier densities, we get an increase in γs at lower values of τs

(Fig. 7.11(d)). The carrier density dependent behavior of the extracted γs is in qual-
itative agreement with the λs dependence of γs in Eq. 7.5 (red curve in Fig. 7.11(d)),
supporting our hypothesis that the measured spin-dependent noise is dominated by
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Figure 7.11: (a) summary of noise measured for different spin accumulation potentials in
Hanle configuration (device A) and the parabolic fit for the data (red line) using Eq. 7.4. Here
blue dotted line denotes the spin independent charge noise background i.e.SNL

V (at B⊥ ∼ 0.12T)
(b) Spin dependent 1/f noise in Hanle configuration, measured as a function of back-gate
voltage (device B). The increased background noise at �VNL=0 V can come from the charge
noise contribution to the non-local signal (SV

1/f ∝ I2Rsq
2). (c) The graphene sheet resistance

increases at negative back-gate voltage reflecting the n-type doping in graphene and the spin
relaxation time (red circles) decreases at lower carrier density for the single layer graphene,
resulting in lower value for λs. (d) γs is increased for lower value of λs(τs) (black stars),
indicating the influence of the spin-flip processes on the extracted noise magnitude for spin
transport. A plot of γs versus λs with Eq. 7.5 (red curve) shows similar behavior. For the plot,
we assume the polarization noise (offset) to be zero, the values for L =1.5 µm and Sλs ∼ 10−16

m2Hz−1

the noise produced by the spin transport (relaxation) process in graphene.
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1 10
10-18

10-17

10-16

10-15

Figure 7.12: Contact polarization noise measured for contact C4 at B = 0 T (red) and at
B = 80 mT. For the current injection at C1-C2, the spin-dependent noise between contacts C3-
C4 and C4-C5 are cross correlated and only the noise at C4 is measured. For B⊥ ∼ 80 mT, the
polarization noise is reduced to the background noise in the absence of the spin accumulation
underneath the contact.The connection scheme is shown in the inset.

7.5.1 Estimation of Contact Polarization Noise

We check the possibility whether the contact polarization noise is a dominant source
of the spin-dependent noise. We measure the contact polarization noise (=SP /P

2 ×
�V 2

NL ∼ 10−16 V2Hz−1) separately by cross correlating the noise measured from the
detector pairs C3-C4 and C4-C5, while C1 and C2 are the current injectors. Here
only the noise from contact C4 is measured for different values of B⊥ ( spin accu-
mulation) underneath the contact. We clearly see the spin-dependent noise (contact
polarization noise in this case) is reduced to the background noise at B⊥ ∼ 80 mT,
where spin accumulation is suppressed (Fig. 7.12). The polarization noise is ∼ 10−16

V2Hz−1 (at 1 Hz), which is negligible compared to the measured spin relaxation
noise i.e. ∼ 10−14 V2Hz−1. Here, based on the reciprocity argument for the injector
and detector in spin-valve configuration, we can assume equal noise contribution
from the injector electrode and can safely rule out the effect of the polarization noise.
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7.5.2 Spatial Cross-correlation Measurements for Extracting Spin-
transport Parameters

In order to estimate/filter out the contribution of the contact polarization noise in
our measurements, we use the spatial cross-correlation (SXC) method.

(b)

1 10
10-17

10-16

10-15

10-14

10-13

bg

0.12T

0T

SN
L

V
 (V

2 H
z-1

)

f(Hz)
1 10

bg

0.12T

f(Hz)

0T

(a)

Figure 7.13: SXC noise (spin relaxation noise) measured at contact C4 at (a) Vg=0V and (b)Vg=-
45V, for different magnetic fields. The spin relaxation noise at C4 for Vg=-45V is lower due to
reduced spin transport parameters.

A measured non-local noise at the detector (SV
NL) in the presence of spin-accumulation

(spin-current) can be represented by Eq. 7.6:

SV
NL = SP

C1 + SP
C2 + Sλs

C1−C2 + Sbg (7.6)

Here SCi

P is the contact polarization noise, Sλs is the noise due to spin accumula-
tion (relaxation) between contacts C1-C2 and Sbg is the electronic noise contribution
due to residual charge current flowing in the non-local circuit and the thermal noise
background. Sbg does not carry any spin-dependent information. On applying a
high magnetic field B⊥ ∼0.1 T, perpendicular to the device plane, one can suppress
the spin transport and the measured non-local noise contribution at high B⊥ can
come from the background charge 1/f noise (Sbg) due to non-homogeneous charge
current distribution in the non-local regime. In this way the spin-dependent noise
(polarization and spin accumulation) can be separated from the total noise.

Polarization fluctuations in each contact are independent from each other and
one can filter the polarization noise from the spin current noise by using the spatial
XC method. We measure the non-local noise via XC scheme as shown in Fig. 7.7(b).
Simultaneously we also record the single channel noise for contact pair C3-C5 (path
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1) and C4-C5 (path 3). Single channel noise includes the polarization noise contri-
bution of the contact pair on top of the spin relaxation noise between the contacts.
These contributions can be summarized in following equations:

SNL
channel1 = SP

C3 + SP
C5 + Sλs

C3−C5 (7.7)

SNL
channel2 = SP

C4 + SP
C5 + Sλs

C4−C5 (7.8)

SXC
C3−C5⊗C4−C5 = Sλs

C3−C5 + SP
C5 (7.9)

Note that we have not included the background noise contribution term here as it
can be estimated separately at B⊥ ∼ 0.1 T via the procedure described above and
the final equations can be rewritten without the background contribution. On the
other hand, the spatial cross correlation of VC3−C5 and VC4−C5 will have total noise
contribution SXC

C3−C5⊗C4−C5 only from the outer detector C5 (SP
C5) and the spin

relaxation noise Sλs
C4−C5.

Since the spin accumulation µs ∝ exp(−L/λs), the spin relaxation noise is also
expected to decay exponentially in accordance with the relation �SNL

V ∝ µs
2. We ex-

tend our analysis to study the distance dependence of the spin relaxation noise. With
the spatial cross-correlation we can also measure the spin relaxation noise between
the detector contacts C4 and C5 while removing the polarization noise from con-
tact C4. For this, we measure the spin-dependent noise at different detector contacts
via path 1 and path 3 in Fig. 7.7(b) independently, and cross correlate the measured
signals.

The polarization noise contribution from the reference detector C5 is expected to
be negligible due to the lower value of spin accumulation at the contact (LC1-C5/λs ∼
4). We measure �SNL

V at the detectors C3 and C4 for two back-gate voltages: at
Vg = 0 V (metallic regime) and at Vg = -45 V (close to the Dirac point) (Fig. 7.13).

Using the derived Eq. 7.5, we can now calculate λs from the noise measurement
as:

SC3
λs

SC4
λs

�
�
exp

LC3−C4

λs

�2�1 + LC1-C3

λs

1 + LC1-C4

λs

�2

(7.10)

Here SC3
λs

and SC4
λs

are the spin relaxation noise at contacts C3 and C4, and LCi−Cj

is the separation between contacts Ci and Cj (i, j = 1,3,4). The solution to Eq. 7.10
for the experimentally obtained noise ratios gives a value of λs ∼1.5 µm and 1.0 µ

m at Vg = 0 and -45 V, respectively. A close agreement with the values obtained
independently from the Hanle measurements (λs ∼ 1.5 µm at Vg = 0 V and 1.1 µm at
Vg = -45 V) validates the analytical framework of Eq. 7.5 and Eq. 7.10.

7.5.3 Spin-dependent Noise: Analytical Expression

We quantitatively analyze the analytical expression of the non-local spin signal in
order to figure out the dominant sources of spin sensitive noise. The measured non-
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local voltage �VNL = �RNL×I for the spin-valve geometry is expressed by Eq. 7.11:

�VNL =
P 2IRsqλsexp(−L/λs)

2W
(7.11)

Here P is the contact spin polarization, I is the current applied at the injector contact,
Rsq is the square resistance of graphene, λs is the spin diffusion length in graphene,
L is the spacing between the injector and the detector contact and W is the width of
the transport channel.

The fluctuations in �VNL in time are represented by the correlation function:

RNL
V (τ) =< �VNL(t) ∗ �VNL(t+ τ) > (7.12)

The noise associated with different parameters (P,Rsq, I,λs) can be written in form
of a power spectrum SNL

V (f), which is the Fourier transform of RV
NL(τ):

(7.13)SNL
V (f) �

exp(− L
λs
)
2

4W 2
[(P 2IRsq)

2
�
1 +

L

λs

�2

Sλs(f) + (P 2λsRsq)
2
SI(f)

+ (P 2λsI)
2
SRsq(f) + (2PIRsqλs)

2
SP (f)]

This equation can be rewritten as

SNL
V (f) = AλsSλs(f) +AISI(f) +ARsqSRsq(f) +APSP (f) (7.14)

where SP is the due to the polarization fluctuations at the injector/detector electrode
which is the Fourier transform of the auto correlation function for the time depen-
dent polarization fluctuations i.e. F�P (t)P (t + τ)� , Sλs is the noise associated with
the spin transport i.e. spin relaxation noise (F�λs(t)λs(t + τ)�), SI(f) is the noise
from the external current source (F�I(t)I(t + τ)�), SRsq is the 1/f charge noise and
the thermal noise from the channel (F�Rsq(t)Rsq(t+ τ)�). Here we take the assump-
tion that the fluctuations in all four parameters (P,Rsq, I,λs) are uncorrelated. We
can measure SI independently and SRsq is the local 1/f noise (Fig. 7.8). After remov-
ing the contribution of SI(∼ 10−23 V2/Hz) and SRsq(∼ 10−22 V2/Hz) to SNL

V , which
are negligible compared to the observed noise (∼ 10−14 V2/Hz), the only dominant
sources of noise in the measured non-local signal are the polarization fluctuations at
the injector/detector electrodes and the fluctuations in the spin transport parame-
ters (λs =

√
Dsτs ). However, assuming Rsq and λs uncorrelated is not strictly true.

These quantities are correlated as λs depends on the channel resistance with λs going
down with the increase in the channel resistance, which would lead to different λs

dependence of the analytical expression i.e. Eq. 7.14.

7.6 Conclusions

By performing the first measurement of 1/f noise associated with spin transport, we
demonstrate that the non-local spin-dependent noise in graphene is dominated by
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the underlying spin relaxation processes. The obtained noise magnitude for charge
and spin transport differ by three orders of magnitude, indicating fundamentally
different scattering mechanisms such as resonant scattering of the spins, where the
fluctuating scattering cross-section of the intrinsically present impurities could pro-
duce the spin dependent 1/f fluctuations [12].
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Chapter 8

A Two-channel Model for Spin-relaxation
Noise Analysis

Abstract

We develop a two-channel resistor model for simulating spin transport with general ap-
plicability. Using this model, for the case of graphene as a prototypical material, we
calculate the spin signal consistent with experimental values. More importantly, using
the same model we also simulate the charge and spin-dependent 1/f noise in the four-
probe local and nonlocal measurement schemes, respectively and identify the noise from
the spin-relaxation resistances, i.e. noise from the spin-relaxation processes as the major
source of spin-dependent 1/f noise.

published as:
S. Omar, B.J. van Wees,

and I.J. Vera-Marun
Phys. Rev. B 96 235439 (2017)



8

94 8. A Two-channel Model for Spin-relaxation Noise Analysis

8.1 Introduction

The ubiquitous nature of 1/f noise in a variety of systems is quite surprising [1]. The
origin of the signal fluctuations with 1/f power spectral density is believed to be a
broad distribution of time scales related with the measured quantity [2, 3], which for
electronic transport is associated to the trapping-detrapping times of charge carri-
ers via impurities [2, 4]. A two dimensional sheet of graphene, owing to its surface
sensitivity [5–9] and superior spin transport properties [10, 11], offers a unique plat-
form to study the interaction of impurities with the electron spin via the universally
observed phenomenon of 1/f noise. Such an approach leads to the expectation of
a spin-dependent 1/f noise in the average spin accumulation (µs) studied in spin-
tronic devices [12], and to the fundamental question of how this noise is related to
spin transport. In our recent experiment, we measured for the first time the spin-
dependent 1/f noise [13]. For this, we used graphene as a prototypical spin channel,
leading to two major observations. First, we extracted a noise magnitude γ for spin
transport, i.e., γs three to four orders of magnitude higher than for charge transport
(γc), which was attributed to a drastically enhanced spin scattering as compared to
charge scattering, along the lines of the recently proposed resonant scattering mech-
anism [7]. Second, we identified that the spin-dependent noise was dominated by
the noise from the spin-relaxation processes.

In this work, we develop a two-channel resistor model in a four-probe mea-
surement geometry, where different resistors represent charge and spin transport,
and spin-relaxation processes. Using this model, we can simulate the charge 1/f

noise of similar magnitude as that experimentally measured in ref., employing γ =

γc ∼ 5×10−8 [13]. More importantly, we use the same model to simulate the spin sig-
nal and the spin-dependent 1/f noise in the nonlocal geometry. The simulated spin
signal is in agreement with the experimental results. Nevertheless, we find that the
simulated spin-dependent noise is significantly lower than the experimental coun-
terpart, using the noise magnitude γ ∼ γc for each process. Via further analysis,
we show that an agreement with the measured 1/f spin-dependent noise [13] is ob-
tained by considering γ three to four orders of magnitude higher than γc, i.e. γ ∼ γs,
only for the spin-relaxation processes. This result lead to a quantitative demonstra-
tion of a spin-dependent noise dominated by the spin-relaxation processes, with a
large γ.

8.2 Developing a Two-channel Resistor Model

In order to measure spin transport unambiguously, we use a four-probe nonlocal
scheme [12], as shown in Fig. 8.1(b). Here, we develop an elementary two-channel
resistor model for the nonlocal geometry, as an extension to ref. [14]. In this model,
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a region of length l in the device is modeled as n basic units connected in series,
with each unit corresponding to the spin transport within a length Δx = l/n. For
our simulations, we consider Δx = λs/3, with λs the spin relaxation length in the
channel, measured in ref. [13], as shown in Fig. 8.1(c). One channel unit is repre-
sented by a spin-up and a spin-down channel resistances, R↑

ch and R↓
ch, connected

via a spin relaxation resistance R↑↓. The resistance to an unpolarized charge current,
for a channel length Δx and width w, is Rch = RsqΔx/w, with Rsq the square resis-
tance. For a two-channel model, this can be represented as a parallel confirguration
of R↑

ch and R↓
ch, both expressed as,

R↑
ch = R↓

ch = 2×Rch =
2RsqΔx

w
, (8.1)

which holds true due to the non-magnetic nature of the channel. To complete the
model of the channel we introduce the spin relaxation resistance R↑↓ given by,

R↑↓ =
2Rsqλ

2
s

wΔx
, (8.2)

which corresponds to the spin relaxation within a channel length of Δx. Within
the transport channel there are two current branches, I↑ (in the upper branch) and
I↓ (in the lower branch), see Fig. 8.1(d). In the nonlocal part of the circuit, where
the charge current is zero, Ic = I↑ + I↓ = 0 , there exists only a pure spin current,
Is = I↑ − I↓ �= 0. Therefore, the spin accumulation, µs, or the chemical potential
difference between the upper branch, µ↑, and the lower branch, µ↓, is present only
due to spin transport in the channel.

With respect to the contacts, each spin-polarized injector (detector) is represented
as a combination of two resistors, R↑

C and R↓
C, corresponding to injection into the

spin-up and spin-down channels, as shown in Fig. 8.1(d). These resistors must sat-
isfy the following conditions [15] regarding the measured contact polarization, P ,
and the measured contact resistance, RC, namely,

P =
R↓

C −R↑
C

R↓
C +R↑

C

, and RC =
R↓

CR
↑
C

R↓
C +R↑

C

, (8.3)

in order to achieve consistency between the experimental results and the model cal-
culations. For the case of non-invasive contacts [15, 16], the nonlocal spin signal
ΔVNL due to an injection current I , can be estimated using,

ΔVNL =
P 2IRsqλse

−L/λs

2w
, (8.4)

where L is the separation between the injector and detector contacts. For the device
used in ref. [13], L ∼ λs.
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Figure 8.1: Schematic diagram of nonmagnetic channel (gray) with spin-polarized contacts
(purple) for a four probe (a) charge transport and (b) spin transport measurement scheme. A
region of length l ≈ λs is modeled as n=3 basic units connected in series (c), each formed by
an equivalent circuit of a spin-up resistance R↑

ch (red) and a spin-down resistance R↓
ch(green),

connected via a spin-relaxation resistance R↑↓ (blue). (d) A two-channel model for spin trans-
port is constructed by replacing the spin channel with a series connection of basic units from
(c), and by modelling the spin-polarized contacts with two resistors R↑

C and R↓
C.

All values for the parameters in Eq. 8.4 are experimentally obtained and con-
sequently used to construct the two-channel model shown in Fig. 8.1(d), by using
Eqs. 8.1–8.3. In order to check the validity of our model for spin transport, we com-
pare the simulated spin signal with the experimental values [13]. First, we consider
the measured spin signal for the graphene spintronic device at different values of L.
Next, we apply our circuit model from Fig. 8.1(d) with the corresponding number
of repetitions for our basic unit (Fig. 8.1(c)), therefore replicating the experimental
device for the same values of L, and simulate the spin signal ΔVNL. The agreement
between the experiment and the calculations is remarkable, as shown in Fig. 8.2,
confirming its validity for further analysis.

Let us now consider electronic noise in our circuit model. At equilibrium, in the
absence of any charge current, there is always a finite thermal noise present in a
transport channel, which is represented as a resistor. However, in a non-equilibrium
situation due to a net charge current I , a frequency dependent 1/f noise is present
and it can dominate at low frequencies. This noise is generated due to the trapping-
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Figure 8.2: Spin signal as a function of injector-detector separation L. Data obtained from
measurements in a graphene spintronic device (blue stars) and simulations for the corre-
sponding two-channel models (red circles). For the circuit models, we use the experimentally
obtained P ∼ 5%, λs ∼ 1.5 µm, Rsq ∼ 400 Ω and w = 1.7 µm.

detrapping of charge carriers at a finite time scale, via impurities present at the
contact-channel interface or at the substrate-transport channel interface [2, 4]. For
the case of spin transport, a spin-dependent 1/f noise can be generated either by
fluctuations in contact polarization during spin current injection/detection [17, 18],
or by a fluctuating channel or spin relaxation resistors, during spin transport. The
origin of the recently observed 1/f spin-dependent noise is believed to come from
the noise present in the spin relaxation processes [13].

In the present work, we simulate the charge and the spin-dependent noise orig-
inating from the contacts, the channel, and the spin-relaxation resistances, and ana-
lyze their individual contributions to find out the dominant source of spin-dependent
noise. Noise associated with each of these resistor elements is represented as a root
mean squared (rms) current noise source, i, in parallel with the noiseless resistor R,
as shown in Fig. 8.3(a). For a noise spectral density S [A2Hz−1] at the element R,
the magnitude of the equivalent noise current is i ≡ S1/2 [A Hz−1/2]. For each noise
source in applied across a resistor Rn, we must evaluate the corresponding noise
voltage appearing between the detector contacts, vn = ηnin. Here, ηn is a coefficient
that depends on the circuit topology, relating the element to the measurement con-
tacts, and therefore depends on the measurement geometry. The total noise, V , due
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√
3γI , which keeps

consistent the total noise, V [19]. (c) Transition to a two-channel model in the limit of fast
spin relaxation, where the channel resistors, R↑(↓)

ch = 2R/3, each have an equivalent noise
current source in =

√
6γ × I/2. (d) Introduction of the spin relaxation resistance, R↑↓. For an

unpolarized current I , there is no current present at these resistors, so they do not contribute
to 1/f noise. To keep a consistent V for cases (a)–(d), we must consider in in the spin channel
resistors as independent noise sources. (e) Full two-channel model, as in Fig. 8.1(d), including
also noise sources for the contact resistances and for the spin relaxation resistances. The latter
contribute to the total noise, as in a spin injection geometry there is now a spin current present
in the channel. A noise voltage vn appears between C3-C4 due to noise current in in the circuit

to all circuit elements will be,

V =
�
v21 + v22 + v23 + . . .+ v2n−1 + v2n, (8.5)

where we assume that all noise sources are independent. This condition is necessary
to achieve a consistent description of the total noise, V , as shown in Fig. 8.3(a)–(e).

We start by calculating thermal noise between C3-C4, using the circuit model of
Fig. 8.3(e) with I = 0, as a test case for our model. This contribution acts as a white
noise background at C3-C4, which we simulate for each element Rn, by considering
a current noise spectral density Sn = 4kBTΔf/Rn. The resulting equivalent noise
current source in across each element, is then used to calculate the total noise voltage
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at Δf = 1 Hz for the nonlocal measurement geometry, according to Eq. 8.5. In this
way, we can estimate the contribution from the spin-relaxation resistors, channel
resistors, and contacts, separately (1st column of Table. 8.1). The simulation result
for the nonlocal thermal background, ∼ 6× 10−17 V2 Hz−1 (see Table 8.1), is in good
agreement with the measured thermal noise, ∼ 10−16 V2 Hz−1, as shown in Fig. 8.4,
supporting the validity of the model also for the noise simulations.

Next we proceed to consider 1/f noise, first in the local measurement configura-
tion. For a local measurement as in Fig. 8.1(a), the (charge) 1/f noise spectral density
Slocal

I has a frequency and current dependent power spectral density, described by
the Hooge formula,

Slocal
I =

γcI2

fα
, (8.6)

where α ∼ 1 and γc is the charge noise magnitude. The latter is defined as the Hooge
parameter, γc

H, divided by the total number of carriers in the transport channel, i.e.
γc = γc

H/(nwL), where n is the (2D) charge carrier density. From our measurements
of a graphene device we obtained γc ∼ 5 × 10−8 at f = 1 Hz [13], of a similar
magnitude as in Refs. [3] and [4].

For our calculations of 1/f noise we consider this value of γc. We first proceed
to scale the experimental noise magnitude γc with respect to the length of the basic
unit element in our two-channel model, (Δx = λs/3 ∼ L/3), as shown in Fig. 8.3(a)–
(c). This results in γscaled = 6γc for the spin channel resistors. Each resistor element
has an equivalent current noise source in =

√
SI =

√
γscaledIn =

√
6γcIn for f = 1

Hz. For the contacts, γ = γc
contact ∼ 2 × 10−8 is used for the calculation, as obtained

experimentally by measuring the 1/f noise across the contacts [13]. Furthermore,
we must calculate the current In through each resistor element, for the specific mea-
surement geometry under consideration. For the local configuration we consider
an applied dc current I = 10 µA between contacts C1–C4, similar to the experi-
ment. In this way we can obtain the equivalent noise current sources, in, for all
the elements, and subsequently calculate their contribution to the total noise at the
detector contacts C2–C3, using Eq. 8.5. Here it is relevant to clarify the role of the
spin-relaxation resistors, R↑↓. In the local geometry of Fig. 8.1(a), we do not expect
to inject any significant spin accumulation within the center of the channel, using
the similar circuit of Fig. 8.3(d). Here, we assume that the outer contacts are situ-
ated far away, which results in negligible spin-accumulation between the detector
electrodes C2-C3. Even if we would like to quantify their contribution in this local
measurement, at this point we lack a direct experimental determination of their cor-
responding noise magnitude. For further discussion we denote it as γ↑↓. As an initial
estimation, we assume that the noise from the charge scattering and spin-relaxation
have same origin and use γ↑↓ = 3 × γc(Δx ∼ L/3). The simulation results for the
local measurement show that the contribution towards 1/f charge noise from the
spin-relaxation resistors is ∼ 10−20 V2 Hz−1, which is seven orders of magnitude
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lower than the experimentally obtained noise magnitude of ∼ 3 × 10−13 V2 Hz−1.
On the contrary, the calculated contribution from the channel spin resistors, R↑(↓)

ch
amounts to a noise of ∼ 4× 10−13 V2 Hz−1, which is in excellent agreement with the
measured local (charge) noise, as shown in Fig. 8.4.

Finally, we consider the nonlocal noise. In analogy to Eq. 8.6, the spin-dependent
contribution to the 1/f noise, ΔSNL

V , can be expressed as,

ΔSNL
V =

γsΔV 2
NL

fa
, (8.7)

where γs = γs
H/(nwλs) is the noise magnitude for spin transport, and γs

H represents
the Hooge parameter for spin transport. Here, for the normalization of the Hooge
parameter by the total number of carriers in the channel under measurement, we
consider the non-conserved nature of the spin current and take the spin relaxation
length λs as the characteristic length for this normalization. ΔVNL = Pµs/e is the
measured nonlocal spin signal due to the average spin accumulation µs.

We use the nonlocal measurement configuration, Fig. 8.3(e) for simulating the
spin-dependent 1/f in order to eliminate the contribution of charge noise. We con-
sider a dc current I = 10 µA between contacts C1–C2 and calculate the noise between
C3–C4 due to each circuit element, following the procedure established for the ther-
mal and charge 1/f noise simulations, assuming the same γscaled ∼ 6γc for R↑

ch, R
↓
ch,

γ↑↓ ∼ 3γc for R↑↓, and ∼ 2× 10−8 for the spin-polarized contacts. Here, we assume
that the mechanisms, producing the 1/f charge and spin-depenent noise are same.
The simulated 1/f noise results in ∼ 5× 10−17 V2 Hz−1, which is lower by an order
than the experimental counterpart, ∼ 5×10−16 V2 Hz−1, i.e. the magnitude denoted
by the red arrow in Fig. 8.4. In particular, the noise from the spin-relaxation resis-
tances, which was identified as a dominant noise source in the measurements [13], is
only ∼ 10−20 V2 Hz−1, so lower than the measured spin-dependent noise by almost
four orders of magnitude. From the simulation results it is clear that the processes
producing the spin-dependent 1/f noise are very distinct from that of charge 1/f

noise and cannot be explained by the noise magnitude γc associated to the charge
1/f noise. Given that the noise sources of the channel resistances and the contacts
are experimentally determined, the only unknown noise sources are those related to
the spin relaxation resistors, which up to now we have considered to be γ↑↓= 3×γc.
Furthermore, we note that the calculated nonlocal 1/f noise, using the latter consid-
eration, is in a better agreement with the measured nonlocal 1/f spin-independent
background noise, given by the magnitude of the blue arrow in Fig. 8.4. An agree-
ment with this background, present when an out-of-plain magnetic field is applied to
dephase the injected spins and there is no spin accumulation present at the detector,
suggests that with the present consideration we only capture the nonlocal contribu-
tion from the noise sources in the local circuit, where a current is present, but not
that contribution originating from the nonlocal spin transport.
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Figure 8.4: Charge and spin-dependent 1/f noise measurements for the experimental device
of Ref. [13]. The green spectrum is the charge 1/f noise measured in the local four-probe ge-
ometry. The black spectrum is the nonlocal thermal noise background, in the absence of any
applied current. The red spectrum is the measured total nonlocal 1/f noise, which is the sum
of the thermal noise, the background charge noise, and the spin-dependent noise (magnitude
denoted by the red arrow) due to spin transport. The blue spectrum is the spin-independent
background (thermal and charge backgrounds), measured when the spin accumulation is sup-
presed by a spin-dephasing applied out of plane magnetic field. The horizontal lines indicate
the noise levels measured at 1 Hz, and the dots the corresponding results for the model calcu-
lations.

thermal noise (V2 Hz−1) 1/f noise (V2 Hz−1)
γ↑↓=5×10−8 γ↑↓=5×10−4

R
↑(↓)
C 5× 10−17 3.2×10−17

R
↑(↓)
ch 9×10−18 1.5×10−17

R↑↓ 10−21 2×10−20 2×10−16

total 6×10−17 4.7×10−17 3.1×10−16

Table 8.1: Summary of thermal noise and 1/f nonlocal noise contributions from injec-
tion/detection contacts, transport spin resistors (channel), and spin-relaxation resistors (spin-
flip processes), obtained from simulations with a two-channel model.
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From the spin-dependent noise measurements in Ref. [13], we experimentally
obtained the spin noise magnitude γs ∼ 10−4 – 10−3, by fitting the dependence of
ΔSNL

V on the spin signal ΔVNL with Eq. 8.7. This value was surprisingly up to four
orders of magnitude higher than γc for the charge noise. The main question is to
find out to which process we can assign this γs, which would result in a simulated
total 1/f noise closer to the experimental value. Let us briefly consider the case
where we use this experimental γs to calculate the noise from the channel and con-
tact resistors. This exercise results in a 1/f noise level ∼ 10−13 V2 Hz−1, higher by
three orders of magnitude than the observed noise level in the experiments. This
result indicates that, according to our circuit model, the experimental γs can not be
assigned to the channel nor the contact resistances. Therefore, we forgo our initial
consideration of γ↑↓= 3×γc, and recalculate the nonlocal 1/f noise for the case of a
spin-relaxation resistance noise magnitude given by the experimentally measured
spin noise magnitude, i.e. γ↑↓ = 3 × γs. The results shown in the rightmost column
of Table 8.1, demonstrate a similar magnitude for the 1/f nonlocal noise due to the
spin-relaxation resistors, ∼ 2× 10−16 V2 Hz−1, to the measured spin-dependent 1/f
noise in [13], shown by the red arrow in Fig. 8.4. Based on simulation results, we
argue that γ↑↓ is orders of magnitude higher than that of the channel resistors. More
importantly, it is in a quantitative agreement with the experimentally obtained γs.

In conclusion, we present a two-channel model to simulate 1/f noise, associated
with charge and spin transport. The noise contribution from different circuit ele-
ments show that the measured spin-dependent 1/f noise in Ref. [13] is dominated by
the noise from the spin-relaxation resistances, i.e. which corresponds with the spin
relaxation processes with noise magnitude γ↑↓ � 103−4×γc. This insight, combining
a novel experimental approach with a basic circuit model, offers a tool to explore
a different signature of spin scattering mechanisms, such as impurity assisted spin-
flip processes [7] which could provide a marked 1/f contribution to spin-dependent
noise.

8.3 Derivation for Spin Relaxation Resistance

The expression for the spin-relaxation resistance in the circuit can be derived easily.
The current Ish corresponds to the spin relaxation within the volume wΔx, repre-
sented by the relaxation resistance R↑↓ is given by:

Ish =
V↑ − V↓
R↑↓

=
µ↑ − µ↓
e(R↑↓)

(8.8)

Ish

wΔx
=

e(n↑ − n↓)
τs

=
eN(µ↑ − µ↓)

τs
(8.9)
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Here, n↑(n↓) is the number of spin up(down) electrons, τs is the spin-flip time,
and N is the electron density of states at Fermi energy. The expression can be sim-
plified using the Einstein relation:

1

Rsq
= Ne2D (8.10)

where Rsq is the sheet resistance of the channel and D is the diffusion coefficient.
Replacing Eq.8.10 and D = λs

2/τs into Eq.8.9, we can rewrite Ish as

Ish =
µ↑ − µ↓
eRsqλs

2 (8.11)

By solving Eq.8.9 and Eq.8.11, we obtain the expression for R↑↓

R↑↓ =
2Rsqλ

2
s

wΔx
(8.12)

8.4 Scaling of Noise Current in a Two Channel Model

In Eq. 8.6

γc =
γc
H

n×W × L
(8.13)

and 8.7:
γs =

γc
H

n×W × λs
(8.14)

the noise magnitudes of the charge (spin) transport channel γc(γs) need to be
scaled with respect to the carrier concentration and device parameters (W,L), in oder
to estimate the accurate noise current in of the resistor, unlike in the case of the
intrinsic γc

H(γs
H), which are constant. Note that L, here is the separation between the

inner injector and detector electrodes, i.e., the transport channel.
In this section, we build a two channel model and explain the scaling of γ, that

can be either γc or γs associated with the resistors, that converts the charge or spin
current to a noise current. In Fig. 8.5(a), a charge(spin) current I is flowing in a
resistance R of length l = L ∼ λs and width W . This current produces a 1/f noise
current in =

√
γI , which is measured as noise voltage vn due to in flowing in R,

i.e.,
vn = in ×R =

√
γIR (8.15)
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Chapter 9

Spin Transport & Spin-relaxation in Graphene
hBN Heterostructures

Abstract

The present generation of the state-of-the-art graphene-spintronic devices relies on iso-
lating graphene from the external environment, such as from the underlying oxide sub-
strate and further a complete encapsulation of the graphene flake between two insulating
boron nitride crystals. This heterostructure assembly not only has shown to improve the
charge and spin-transport properties of graphene, but also has provided the access to some
novel phenomena such as band-gap opening, and electrically inducing Rashba spin-orbit-
coupling in graphene which were missing in the pristine flake. In this chapter, I provide
a brief summary of the results for the exfoliated single and bilayer hBN tunnel barriers,
replacing the conventional oxide based tunnel barriers. In our experiments, we show that
a long distance spin-transport is possible underneath the single hBN as a tunnel barrier,
due to its pin-hole free crystalline nature. The bilayer hBN stands out due to its unique
behavior. On application of a dc bias across the injector/detector electrode with a bilayer
tunnel barrier, the differential spin injection/detection efficiency can be enhanced more
than 100% (Details can be found in ref. [1]). We also measure the spin-transport in
graphene/hBN heterostructures, using two layer CVD hBN tunnel barriers and obtain a
completely different bias dependence for 2L-CVD hBN tunnel barriers, compared to that
for the exfoliated 2L-hBN. In the last part, I discuss the spin-relaxation in graphene/hBN
heterostructures, both with the exfoliated and the CVD tunnel barriers.
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9.1 Introduction

Graphene on SiO2, has shown a very low τs due to its roughness [2], charge inhomo-
geneities introduced by the dangling bonds on SiO2 [3], impurities at the substrate-
graphene interface [4] and electron-phonon coupling [5]. In order to alleviate the
shortcomings of SiO2, one can use a thin hBN crystal as a potential substrate, which,
due to its higher band-gap, atomically smooth and impurity free interface, promises
to be an ideal choice to improve the charge and spin transport properties of graphene
[6].

In order to preserve the pristine properties of graphene and to protect it from
coming in contact with the external impurities during the lithography, one can en-
capsulate it between two hBN crystals. This geometry not only provides the encap-
sulation to improve the mobility of graphene, but also enables the application of top
gating, which can be used to induce a Rashba SOC in graphene [7] and open a band
gap in a bilayer graphene by breaking layer symmetry [8]. Even the high mobility of
these samples in the encapsulated regions makes it possible for directional guiding
of the spin current with a very high efficiency [9], which can be a stepping stone for
realizing future spin logic circuits.

For graphene spintronics, ferromagnetic contacts with oxide tunnel barriers play
a very important role and affect the spin transport. Therefore, the quality of the
graphene-tunnel barrier interface is extremely crucial in terms of a homogeneous
growth of an oxide tunnel barrier on graphene with a reduced pinhole density. There
have been a lot of efforts to improve the quality of the tunnel barriers but it has not
resulted in a reproducible and controlled growth of the tunnel barriers. The use of
thin hBN flakes due to their crystalline, pinhole free nature [1, 10–13], can overcome
the aforementioned shortcomings of the oxide tunnel barrier and result in a high
differential spin-injection/detection efficiency of the contacts, with a reduced effect
on the spin relaxation in graphene [13].

In this chapter, I will discuss novel hBN/graphene/hBN architectures where we
fully encapsulate a graphene flake between two hBN flakes. The bottom hBN flake
serves as a substrate and the top hBN flake which can be a mono/bi/tri layer, com-
pletely covers the graphene flake so that it never comes in contact with external
impurities and this flake also is used as a tunnel barrier between the ferromagnet
and graphene, replacing the conventional oxide tunnel barrier. In this heterostruc-
ture, we demonstrate the use of single and bi layer hBN as efficient tunnel barriers.
The ML-hBN layer does not show a high spin injection efficiency, though a pinhole
free nature of the layer can be concluded from the measurements. However, bilayer
-hBN stands out. With the application of a bias voltage, we can tune the differential
spin injection/detection efficiencies more than 100 % with a successful demonstra-
tion of the 2-terminal spin-valve signal [1], which clearly demonstrates the potential
of bilayer-hBN for future spintronic applications.
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Figure 9.1: Schematic of the fully hBN encapsulated graphene spin valve device.

We also explore the possibility of using the chemical vapor deposition (CVD)-
hBN layers as tunnel barriers. However, due to the shortcomings of the wet transfer
method, the graphene quality deteriorates. Also, because of nonuniform growth of
the CVD-hBN tunnel barriers along with the presence of impurities in the tunnel
barriers, the results are not as good as for the exfoliated tunnel barriers.

In the last part, I discuss spin-relaxation in graphene/hBN heterostructures, both
with the exfoliated and the CVD hBN tunnel barriers, where two major conclusions
are obtained for these heterostructures. First, the spin-relaxation time (τs) in graph-
ene increases with increasing the tunnel barrier thickness for the exfoliated hBN tun-
nel barriers. The thickness enhancement has two-fold advantages: it reduces the
contact-induced spin-relaxation and also its shielding against the external impuri-
ties increases, which could improve the graphene quality. Second, for low mobility
samples with the CVD-hBN tunnel barriers, the spin-relaxation processes have sig-
nificant contribution from both EY and DP mechanisms.

9.2 Spin Transport in 1L hBN/Gr/hBN Heterostructure

The 1L hBN/Gr/hBN stack is prepared via the dry pick-up transfer method, ex-
plained in Ch. 5. The detailed analysis of the charge and spin transport measure-
ments is described in ref.[10]. I will only mention the key features of this measure-
ments.

Due to the full encapsulation of the graphene flake, between the bottom-hBN
substrate and the top-monolayer hBN, it never comes in contact with the chemicals
and the external environment which reflects in the homogeneous charge transport
and spin transport across different regions of the flake underneath and outside the
top gate. This was not the case with the partially encapsulated stacks in ref. [7–9]
where the graphene outside the top gated region was uncovered and exposed to
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Figure 9.2: A spin-valve and the corresponding Hanle signal obtained across the 12.5 µm
long spin-transport channel.

the polycarbonate (PC) layer, used for the pick up-transfer method. This PC layers
induces n-type doping in the non-encapsulated graphene.

A monolayer (ML) hBN flake, obtained via mechanical exfoliation is supposed
to be a crystalline, pinhole free layer, which is theoretically predicted to be suitable
for spin injection. However, its interface resistance with graphene is very low (< 1
kΩ−µm2), which is of the order of the flake resistance. This puts the hBN/graphene
interface in the conductivity mismatch regime where the spins can flow back into
the FM contact and relax in there. In case of oxide tunnel barriers having contact
resistance in this range, the spin transport is observed only between the injector and
detector electrodes with the pinhole dominated oxide tunnel barriers. Most of the
spin accumulation at the detector is relaxed by the detector. However, for the mono-
layer hBN barriers, even in the conductivity mismatch regime, this is not case as the
spin transport is observed over a long distance up to 12.5 µm, as shown in Fig. 9.2
where the spins have to travel through the spin transport channel which has 4 con-
tacts in the mismatch regime and they could induce a significant spin relaxation in
the presence of pinholes and would hinder the observation of spin-transport over
such a long distance. This indicates that in addition to the contact-induced spin re-
laxation, the quality of graphene underneath the contact is also crucial. Therefore,
we attribute the observed long-distance spin-transport to a clean graphene-hBN in-
terface and the pinhole free nature of the ML hBN flake.

9.3 Spin Transport in Bilayer hBN/Gr/hBN Heterostruc-
ture

In order to circumvent the effect of the contact-induced spin-relaxation and to im-
prove the spin-injection efficiency of the tunneling contacts, we go for an obvious
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Figure 9.3: Bias enhanced differential spin-injection polarization of an injector contact, pin as
a function of Iin.

choice, i.e., replacing the single layer hBN with the bilayer hBN, and prepare a fully
encapsulated bottom hBN substrate/graphene/bilayer-hBN heterostructure and de-
posit 55 nm thick cobalt on it, as described in detail in ref. [1]. The device schematic
is shown in Fig. 9.1. We first characterize the charge and spin-transport properties
via the low-frequency lock-in detection method and, get a very small spin-signal
ΔRNL ∼ 50-100 mΩ. However, we obtain decent spin-transport parameters, e.g.,
Ds ∼ 0.04 m2s−1 and τs ∼ 0.9 ns (λs =

√
Dsτs ∼ 6 µm). It initially suggests a low

contact polarization.
In order to explore the effect of a static electric field on the spin-injection process,

predicted in the recent theoretical proposals [13], we apply a fixed dc bias across
the injector contact, and observe an enhancement in the spin-signal while increasing
the magnitude of the applied bias. Note that the lock-in detection is only sensitive
to the ac signal, the application of the dc bias does not affect the measured signal
with respect to additional dc spin-injection. The observed enhancement in ΔRNL,
therefore, can be attributed to the enhanced differential spin-injection efficiency or
the modified spin-transport, following the equation:

ΔRNL =
pipdRsqλse

− L
λs

2w
(9.1)

Next, we perform the Hanle measurements to explore the effect of the applied dc
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bias on the spin-transport and measure the Hanle curves at different Idc. However,
we do not see any significant change in Ds and τs with respect to the applied bias
and can unambiguously ascertain the enhanced ΔRNL to the enhanced contact po-
larization. We, not only observe an enhanced polarization with the bias magnitude
but also see a sign reversal of the spin-signal as the polarity of the dc signal changes,
which means the contact polarization changes its sign around zero bias. Even, for
Idc <0, the polarization magnitude enhances in the opposite direction with the bias
and does not seem to saturate, as shown in Fig.9.3. This behavior is not observed be-
fore and is unique to the bilayer nature of the hBN tunnel barrier. When we extract
the differential injection polarization as a function of bias, it reach up to the high
magnitudes of about 70%.

Now, we apply the same procedure on the detector, i.e. when the detector is
biased with a dc current, the differential detection efficiency also enhances like the
differential spin-injection efficiency and even reaches more than 100%. The observed
behavior is quite surprising and cannot be explained within the available theoretical
framework. For the exfoliated 2L-hBN/graphene/hBN heterostructures, we observe
a dramatic increase in the spin-polarization of the contacts with the application of
the bias. We repeat the same experiment for the monolayer and trilayer hBN and do
not observe such bias dependence. We attribute this behavior specific to the bilayer
nature of the hBN tunnel barrier.

In order to explore further, whether the observed behavior is a feature of the
layer thickness or it also depends on the quality and the relative alignment of the
two individual monolayers, we prepare 2L-CVD hBN/Graphene/bottom hBN het-
erostructures. First, the graphene/bottom hBN stack is prepared via the dry pick-
up transfer method like before. The 2L-hBN tunnel barrier is transferred onto the
graphene-hBN via the wet transfer method. The fabrication details are provided in
[14]. In contrast with the exfoliated 2L-hBN, for the 2L-CVD hBN tunnel barrier
where the two layers are obtained by transferring the two CVD monolayers on each
other, the bias-dependent differential spin-injection polarization does not change its
sign around zero bias and it only increases at negative bias (refer to Mallik thesis for
details). It marks a clear distinction between the 2L-exfoliated and CVD hBN tunnel
barriers with respect to the spin-injection processes. This can be attributed to the ran-
dom crystallographic orientation and the individual crystal quality of the two-layer
CVD hBN tunnel barriers, compared to the exfoliated 2L-hBN tunnel barriers.

9.4 Spin-relaxation in all Exfoliated hBN/graphene/hBN
Heterostructures

We perform spin-transport measurements in fully encapsulated hBN/graphene/hBN
heterostructures where the top layer has served both as an encapsulating layer and a
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tunnel barrier and the bottom hBN serves as a impurity-free, smooth substrate. For
this architecture, one would expect the best quality of graphene, which never comes
in contact with any lithographic impurity, with a minimal effect of the contacts due
to high quality tunnel barriers. Here, we would like to make a general remark that
the substrate quality does not seem significantly affect the τs in graphene. However,
it can improve the diffusion constant D, due to improved sample quality. For exam-
ple, Zomer et al. [6] achieve a high mobility (also high D) for graphene on hBN. But
they do not observe a high τs, possibly because of using the oxide tunnel barriers. On
the other hand Singh et al. [11] measure the τs in nanoseconds even with graphene
on SiO2 substrate with the high quality pinhole free hBN tunnel barriers, marking
the importance of the tunnel barrier quality.

For 1L-hBN encapsulation, we achieve τs ∼ 170 ps with a mobility around 10,000
cm2V−1s−1, and for the 2L-hBN encapsulation, τs ∼ 170 ps and a mobility < 5000
cm2V−1s−1. Based on the obtained values, we believe that we have been able to
reduce the contact induced spin-relaxation, by increasing the thickness of the tunnel
barriers from 1L to 2L. But, such a thin encapsulation from the top is not optimal for
preventing the impurities from contaminating the graphene and affecting the spin-
transport.

9.5 Spin-relaxation in 2L-CVD hBN/Graphene/thick hBN
Heterostructures

For the 2L-CVD hBN/graphene/bottom-hBN heterostructures, we achieve graphene-
mobility < 3000 cm2V−1s−1 with τs in the range of 90 ps-400 ps, depending on the
carrier density, sample quality and contact resistance. Again, for the samples with
low contact resistance, we observe a reduced τs. A commonly observed low τs for
these samples is attributed to the poor mobility of the exfoliated graphene due to the
wet transfer method. In order to study the relative contribution of the Elliot-Yafet
(EY) and Dyakonov-Perel (DP) mechanism [6], we analyze the spin-relaxation (τs)
and momentum relaxation (τp) dependence with following relation:

ε2Fτp

τs
= Δ2

EY + (
4Δ2

DP

h̄2 )ε2Fτ
2
p (9.2)

where εF is the Fermi energy of graphene, which can be calculated from the car-
rier density n, using the relation εF = h̄vF

√
πn, with the Fermi velocity vF = 106 m/s.

ΔEY and ΔDP are the spin-orbit strengths of the EY and DP mechanisms, respec-
tively. As shown in Fig. 9.4, using Eq. 9.2, we extract ΔEY and ΔDP , and now, the

respective spin-relaxation rates τ−1
s,EY =

Δ2
EY

ε2F τp
and, τ−1

s,DP =
4Δ2

DP τp

h̄2 can be calculated.
We find almost equal spin relaxation rates for both the mechanisms in the order of
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Figure 9.4: The linear fits (solid lines) of the data using the Eq. 9.2 give the strengths of the
EY and DP spin relaxation mechanisms for three different devices. The inset shows the data
and fits close to zero. For the data in red, a good fit was not obtained with Eq. 9.2, due to
deviation from the linear behavior. Therefore, we cannot comment on the magnitude of the
EY mechanism. Still, we could obtain the estimate of the DP mechanism from the slope.

109 s−1, concluding that the spin-relaxation in these samples is not uniquely domi-
nated by the either of the mechanisms.

9.6 Conclusions

To summarize, we measure the spin-transport in graphene/hBN heterostructures
using the exfoliated mono- and bi-layer hBN tunnel barriers, and the CVD two-layer
hBN tunnel barriers. For the exfoliated tunnel barriers, we observe an enhanced
τs ∼ 1 ns, on increasing the number of layers upto bilayer hBN. This could be due
to the combined effect of a reduced contact-induced spin-relaxation and improved
screening of the encapsulated graphene from the external impurities, both due to
enhanced thickness and the contact resistance of the bilayer tunnel barrier. For the
samples using CVD 2-layer hBN tunnel barriers, we observe a much reduced τs ∼
80-400 ps, which we attribute to the contamination of the graphene-flake during the
wet transfer process, used for transferring the CVD-hBN onto the graphene/bottom-
hBN heterostructures. For these samples, we find similar contribution of the EY and
DP spin-relaxation mechanisms with no clear dominance of either of the mecha-
nisms. We also find out via the bias-dependence that exfoliated bilayer hBN is dif-
ferent from the 2-layer CVD hBN tunnel barrier. This can be attributed to the lack
of relative crystallographic orientation of two hBN mono-layers and also due to con-
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taminations introduced during the wet-transfer process. In order to explore the full
potential of the CVD hBN tunnel barriers, the future experiments should involve
the dry pick-up transfer of the CVD tunnel barriers also. For a detailed overview of
spin-transport in graphene-hBN heterostructures, readers are encouraged to explore
the review article [15].
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Chapter 10

Graphene-WS2 Heterostructures for Tunable
Spin Injection and Spin Transport

Abstract

We report the first measurements of spin injection into graphene through a 20 nm thick
tungsten disulphide (WS2) layer, along with a modified spin relaxation time (τs) in graph-
ene in the WS2 environment, via spin-valve and Hanle spin-precession measurements,
respectively. First, during the spin-injection into graphene through a WS2-graphene in-
terface, we can tune the interface resistance at different current bias and modify the spin
injection efficiency, in a correlation with the conductivity-mismatch theory. Temperature
assisted tunneling is identified as a dominant mechanism for the charge transport across
the interface. Second, we measure the spin transport in graphene, underneath the WS2

crystal and observe a significant reduction in the τs down to 17 ps in graphene in the
WS2 covered region, compared to that in its pristine state. The reduced τs indicates the
WS2-proximity induced additional dephasing of the spins in graphene.

published as:
S. Omar, and B.J. van Wees

Phys. Rev. B 95, 081404(R) (2017).
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10.1 Introduction

Graphene, an ideal material for spin transport due to low spin-orbit coupling and
small hyperfine interactions [1, 2], has shown a significant improvement in its spin
transport properties over the years [3, 4]. However, tuning of the spin injection and
transport properties remains illusive for graphene, inhibiting the demonstration of
graphene as a spin-transistor [5]. There is also a rapidly growing interest in other
layered two-dimensional materials such as transition metal dichalcogenides (TMDs)
due to their novel properties such as presence of band-gap accompanied by a signif-
icant spin orbit coupling up to few hundreds of meV, which is lacking in graphene
[6–10]. In the absence of an inversion center in the lattice, these materials with an
odd number of layers also provide access to the novel physical phenomena related
to the valley coupled spin degree of freedom of the charge carriers [11–13], which
adds extra functionality to these materials. A combination of graphene with these 2-
D materials appears to be a plausible option to overcome the aforementioned short-
comings.

In recent years, there have been a lot of studies on graphene-2-D material het-
erostructures demonstrating novel charge transport properties across the interface
[14–17]. The 2-D materials such as hexagonal boron nitride (h-BN) can be used in
spintronic devices as tunnel barriers for spin injection in graphene, replacing the
conventional oxide tunnel barriers [18–20]. In contrast to an insulating tunnel bar-
rier, the use of band-gap 2-D semiconductors such as TMDs (i.e. MoS2, WS2) during
spin-injection, can lead to attractive features such as tuning of the interface resistance
along with the induced spin orbit coupling at the graphene-TMD interface [21–27],
which in turn can modulate the spin-injection efficiency as well as the spin trans-
port properties in graphene. Recently reported weak localization [28], Shubnikov-
de Haas magnetoresistance measurements [25] and spin-Hall experiments [29] on
graphene-WS2 (Gr-WS2) heterostructures reveal that the spin-lifetime (τs) in graph-
ene is greatly reduced from nanoseconds to picoseconds due to significantly induced
spin-orbit coupling (∼ 5-15 meV) in graphene. Recent reports on spin-transport
in Graphene-MoS2 structures demonstrated via spin-valve measurements that the
MoS2 flake in the spin transport channel acts as a controllable spin-sink [30, 31].

Among the TMDs, WS2 has higher spin-orbit coupling magnitude than in MoS2

and lower SOC than in WSe2. Therefore, we expect that a sufficient SOC (∼ meV)
can be induced in graphene in contact with a WS2 surface, which is expected to re-
duce the spin-relaxation time in graphene between 1-10 ps [28]. However, WSe2 can
introduce much stronger SOC [25, 27], which would reduce the spin relaxation time
down to 0.1 ps and hinder a measurable effect of TMD induced SOC in graphene,
via nonlocal spin transport measurements. Therefore, to observe a measurable effect
of the TMD -induced SOC on spin-transport in graphene, we fabricate the Gr-TMD
heterostructures, using WS2 as a TMD.
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We report the first measurements of spin injection into graphene through a 20
nm thick WS2 layer, along with a reduced spin relaxation time in graphene in the
WS2 environment, via Hanle spin-precession measurements. By applying a voltage
bias between graphene and the semiconducting TMD layer, we tune the interface
resistance and modify the spin injection efficiency. We measure a higher spin signal
for a higher interface resistance at the injector. In this way spins cannot flow back and
get relaxed at the interface or in the bulk WS2, suppressing the contact induced spin
relaxation. We also perform temperature dependent measurements for a Gr-WS2

heterostructure and find that the ideality factor, which is a measure of thermionic
emission of the charge carriers across a potential energy barrier, is much greater than
one. It indicates that there are other transport mechanisms such as temperature or
field assisted tunneling across the interface, contributing to the spin injection process
in graphene. We also measure the spin transport in graphene underneath the WS2

crystal, where we inject and detect the spin accumulation in graphene using the
ferromagnetic tunneling contacts. We observe a significant reduction in τs, when the
spins travel across the WS2 encapsulated region, compared to τs obtained for the
non-encapsulated region. The reduced τs suggests towards an induced spin-orbit
coupling/ spin absorption at the Gr-WS2 interface [25, 27, 28].

10.2 Sample Preparation

We prepare graphene-WS2 heterostructures via a pick up transfer method) using a
single layer graphene and a thick WS2 flake, obtained via scotch tape exfoliation
procedure. The graphene flake is exfoliated from a bulk HOPG (highly oriented
pyrolytic graphite) ZYA grade crystal (supplier: SPI) onto a pre-cleaned Si-SiO2 sub-
strate (tSiO2 =300 nm). A single layer is identified via an optical microscope. A WS2

flake (spplier: HQ Graphene) is exfoliated on a vsicoelastic PDMS (polydimethyl-
siloxane) substrate. The freshly cleaved WS2 flake on the PDMS is brought in con-
tact with the graphene flake in a transfer stage. Since the adhesion of WS2 on the
PDMS stamp is relatively weak compared to the GrW van der Waals interaction and
the SiO2-WS2 adhesion, the flake is easily stacked onto the desired graphene flake.
As a result a smooth interface is formed, which is identified with an atomic force
microscope (AFM). This dry transfer method enables the formation of a clean and
chemical free Gr-WS2 interface, which has been reported to have less impurities and
superior charge transport properties [32] compared to the stacks prepared via CVD
grown 2-D materials [14]. Moreover, we transfer a thick WS2 flake onto graphene, in
order to reduce the bubble formation during the transfer process [33]. The prepared
stacks are annealed at 250◦C for 5 hours in an Ar-H2 environment for removing the
residue polymers. However, for most of the stacks, we only observe that the uncov-
ered graphene and WS2 flake looks more clean after the annealing steps, leaving the
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graphene-WS2 interface more or less similar to that before the annealing (Fig. 10.1).

(a) (b)

Figure 10.1: A graphene-WS2 stack (a) before annealing and after (b) annealing. For the thin
WS2 flakes (tWS2 ∼ 5nm), the graphene flake underneath the WS2 flake can be seen through.
Here, the annealing step does not seem to improve the interface quality significantly.

For the stack with a thick WS2 ∼ 20 nm flake, transferred onto a graphene flake,
we do not see a bubble formation at the graphene-WS2 interface (Fig. 10.2). Still the
furnace annealing is performed to clean the polymer residues from the uncovered
surfaces.

The ferromagnetic (FM) contacts are patterned both on graphene and on WS2 via
electron beam lithography on the PMMA (poly (methyl methacrylate)) coated Gr-
WS2 stack. Then, 0.6 nm of aluminum (Al) is deposited in two steps, each step of
0.3 nm of Al deposition followed by in-situ oxidation by pure O2 to form an oxide

Figure 10.2: A graphene-WS2 stack formed with thick WS2 flakes (tWS2 ∼ 20nm)
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Figure 10.3: (a)A schematic of graphene-WS2 heterostructure with ferromagnetic contacts
with Al2O3 tunnel barriers between cobalt and graphene(WS2). The regions labeled as I, II
and III are 2.0 µm, 2.5 µm and 6.5 µm long, respectively. The WS2 covered region is ∼ 3.0 µm.
(b) A scanning electron microscope (SEM) image of the stack with the ferromagnetic contacts.
The pink electrode is used as a spin injector into graphene through WS2.

tunnel barrier to overcome the conductivity mismatch problem [34]. On top of the
oxide barrier we deposit 55 nm of cobalt for the spin polarized contacts. To prevent
the oxidation of the ferromagnetic electrodes, the contacts are covered with 3 nm
thick aluminum layer.

10.3 Measurement

We characterize the charge and spin transport in graphene at three different regimes,
labeled as I, II and III in Fig. 10.3(a): i) non-encapsulated region (I) as a reference;
ii) through the WS2 crystal (II), where the charge/spin current is injected from a
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ferromagnet C3 on top of the TMD crystal into graphene and is detected in graphene
(Fig. 10.3(b)) 1, iii) across the encapsulated region (∼ 3 µm) (III), where a charge/spin
current is injected in graphene on one side of the TMD via contact C2 and is detected
on the other side via contact C4.

All the measurements are performed using a cryostat in vacuum (∼ 1 × 10−7

mbar) at different temperatures between 4K and 297K. The graphene resistivity was
characterized via lock-in detection (f=27.7 Hz) using a four probe method by ap-
plying a current between contacts C2-C2’ and measuring a voltage drop between
C1-C1’, in order to eliminate the effect of the contacts. The graphene sheet resistance
(Rsq) for the non-encapsulated region (region I) is ∼ 400 Ω (charge carrier density
∼ 1013cm-2 2 where ) i.e. three times lower than for region III (∼ 1.2 kΩ), indicat-
ing that graphene is less doped underneath the WS2 crystal. The contact resistances
for the FM electrodes were characterized using a three probe connection scheme,
where an AC current is applied between contacts C1-C2 and a voltage drop is mea-
sured between C1-C2’. For the FM contacts on graphene, we measure a very low
contact resistance (RFM

C ∼ 200 Ω), putting our contacts in the so called conductiv-
ity mismatched regime where the contacts influence the spin transport properties
of graphene [34]. Since we also fabricate the contacts on the WS2 flake out side the
WS2-graphene interface (i.e. contacts C6-C7 on WS2 in Fig. 10.3(a)), the channel re-
sistance (RWS2

sq ∼ 70 kΩ) and the contact resistance of the FM electrodes on the WS2

flake (∼ 2-3 kΩ) can be characterized independently. The I-V behavior of the FM con-
tacts, both on graphene and on WS2 is characterized independently using a Keithley
2410 DC source meter. The measured I-V behavior has a linear dependence at low
bias, which becomes slightly non-linear at higher bias values (Rc ≤4kΩ), as shown
in Fig. 10.4.

Next, we measure a non-linear I-V behavior across the graphene-TMD interface
via FM contacts (Fig. 10.5(a)) which is clearly different from the I-V behavior at the
WS2-AlO2-Co interface in Fig. 10.4, and is dominated by the Gr-WS2 interface. The
observed non-linearity can be easily attributed to the presence of a potential energy
barrier present only at the Gr-WS2 interface [26, 32, 35].

Spin transport is measured in a four probe non-local detection scheme i.e. in re-
gion I, by applying a current between contacts C1 and C2’ and measuring the voltage
associated with the spin-accumulation between contacts C2-C5 (Fig. 10.3(a)). This
method decouples the paths of the spin and charge transport and thus minimizes
the contribution of the charge signal to the measured spin signal [36]. For the spin
valve measurements, we first apply an in-plane high magnetic field (B�) along the

1A SEM image was recorded after the measurements. The graphene and WS2 flake were damaged
after the measurements during storage.

2Since we do not have a working back gate for the reported sample, we estimate the carrier density n

from the relation n = 1/Rsqeµ, where e is the electron charge and µ is the field effect mobility. Here, we
take µ ∼ 5000 cm2V -1s-1 which is usually obtained for good quality graphene samples on SiO2 substrate
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Figure 10.4: I-V characteristics of a Co/AlOx contact on the WS2 flake.

easy axes of the ferromagnets to align their relative magnetization. Then, the mag-
netic field is swept in the opposite direction to reverse the magnetization of the fer-
romagnets selectively based on their coercivity. We measure a sharp transition in the
non-local signal (RNL = VNL/IAC) when the individual electrodes switch their mag-
netization direction (Fig. 10.6(a)). For the Hanle precession measurements, an out of
plane magnetic field (B⊥) is applied to precess the injected spins around the applied
field for a fixed magnetization configuration of the ferromagnetic electrodes. While
diffusing the spins precess around the applied magnetic field and dephase, showing
a decrease in the magnitude of measured spin accumulation for higher fields.

Due to a barrier formation at the Gr-WS2 interface, we can modulate the barrier
resistance for difference bias currents and therefore the spin injection efficiency. The
spin transport measurements are performed in the same configuration for region II.
In order to modulate the interface resistance, we vary the DC injection current (IDC)
between contacts C3-C5 (Fig. 10.3(a)), while keeping a fixed small alternating current
(iac ∼ 0.5 µA) and detect the diffused spin accumulation potential via lock-in detec-
tion between C2 and the reference electrode, which only is sensitive to the excitation
frequency of iAC. In order to measure the spin transport across the encapsulated re-
gion, a fixed AC current is injected at contact C2 and the spin transport is measured
at contact C4.

Hanle precession measurements for region I, II and III are shown in Fig. 10.6 and
Fig. 10.7, respectively. With these measurements, we fit the Hanle signal �RNL =

(RP − RAP)/2, where RP(AP) is the Hanle signal measured for the parallel (anti-
parallel) magnetization of the the injector-detector pair. We extract the spin diffu-
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Figure 10.5: (a) 2-probe I-V measurements for the graphene-WS2 interface at different tem-
peratures. Here WS2 is the positive electrode. On the right y-axis, the interface resistance
(dVDS/dIDS) is plotted as a function of VDS for room temperature shows a non-linear behavior.
(b) A plot of non-local spin signal (�RSV

NL = RP − RAP) as a function of DC bias current, in-
jected through WS2. The measurement scheme is shown in the cartoon. The current is applied
between contacts C3-C5 of Fig. 10.3(a) and a voltage is measured between contacts C2-C2’.
The spin signal is significantly reduced for a lower interface resistance. A zoomed in version
for the negative Ibias-spin signal dependence is shown in the inset. (c) Zoomed in IDS − VDS

plot around zero bias shows more symmetric behavior, suggesting the dominance of tunnel
transport over thermionic emission. (d) ln (IDS) versus 1000/T plot shows a cross-over tem-
perature (Tcross) around 250K from negative to positive slope, which is a signature of cross
over from thermionic emission to thermal assisted tunneling in a broad temperature range. In
the inset, the slope of logarithmic conductance changes around the same Tcross, implying the
same cross-over of conduction mechanisms.

sion coefficient Ds and spin relaxation time τs, following the procedure described
in ref. [36] and use them to calculate the contact polarization (P ). For region I, we
obtain Ds ∼0.09 m2/s, τs ∼ 40 ps and P ∼ 2.3%, for region II, Ds ∼ 0.09 m2/s, τs ∼
17 ps and P ∼ 2.7% and for region III, we observe a Ds ∼ 0.1-0.5 m2/s, τs ∼ 18 ps
and P ∼ 0.3%. For region III, the Ds value obtained via Hanle fitting, is sensitive to
the selection of the spin-independent background, which cannot be uniquely deter-
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Figure 10.6: (a) Spin-valve and (c) Hanle precession measurements for non-encapsulated
part (region I), with the FM contacts used for spin transport. (b) spin-valve and (d) Hanle
measurements for region II, where WS2, inserted between FM contacts and graphene is used
as spin-injector and the FM contact on graphene is used for measuring the spin accumulation.
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crystal and is measured via contact C4 on the other side after traveling underneath the WS2

environment.
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mined here. However, we consistently obtain a reduced τs for region III ∼ 17 ps-20
ps. In conclusion, a reduced τs ≤ 20 ps is obtained via Hanle measurements for both
region II and III where the spin-transport occurs underneath the WS2 flake. Here,
we would like to emphasize that a low τs observed in region I is probably due to the
contact induced spin relaxation. For a lower contact resistance the spins can easily
flow back to the contact and get relaxed, and one would obtain a lower τs. The actual
value for τs can be estimated by following the procedure as described by Maassen
et al. [34]. In this method, the effect of the contact induced spin relaxation can be
quantified via �R� parameter (R = Rcλs/Rs), which is a ratio of the contact resistance
Rc to the spin resistance (Rs) of the transport channel i.e. Rs = Rsqλs/W . Here λs

is the spin relaxation length in graphene, and W is the width of the graphene flake.
Based on this method, the actual τs will be three times higher than the fitted τs for the
non-encapsulated region. For region II and III, the correction factor is ∼ 1, implying
that the τs obtained via Hanle fitting procedure represents the true spin relaxation
time, confirming that the spin transport is affected significantly underneath the high
spin-orbit coupled material i.e. WS2 in our case.

In order to determine the nature of charge and spin transport through the Gr-WS2

interface, we characterize the interface resistance as a function of applied bias and
temperature (Fig. 10.5(a)). There is an increase in the zero bias interface resistance
from 80 kΩ -500 kΩ from RT to 4K. A non-linear current-voltage characteristics of
the Gr-WS2 heterostructure indicates a potential energy barrier formation at the in-
terface. We analyze the interface I-V characteristics with the standard Schottky-Mott
model at higher bias (VDS > 3kBT/e), which is described by the following equation:

IDS = AA∗T 2 exp
eVDS

nkBT
exp

−eφB

kBT
(10.1)

where IDS is the current flowing through Gr-WS2 interface, A is the area of the
interface, VDS is the voltage drop across the interface, n is the ideality factor (n=1,
for ideal Schottky diode), A∗ is the Richardson constant, φB is the effective Schottky
barrier height at the Gr-WS2 interface, e is the electronic charge, kB is the Boltzmann
constant and T is the temperature of the device. For our device, we use Co/AlOx as a
contact for source and drain, which forms an ohmic contact with graphene, possibly
due to high pinhole density at the oxide-graphene interface. However, it can form
a Schottky barrier at the FM contact-WS2 interface. For this purpose, a DC source
meter (KTH 2410) is used. For the FM contacts on WS2, we see a linear I-V behavior
for WS2 in a low bias regime which becomes slightly non-linear at high bias values
(Fig. 10.4). Still, the observed non-linearity is not as strong as measured for Gr-WS2

interface.
From the asymmetric I-V plot of the Gr-WS2 interface, one can easily say that

for the positive bias regime, where the electrons enter from graphene to the TMD,
they face the higher energy barrier compared to the situation for the negative bias
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when they enter from the oxide tunnel barrier to WS2. To estimate the voltage
drop across the barrier, we extract the channel series resistance, using the analysis
described in ref. [37]. We extract the ideality factor n and the saturation current
I0 = AA∗T 2 exp −eφB

kBT
for different temperatures from the slope and the intercept of

ln(IDS)-VDS curve of Eq. 10.1. The ideality factor n is highly temperature dependent
(≥ 3), exhibiting a strong deviation from thermionic emission theory at lower tem-
peratures. In Fig. 10.5(d), ln (I0/T

2) versus 1000/T plot shows a positive slope for the
major temperature range and the slope is only negative for very high temperatures,
indicating that the electron transport mechanism in our sample is dominated by ther-
mally assisted tunneling or field assisted tunneling, not by the thermionic emission.
We also try to fit the zero-bias conductance-temperature dependence (inset Fig. 10.5
(d)) with the tunnel transport model, described in ref.[35]. A plot of temperature-
zero-bias conductivity shows the crossover of the two mechanisms around 200 K
around the same temperature as reported in the ref. [15]. However, a reasonable
agreement between the data and the fit is not obtained, possibly because of the mod-
erate temperature dependence of the conductivity at the lower temperature. All the
presented analyses support temperature assisted tunneling as a dominant charge
transport mechanism across the Gr-WS2 interface.

Novelty of the Gr-WS2 interface is its bias dependent resistance, which in com-
bination with the FM contact can be used to modify the conductivity mismatch con-
dition for the spin injection. Since the charge transport across the interface is domi-
nated by temperature assisted tunneling, it is possible to inject spins into graphene
through TMD due to small Schottky barrier and low depletion width at the inter-
face, in contrast to the case of Si spin-valves, where no spin transport is measured
due to a higher Schottky barrier at the ferromagnet-silicon interface of the injector
and the detector electrodes [38, 39]. In order to bias the interface, we use a DC cur-
rent source at different currents with a fixed small AC current (0.5 µA) superimposed
on it. The spin accumulation is measured non-locally via the lock-in detection. The
bias-dependent spin-valve signal is shown in Fig. 10.8

On changing the bias current, the interface resistance is modulated from 15 kΩ
-100 kΩ for the positive current bias and to 4 kΩ for the negative bias. The change in
the resistance is much sharper for the negative bias regime. The spin signal decreases
slowly from 50 mΩ to 5 mΩ for the positive current range of 50 µA. For the negative
bias, we observe similar change in within 5 µA current range, suggesting a strong
correlation between the interface resistance and spin injection efficiency. However,
for the oxide tunnel barriers with 4 kΩ interface resistance, one can get a reasonable
spin injection, as this situation is not a poor conductivity mismatch. Even for smaller
interface resistance in region I, we were able to achieve spin injection. A negligible
spin injection for a reasonable interface resistance, suggests towards either low spin
polarization of the interface as it is not a pure tunneling or additional spin-relaxation
underneath the WS2 encapsulated region. Also, we were unable to detect any spin
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accumulation on the other side of WS2 (contact C4), probably due to the combined
effect of poor spin injection through the TMD, accompanied by relatively long dis-
tance experienced by spins underneath WS2, before getting detected. However, from
the present measurements, we cannot comment on the the source of enhanced spin
relaxation process.

10.4 Conclusions

In conclusion, we demonstrate that spin transport across the WS2 encapsulated re-
gion and the spin transport is reduced in the proximity of the TMD crystal. At
present, we cannot comment on the source of additional spin-relaxation whether
it is caused by proximity induced spin orbit coupling or due to spin absorption via
the TMD. We also demonstrate the use of WS2 as a bias dependent spin injector due
to the non-linear charge transport properties of Gr-WS2 interface. Via a temperature-
dependent charge transport analysis, we find out that the dominating charge trans-
port mechanism across the interface is thermally assisted tunneling, which helps the
spins to tunnel through the Schottky barrier.
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Chapter 11

Spin transport in High-mobility
Graphene on WS2 Substrate with Electric-field
Tunable Proximity Spin-orbit Interaction

Abstract

Graphene supported on a transition metal dichalcogenide (TMD) substrate offers a novel
platform to study the spin transport in the presence of substrate induced spin-orbit cou-
pling, while preserving its intrinsic charge transport properties. We report the first non-
local spin transport measurements in graphene, completely supported on a 3.5 nm thick
WS2 substrate, and encapsulated from the top with a 8nm thick hBN layer. For graphene-
on-WS2, we observe high electron and hole mobilities up to 16000 cm2V−1s−1. For spin-
transport, we measure almost a constant spin-signal in a broad range of carrier densities
both in electron and hole-doped regimes, which rules out any major role of spin-absorption
by the underlying WS2 substrate. Surprisingly, τs for the electrons in graphene-on-WS2

is drastically reduced down to ∼ 10 ps by approximately two orders of magnitude, com-
pared to the τs ∼ 800 ps for graphene on the SiO2 substrate in the same chip. This strong
suppression of τs in the high mobility graphene-on-WS2 substrate, along with a detectable
weak anti-localization signature in the quantum magneto-resistance measurements, is a
clear effect of the WS2 induced spin-orbit coupling (SOC) in graphene. Finally, via the
top-gate voltage application, we modify the carrier density and electric field in the encap-
sulated region, and identify the presence of a Dyakonov-Perel type mechanism in the hole
transport regime, accompanied by the electric field tunable surface Rashba SOC, respon-
sible for an enhanced spin-relaxation at the graphene-WS2 interface.

published as:
S. Omar, and B.J. van Wees

Phys. Rev. B 97, 045414 (2018).
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Proximity Spin-orbit Interaction

11.1 Introduction

Graphene is an ideal material for spin transport due to its extremely low spin-orbit
coupling (SOC) of about ∼ 1µeV and small hyperfine interactions [1–3]. On the other
hand, lack of a sizable SOC has also hindered the demonstration of graphene as a
spin-transistor [4]. Recent exploration of various 2D-materials and their heterostruc-
tures has provided access to novel charge- [5, 6] and spin-related phenomena [7–12]
which are either missing or do not have a measurable effect in intrinsic graphene.
Graphene can interact with the neighboring material via weak van der Waals in-
teractions which help to preserve its charge transport properties, but it can acquire
some foreign properties from the host substrate such as a sizable band gap at the
Dirac point due to a sublattice dependent crystal potential on a boron nitride (BN)
substrate [5, 6], an enhanced intrinsic spin-orbit coupling in the range of 5 meV-15
meV, along with a meV order valley-Zeeman splitting, due to the inequivalent K
and K’ valleys in graphene [10, 13], Rashba SOC due to breaking of inversion sym-
metry at the graphene-transition metal dichalcogenide (TMD) interface [7, 8] and the
possibility of spin-valley coupling [14, 15]. This unique ability of graphene-TMD in-
terfaces makes them an attractive platform for studying the spin-related proximity
induced effects.

In recent reports of spin-transport in graphene-TMD heterostructures [16, 17],
a reduced spin-signal and spin-relaxation time was measured in graphene with a
TMD on top when the TMD was conducting, which was attributed to the spin-
absorption/enhanced spin-relaxation via the TMD. On the contrary, in WAL mange-
totransport measurements [9, 10], a reduced and a constant spin time, independent
of the carrier-type, carrier-density and the conducting state of the TMD was ob-
served, which was attributed to the greatly enhanced spin-orbit coupling in graph-
ene via the proximity effect of the neighboring TMD. Also, the existence of the inter-
play between the valley-Zeeman and Rashba SOC was theoretically and experimen-
tally demonstrated in the anisotropy of the spin relaxation time for the out-of-plane
and in-plane spin-signals [15, 18] in a single-layer TMD/graphene heterostructure.

Surrounded by distinct conclusions, which seem to depend on the device geome-
try and the experiment-type, it calls for revisiting the problem in a different way, i.e.,
a direct spin-transport measurement using the TMD as a substrate for graphene. It
has multiple advantages: i) Similar to hBN, TMDs as substrate, have already shown
to improve the charge transport properties of graphene significantly [19] due to their
atomic flatness and screening the roughness and dangling bonds of SiO2, which are
believed to be responsible for low charge carrier mobility in graphene-on-SiO2 [2, 3].
This improvement can be helpful in possibly compensating for the reduced τs, due to
either of the proposed mechanisms in ref. [16, 17], and improve the spin-signal mag-
nitude, and ii) unlike the partial encapsulation of graphene with the TMD, where the
encapsulated and the non-encapsulated graphene regions have different charge and
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spin-transport properties and require a complex analysis for the accurate interpre-
tation of the TMD induced spin-relaxation in graphene [17, 18], spin-transport mea-
surements in graphene, fully supported on a TMD substrate can directly distinguish
the possible effects of spin-absorption via the TMD or a proximity-induced SOC, due
to a uniform carrier density and identical effect of the substrate present everywhere
in graphene. Also, in contrast with the TMD-on-top geometry, where graphene par-
tially shields the back-gate induced electric field, and one cannot clearly comment
on the conducting state of the TMD on top and correlate its effect on spin-transport
in graphene, the inverted geometry does not have this drawback. Lastly, it would
be worth exploring, whether the recently observed spin-relaxation anisotropy for
the in-plane and out-of-plane spins in graphene [15, 18], is specific to the graphene-
single layer TMD heterostructure or it also depends on the TMD thickness.

We study the charge and spin-transport properties of graphene, fully supported
on a tungsten di-sulfide (WS2) substrate and partially encapsulated via a top hBN
flake, using a four-probe local and non-local geometry, respectively. We measure
high values of charge mobility up to 16,000 cm2V−1s−1 due to the atomically flat WS2

substrate and due to the screening of impurities and dangling bonds present on the
SiO2 surface. We study the spin-transport via spin-valve and Hanle spin-precession
experiments [20], and measure a constant spin signal ΔRNL for a wide range of the
carrier densities. The obtained signal is independent of the carrier type and carrier
density, ruling out the effect of spin-absorption via the underlying WS2 flake. For the
Hanle measurements, we observe very broad Hanle curves with a spin-relaxation
time τs ∼ 10 ps in the electron-doped regime which is almost 80 times smaller than
τs ∼ 800 ps of a reference graphene flake on the SiO2/Si substrate in the same chip.
Via the top-gate voltage application, we can access the hole doped regime, where
τs is enhanced up to 40-80 ps for various carrier densities. However, we do not
observe a clear measurable signature of the recently reported strong anisotropic spin-
relaxation [15, 18]. In our case, the ratio of the out-of-plane to the in-plane ΔRNL(
therefore τs) is less than one, an indicative of the in-plane Rashba-type systems [15,
21]. For both regimes (stronger for the hole regime), we observe a reduced τs on
increasing the carrier density (or the momentum relaxation time τp), which indicates
the presence of the Dyakonov-Perel (DP) type mechanism for spin-relaxation in our
system, similar to that obtained in the weak anti-localization measurements [7, 8].

We also confirm the signature of WS2 induced SOC in graphene by measur-
ing the weak anti-localization (WAL) signature in the same sample, similar to the
low temperature quantum magneto-transport studies performed in ref. [7–10], while
graphene on a SiO2 substrate shows a clear WL signature. Therefore, the low τs in
graphene-on-WS2 substrate, with an electric-field tunable Rashba SOC, supported
by the hall mark WAL signature, can be easily attributed to the WS2 enhanced prox-
imity SOC at the graphene-WS2 interface.
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11.2 Sample preparation

The WS2/graphene stacks are prepared on a n++-doped SiO2/Si substrate (tSiO2
∼300

nm) via a dry pick-up transfer method [11, 22]. After the stack is prepared, it is put
in a chloroform solution for 3 hours in order to remove the poly-carbonate film, used
in the stack preparation. After that, the stack is annealed in Ar/H2 environment for
five hours to remove the remaining polymer residues.

In order to define the contacts, a poly-methyl methacrylate (PMMA) solution is
spin-coated over the stack and the contacts are defined via the electron-beam lithog-
raphy (EBL). The PMMA polymer exposed via electron beam gets dissolved in a
MIBK:IPA solution. In the next step, 0.7 nm Al is deposited in two steps, each step of
0.35 nm followed by 12 min oxidation, to form a Al2O3 tunnel barrier. On top of it,
70 nm thick cobalt (Co) is deposited to form the ferromagnetic (FM) contacts, with a
3 nm thick Al capping layer in order to prevent the oxidation of the FM electrodes,
followed by the lift-off process in acetone solution at 30◦C.

11.3 Sample Characterization

We study two samples: i) stack A: a WS2/Gr/hBN stack consisting of a single layer
graphene (SLG) encapsulated between a bottom WS2 (tWS2 ∼ 3.5 nm) and a top hBN
flake (thBN ∼ 8 nm), as shown in and Fig. 11.1(a,b,d) and ii) stack B: a WS2/Gr stack
consisting of a SLG, supported on a bottom WS2 flake (tWS2

∼ 4.2 nm), without any
hBN encapsulation from the top, as shown in Fig. 11.1(c,e). On the same SiO2/Si
chip, there are reference graphene flakes near stack A (Fig. 11.1(d)) and stack B. We,
therefore, can directly compare the charge and spin-transport properties of the refer-
ence graphene flakes and graphene on WS2 substrate, prepared via identical steps.
The reference flakes on the same SiO2, shared by stack A and stack B, are labeled
as ’ref A’ and ’ref B’ respectively. Moreover, stack A has non-encapsulated region
(region-I) and encapsulated region (region-II) both, as shown in the device schematic
of Fig. 11.1(a). On the other hand, stack B only consists of region I. Therefore, we
will discuss the data of stack A as a representative device. We use a low-frequency
lock-in detection method to measure the charge and spin transport properties of the
graphene flake in vacuum. The measurements reported here are performed at room
temperature and at 4K.

11.3.1 Charge Transport Measurements

We measure the charge transport, via a four probe local measurement scheme. For
measuring the gate-dependent resistance of graphene-on-WS2 in region-I (II), a fixed
ac charge current iac ∼ 100 nA is applied between contacts C1-C4 (C1-C6) and a
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Figure 11.1: (a) Stack A: bottom WS2 / graphene/ top hBN stack with AlOx-Co (FM) con-
tacts and top gate. (b) top-view of the device. White region marked by C’ represents the
cobalt contacting the WS2 flake, which is not separated by hBN and the connection scheme
for measuring the I − V behavior of WS2. (c) Stack B: graphene supported on a bottom WS2

substrate. (d) an optical image of the stack A, before the contact fabrication. The graphene
flake is outlined by the black dotted line and the orange dotted line denote the WS2 flake
region to be contacted by the top-gate electrode after the contact deposition. On the top left
corner, outlined with the black square, a graphene flake (ref A) and the developed contacts can
be seen on the same SiO2/Si substrate. (e) An optical image of stack B, i.e., graphene (dashed
lines)/bottom WS2 heterostructure, after the contact deposition. It also has a reference flake
’ref B’ on the same SiO2 substrate (not shown in the image).

voltage-drop is measured between contacts C2-C3 (C4-C5) and the back-gate (top-
gate) voltage is swept. We also characterize the charge-transport properties of the
reference graphene flake on SiO2, via the same connection scheme. For graphene-
on-WS2, it is possible to tune the Fermi energy (EF) in graphene, until the EF lies
within the band-gap of WS2. After the EF coincides with the conduction band edge
of WS2, it also starts conducting. Vbg corresponding to this transition, is denoted as
Von. At high Vbg > Von, the WS2 flake screens the electric field from the back-gate,
due to charge accumulation at the SiO2-WS2 interface [9] and the Rsq of graphene is
not modified anymore via the back-gate application.

The Dirac curves for region-I and -II as a function of back-gate and top gate volt-
age are shown in Fig. 11.2(a)-(c). In order to extract the carrier mobility µ, we fit the
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Figure 11.2: (a) Rsq − Vbg dependence of the non-encapsulated graphene on WS2 (region I in
Fig. 11.1(a)) of stack A is shown on the left axis (solid lines). The IDS − Vbg behavior of WS2

at 4K (open circle), using the connection scheme of Fig. 11.1(b). (b) Rsq − Vbg and (c) Rsq − Vtg

behavior of the graphene encapsulated between WS2 and hBN flakes (region II in Fig. 11.1(a)).
The corresponding σ − Vbg(tg) behavior is plotted in (d), (e) and (f).

charge-conductivity σ versus carrier density n plot with the following equation:

σ =
1

Rsq
=

neµ+ σ0

1 +Rs(neµ+ σ0)
(11.1)

Here Rsq is the sheet resistivity of graphene, σ0 is the conductivity at the CNP, Rs

is the residual resistance due to short-range scattering [22–24] and e is the elec-
tronic charge. We fit the σ − n plot for n in the range 5×1011-2.5×1012 cm−2 with
Eq. 11.1. For the non-encapsulated region we obtain the electron-mobility µe ∼ 9700
cm2V−1s−1 at room temperature (RT), which is enhanced to 13400 cm2V−1s−1 at 4K.
For the encapsulated region, we extract a relatively lower µe ∼ 7300 cm2V−1s−1 at
RT which is enhanced at 4K to 11500 cm2V−1s−1. Since we can modulate the car-
rier density in the encapsulated region via the top gate application as well as change
the position of the CNP, we can access the hole regime up to higher carrier densi-
ties. We extract the hole mobility µh at different values of back-gate Vbg in the range
12600-16000 cm2V−1s−1 at 4K (Fig. 11.2(f)). Via this analysis, we get µe ∼ 6000-
13000 cm2V−1s−1 at different Vbg values, similar to that extracted from the back-gate
sweep in Fig. 11.2(e). Charge mobility of about 104 cm2V−1s−1 in our samples, with-
out any optimization of the fabrication procedure reflects the clean-WS2 interface



11

11.3. Sample Characterization 139

quality and we believe that the graphene-WS2 interface is not significantly affected
by the lithographic process during the sample preparation.

In order to characterize the transfer characteristics of the WS2 substrate and to
know when it is switched ’on’ and starts conducting, we use a specific geometry.
The BN flake used as a top gate insulating layer, does not encapsulate the WS2 crystal
completely, as marked by the orange dashed lines in Fig. 11.1(d), therefore, the WS2

crystal is contacted via the top gate electrode (white region in Fig. 11.1(b), labeled
as C’) and the electrodes C1–C8 shorted via graphene. Since, σgr >> σWS2, for the
voltage applied between any two electrodes from C1–C8, the current flow will occur
through graphene. However, for the voltage applied between C’ and Cj (j = 1, 8),
the current flow in graphene is blocked by the hBN insulating layer and instead it
flows through WS2, as shown in the schematic of Fig. 11.1(b). The IDS − Vbg transfer
curve for WS2, measured using this geometry is plotted in Fig. 11.2(a) (marked by
blue ellipse). It is also noteworthy that there is negligible gating action from the
top gate when the WS2 is conducting, shown in green curve of Fig. 11.2(c), which is
measured for the Vbg=+20V ( Von ∼-20V of WS2).

In conclusion, for the samples having graphene-on-WS2 substrate, we obtain
high electron and hole mobilities, reaching up to 16000 cm2V−1s−1. We obtain simi-
lar mobilities for both encapsulated and the non-encapsulated regions, implying that
the observed high mobility is due to a clean WS2-graphene interface in our devices.

11.3.2 Spin Transport Measurements

We measure the spin-signal in our devices, using the four probe nonlocal connection
scheme. In order to measure the spin signal ΔRnl in the non-encapsulated (encapsu-
lated) region, iac is applied between contacts C2-C1 (C4-C1) and the nonlocal voltage
vnl is measured between C3-C4(C5-C8), in Fig. 11.1(a) [20].

For spin-valve measurements, we first apply a magnetic field B|| ∼ 0.2 T along
the easy axes of the FM contacts so that they have their magnetization in the same
direction. We design our contacts with different widths, therefore they have different
coercivities. Now, we sweep B|| in the opposite direction and depending on their
coercivity, the FM contacts reverse their magnetization direction along the applied
field one by one. This magnetization reversal appears as a sharp transition in vnl

or in the nonlocal resistance Rnl = vnl/iac. Since we choose our outer injector and
detector contacts far enough from the inner FM contacts, they do not influence the
spin transport and we only observe two switches corresponding to the inner FM

contacts, as shown in Fig. 11.3(a) and Fig. 11.6(a). The spin-signal is ΔRnl =
RP

nl −RAP
nl

2 ,
where R

P (AP )
nl represent the high (low) Rnl values of the two level spin-valve signal.

For the Hanle precession measurements, first the FM electrodes are magnetized
in a parallel (P) or anti-parallel (AP) configuration. Next, for a fixed P (AP) con-
figuration, an out of plane magnetic field (B⊥) is applied and the injected spin-
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Figure 11.3: (a) Spin-valve measurements of stack A (region-I) for the injector-detector sepa-
ration L=800 nm at different Vbg and (b) ΔRNL as a function of carrier density in graphene at
RT and 4K, for stack A. ΔRNL does not change much at RT and in the electron-doped regime
at 4K. Though it shows a decrease in the hole-doped regime. (c) Normalized Hanle curves for
graphene on SiO2 (green) and WS2 (red) at 4K. (d) parallel (P) and anti-parallel (AP) Hanle
curves for graphene on SiO2. (e) A huge linear background is observed in the Hanle curves
for graphene on WS2. It can be seen both in P and AP configuration and in electron and hole
doped regime. Sign of the slope changes with the change in the sign of the carrier density. (f)
Hanle curves for Gr-WS2 stack (stack A) at different Vbg at 4K

accumulation precesses around the applied field with the Larmor frequency −→ωL =
gµB
h̄

−→
B , while diffusing towards the detector, and get dephased. Here g is the gy-

romagnetic ratio=2 for an electron, µB is the Bohr magneton and h̄ is the reduced
Planck constant. The measured Hanle curves are fitted with the steady state solution
to the Bloch equation:

Ds�2−→µs −
−→µs

τs
+−→ωL ×−→µs = 0 (11.2)

with spin diffusion constant Ds, spin relaxation time τs and the spin-accumulation
−→µs in the transport channel. The spin diffusion length λs is =

√
Dsτs. Hanle mea-

surements for a reference graphene flake on SiO2/Si are shown in Fig. 11.3(e).

11.4 Results and Discussion

We report the spin-valve and Hanle measurements for stack A at different carrier
densities at 4K. First, we start characterizing the reference graphene sample ref A,
on the same substrate. The Hanle measurements are shown in Fig. 11.3(d). Since
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Figure 11.4: Exponentially decaying spin signal ΔRNL in stack A (region-I), for an increas-
ing injector-detector separation L . Here, we assume same contact polarization for all the
electrodes. This is fitted using Eq. 11.3.

we could not observe the CNP due to n-doping of the flake, we measure the spin-
transport in electron-doped regime and obtain Ds ∼ 0.02 m2s−1 and τs in the 730
ps-870 ps range, i.e., λs =

√
Dsτs ∼ 3.6 µm-3.8 µm, with no ’proximity-effect’.

After obtaining the spin-transport parameters for ref A, we measure the spin-
transport in graphene on WS2 substrate (stack A) on the same chip. For a varying
range of carrier density, from electron to hole regime with the application of Vbg,
we observe an almost constant spin signal at RT, plotted in Fig. 11.3(b)(black solid
squares). At 4K the spin signal shows a modest increase around the charge neutral-
ity point (CNP), i.e., the resistance maximum, and then it decreases. For Vbg <-30V,
there is a negligible in-plane charge conduction in WS2 and if spin-absorption via
WS2 was the dominant spin-relaxation mechanism, the signal should enhance in this
regime. We, on the other hand, observe almost a constant ΔRNL in the regime where
WS2 conducts at RT, with a slight decrease in the signal at 4K when the WS2 flake is
switched ’off’. Either of the observations cannot be explained by considering spin-
absorption as a dominant source of spin-relaxation at the graphene-WS2 interface
within the applied back-gate voltage range. Next, we perform spin-valve measure-
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Figure 11.5: (a) Spin-relaxation time as a function of momentum scattering time (τp) for the
reference graphene on SiO2 substrate, ref A and ref B in the electron doped-regime shows an
enhanced τs with the increase in τp, suggesting EY-type spin-relaxation. Due to high n-type
doping of the flakes, the hole transport regime could not be accessed within the applied Vbg.
(b) τs versus τp (red data points) for graphene on WS2 substrate (region I-stack A), shows
an enhanced τs for a reduced τp, suggesting the DP-type spin relaxation in presence of the
substrate induced SOC. Black line represents a linear fit of 1/τs − τp data (black sphere). (c)
τs as a function of carrier density n and (d) Electric field E at different values of Vbg for the
electron and hole transport regime in region-II of stack A. E and n in the encapsulated-region
are calculated by following the procedure in Ref. [21].

ments for the encapsulated region, where we vary the carrier density in graphene
via the top-gate (Fig. 11.6(a)). For a wide range of carrier density in graphene which
is equivalent to applying a back-gate voltage in the range of ±60 V, we do not see any
significant change in the spin-signal, similar to the back-gate dependent spin-valve
measurements and conclude that ΔRNL is independent of the carrier density, carrier
type in graphene and the conducting state of the TMD. Note that this configuration
is similar to the TMD on graphene with a back gate application, except graphene
is uniformly covered with the WS2 flake in our sample. We also measure ΔRNL at
different injector-detector separation L and assuming same polarization P for all the
contacts, we can estimate λs using eq.:

ΔRNL =
P 2Rsqλse

− L
λs

2w
(11.3)

where w is the width of the spin-transport channel. We estimate the spin-relaxation-
length λs around 700-800 nm, which is almost five times lower than λs of the refer-
ence sample. We obtain Dc ∼ 0.05 m2s−1 of graphene on WS2 substrate from the
Dirac measurements, using the Einstein relation:σ = e2Dcν(E), where ν(E) is the
density of states in graphene. Assuming Ds = Dc, we estimate τs ∼ 10 ps, using λs

obtained from the spin-valve measurements. Note that this value may be uncertain
due to possible different polarization values of the individual contacts, still it gives
an estimate of λs [25].
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Based on the spin-valve measurements on stack A, one would expect a broad
Hanle curve due to a significantly reduced τs. Indeed, we measure broad Hanle
curves with their full-width half maximum in the range of ∼ 1T. A direct compari-
son between the Hanle curve of the reference sample and for graphene-on-WS2 sub-
strate, plotted together in Fig. 11.3(c), clearly demonstrates the effect of the WS2

substrate in the broadening of the Hanle curve. Along with the broad Hanle spin-
signal ΔRNL, we also observe a large linear background (∼ 10-20 Ω) for the individ-
ual Hanle curves measured in the P and AP configurations (Fig. 11.3(e)). We also
observe a sign change in the slope of this background with respect to change in the
sign of carriers from electrons to holes, similar to a Hall like signal. However, such a
large Hall background is not possible because we design the FM electrodes across the
flake and it should eliminate the Hall like behavior. The source of such background
is non-trivial and at the moment is not clear to us. We also perform Hanle mea-
surements at different carrier densities. The line shape of ΔRNL remains similar in
the electron-doped regime from the CNP to the carrier densities up to 6×1016 m−2.
Note that WS2 is in the conducting state in this regime and just gets switched off
around the CNP of graphene. By fitting these curves with the steady state solution
to the Bloch equation, we obtain τs ∼ 10-13 ps and Ds about 0.03-0.04 m2s−1 which
matches with the Dc within a factor of two obtained from the charge transport mea-
surements. With the obtained Ds and τs via Hanle measurements, we achieve λs ∼
600-700 nm, using λs =

√
Dsτs, in a good-agreement with the λs obtained from the

spin-valve measurements. It should be noted that at such high out-of-plane mag-
netic fields, the magnetization direction of the ferromagnets does not fully lie in the
sample-plane and a makes an angle with the sample plane [21]. When we analyze
the measured data, while correcting for the angular dependence of the magnetiza-
tion (not shown here) using the procedure in ref.[26], the ’corrected’ Hanle curves
become even broader. From these Hanle curves, we would obtain even lower τs.
Therefore, the τs values, reported here, represent the upper bound. We estimate the
contact polarization P ∼ 15-20 % using Eq. 11.3 for this device which, along with a
reasonably good Ds ∼ 0.04 m2s−1, enables us to measure the large ΔRNL of the order
of Ohms, even with such a short τs. For the Hanle measurements in hole transport
regime, we could only measure one data set at Vbg=-50V (Ds ∼ 0.35 m2s−1, τs ∼ 35
ps) with Ds and Dc (∼0.03 m2s−1) differing by an order of magnitude. Therefore,
we cannot comment on the spin-transport parameters in the hole transport regime
in region-I. For stack B, we have a small P ∼ 1 − 3% and therefore a small ΔRNL ∼
7 mΩ, making it difficult to measure a clear Hanle curve at high magnetic fields in
presence of a huge linear background.

In graphene, there are two dominant spin-relaxation mechanisms [27–29] : 1)-
Elliot-Yafet (EY) mechanism where a electron-spin is scattered during the interaction
with the impurities and therefore the spin-relaxation time is proportional to the mo-
mentum relaxation time τp, i.e., τs ∝ τp, 2)-Dyakonov-Perel (DP) mechanism, where
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the electron-spin precesses in a spin-orbit field between two momentum scattering
events, following the relation τs ∝ 1

τp
. In order to check the relative contribution of

the EY and DP mechanisms, we plot the τs versus τp behavior, shown in Fig. 11.5 for
ref A and ref B samples on SiO2 and for region-I of stack A. Here, τp can be calcu-
lated from the diffusion coefficient, using the relation Ds ∼ v2Fτp. In Fig. 11.5(a), for
the reference samples, we see that τs increases with τp for the electron doped regime,
suggesting the dominance of EY-type spin relaxation in SLG on SiO2 substrate, sim-
ilar to previous observations [25, 28, 29] on this system. We could not quantify the
spin-orbit strength due to unknown carrier density and the corresponding Fermi
energy [30]. For stack A, processed in identical condition, we observe an opposite
trend between τs and τp in Fig. 11.5(b) in the electron-doped regime, which resem-

bles the DP type mechanism. We fit the data with the relation 1
τs

=
4λ2

R
h̄2 τp and extract

λR ∼ 250 µ eV, which is 4-to-6 times higher than the spin orbit coupling strength
in a similar mobility sample on hBN substrate in ref. [30] and distinguishes the ef-
fect of the WS2 substrate in enhancing the SOC in graphene, compared to a hBN
or SiO2 substrate. The obtained magnitude of λR is of similar order as reported in
ref. [8, 10, 13, 15]. However, for such a small variation of spin-relaxation rates from
75 ns−1 to 95 ns−1, a slight variation in τs can change the τs−τp dependence and con-
sequently changing λR drastically, which restricts us from claiming the dominance
of the DP spin-relaxation via this method.

We do not observe any measurable effect of the anisotropic spin-relaxation, i.e.,
different τs for the spins in the the graphene plane and perpendicular to the graph-
ene plane, at high magnetic fields, as reported by Ghiasi et al. [18]. This might be
due to a large linear magneto-resistance background, we constantly observe during
the Hanle measurements, which makes it difficult to distinguish the saturation of the
relatively small spin-signal when the ferromagnetic electrodes are aligned perpen-
dicular to the graphene plane at high B⊥ and only out-of-plane spins are injected.
The multilayer nature of the TMD in our sample could also be responsible for modi-
fying the magnitude of this effect. Even after removing the linear background, we do
not observe an enhanced out-of-plane spin signal at high magnetic fields, compared
to the in-plane signal. For our measurements, the out-of-plane to in-plane spin signal
ratio is always less than one. It could also be due to the presence of in-plane Rashba
SOC [21] in our system. According to Cummings et al. [15], the anisotropy in the
in-plane and out-of plane spin-relaxation can not be always observed. It depends
on the intervalley scattering rate and the relative strengths of the in-plane Rashba
SOC λR (in meV) induced at the graphene-WS2 interface due to broken inversion
symmetry [7, 8, 15] and the out-of-plane valley-Zeeman SOC λV (in meV) induced
in graphene due to the intrinsic SOC in WS2 [8, 9, 15]. In case of a strong interval-
ley scattering both in-plane and out-of-plane spins experience the motion narrowing
and they get dephased. However, due to λV > λR, the in-plane spins relax faster
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Figure 11.6: (a) SV measurements across the encapsulated region (region-II) of stack A at
different top-gate voltages, which change the doping of the encapsulated region from hole to
electron doped regime. The spin-signal ΔRNL remains unaffected. (b) Rsq for the encapsulated
region as a function of Vbg and Vtg. The gray circles on the dotted horizontal at Vbg=-40V,
denote the Vtg values at which the spin valve and the Hanle measurements have been taken.
Hanle measurements for the encapsulated region for the hole doped regime, at the CNP and
electron-doped regime are shown in (c), (d) and (e), respectively.

than the out-of plane spins, which get dephased by the Rashba SOC, thus giving rise
to the anisotropy. In our case, it could be possible that there is a weak-intervalley
scattering with the dominant Rashba SOC which gives rise to faster relaxation of
the out-of-plane spins, expected for a typical Rashba system and hinders us from
observing a strong anisotropic effect [15]. However, a direct conclusion regarding
intervalley scattering rate cannot be drawn from the spin-transport measurements
alone.

Now we perform the Hanle spin-precession measurements in the encapsulated
region of stack A (L ∼ 6.7 µm). Due to the partial encapsulation of WS2 via hBN,
we can study the effect of the top-gate when the bottom WS2 does not conduct. We
can access both electron and hole regime via top gating, for a fixed Vbg <-30V. For
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the Hanle measurements shown in Fig. 11.6(c)-(f) at Vbg=-40 V, corresponding to the
CNP of the back-gated graphene and perform the Hanle measurements, while vary-
ing Vtg from the hole regime at Vtg=-1.5V to the electron-doped regime at Vtg=+1.5V.
With the top gate application, we can control two parameters: first, we can tune the
carrier densities from electron to hole regime and vice versa. Second, we also apply
an out of plane electric field which again breaks the z↔-z symmetry and modifies
the surface Rashba SOC [1, 21, 31]. For the hole regime, i.e., Vtg=-1.5 V,-0.5 V, we
measure a narrow Hanle shape, an indicative of higher τs for the hole spins, plot-
ted in Fig. 11.6(f)-(g). Now, at Vtg=+1.5 V, when the encapsulated region is again
electron-doped, the sharp Hanle feature disappears and a broad Hanle correspond-
ing to lower τs of electrons is visible again. We fit the Hanle data for |B⊥|< 200
mT, while assuming Ds = Dc, where Dc is obtained from the σ − Vtg dependence,
and obtain τs ∼ 40 ps-80 ps, as shown in Fig. 11.5(c). We repeat the measurements
for Vbg=-50V,-35V and see a similar behavior, confirming that the hole and electron
spins have different τs values with τh

s > τ e
s . The higher τh

s could be possibly due to
the combined effect of a intrinsically reduced spin-orbit coupling in the hole regime
[15, 32] and the modification of the electric-field induced Rashba SOC [7, 8, 21]. There
are two features evident from Fig. 11.5(c) and (d). First, for similar carrier densities in
the electron and hole regimes, a reduced τs is observed for E pointing towards WS2,
i.e. E < 0 (black box in Fig. 11.5(c)). Second, for the same electric field an enhanced τs

is observed at lower carrier densities, denoted by the green box in Fig. 11.5(d), simi-
lar to that obtained from the WAL experiments in [7, 10]. These observations support
the presence of an electric field controllable SOC at the graphene-WS2 interface and
the DP type mechanism for the hole transport.

Our results also provide an alternative explanation to the observation of ref.[16,
17] where the spin-signal enhancement is observed when the TMD does not con-
duct. At this point, EF in graphene is shifted to the hole doped regime. The net
spin-relaxation rate is dominated by the relaxation at the graphene-TMD interface
and is reflected in the reduced ΔRNL, while switching on the TMD, coinciding with
the electron-doped regime in graphene. Based on our results, we argue that it is
the modulation of the spin-orbit coupling strength than the spin-absorption which
changes the spin-relaxation time, leading to the same results.

11.5 Low Temperature Quantum Magnetotransport Mea-
surements

Alternatively, in order to confirm the presence of the substrate induced SOC in graph-
ene, we perform quantum magneto-resistance (MR) measurements in graphene in
the electron-doped regime at 4K, using the local four probe geometry. Here we mea-
sure the flake resistance as a function of an out-of plane magnetic field with several
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Figure 11.7: (a) Weak localization signal on ref B flake on a SiO2 substrate (red) and no
WL/WAL signature was detected in graphene-on-WS2 (region-I of stack A) (b) a narrow WAL
signature in the encapsulated region was detected, probably due to possibility of more spatial
averaging at long region (L ∼ 8 µm) and high mobility in the encapsulated region (region-II
of stack A). All the data shown here is taken at 4K.

averaging operations, in order to suppress the universal conductance fluctuations in
the sample resistance at low temperatures [33]. First, we measure the MR of reference
graphene-flake on SiO2 substrate at 4K. Here we see a broad weak-localization (WL)
signature (Fig. 11.7(a)), probably due to the low mobility of the sample [8, 10, 33].
However, for the graphene on WS2 (region-I), under the same measurement condi-
tions, we do not observe any signature of the weak localization which is typical hall
mark for single layer graphene, and appears at low magnetic field due to suppressed
back-scattering of the electrons [33]. Even for graphene-on WS2 we have three times
higher mobility, which should help in observing a peak at the low scan of the mag-
netic field. The absence of the WL signal in graphene-on WS2 stack indicates towards
the emergence of a competing effect such as weak anti-localization (WAL) effect. In
fact, when we measure the magneto-resistance for a longer flake region up to ∼ 7-10
µm, including the encapsulated region as well, we observe a clear WAL signature
(Fig. 11.7(b)), which could be due to the more spatial averaging of the signal in the
longer channel. The observation of the WAL signature in WS2 supported single layer
graphene confirms the existence of the enhanced spin-orbit coupling in graphene.
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11.6 Conclusions

In conclusion, by demonstrating the signature of proximity induced SOC via WAL
measurements in the electron doped regime, with no signs of spin-absorption via top
and back-gate applications in a broad carrier density range, resulting in a constant
ΔRNL, we unambiguously show that the spin-relaxation process in graphene on WS2

substrate is affected by the WS2 induced SOC. The proximity effect reflects in broad
Hanle curves with a τs ∼ 10 ps. Via top-gate voltage application, we access the hole
transport regime and show that the hole spins have a longer τs ∼ 40 ps- 80 ps, imply-
ing a reduced λR in this regime. Via carrier-density dependence of τs in both electron-
and hole- regime, where WS2 is in off-and -on state, we observe DP -type mech-
anism, i.e., a reduced τs with increasing the carrier density, a typical hall mark of
surface induced Rashba SOC. The effect is more (less) pronounced for the hole (elec-
tron) regime due to a higher (lower) τs. The lack of out-of-plane anisotropy suggests
towards the presence of an in-plane Rashba field. We also demonstrate the modi-
fication of τs as a function of perpendicular electric field in the hBN-encapsulated
region, which suggests the control of in-plane Rashba SOC via electrical gating.

Summarizing our results, via pure spin-transport measurements, we, for the first
time, unambiguously demonstrate the effect of the proximity-induced-SOC in graph-
ene on a high SOC semiconducting WS2 substrate, opening a new avenue for high
mobility spintronic devices with enhanced spin-orbit strength materials. A gate con-
trollable spin-orbit coupling and thus the modulation of spin-relaxation time almost
by an order in our graphene/WS2 heterostructure, paves a way for realizing the fu-
ture spin-transistors.
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Summary

Transporting the spin of an electron over long distances, without the loss of its ini-
tial properties, is viable for future spin-based devices. Graphene, a honeycomb lat-
tice of carbon atoms, has the potential to carry spins up to millimeter length scales.
Therefore, since last decade it has been the work-horse in the field of spintronics
research. Still, the research community is unable to transport them at such long dis-
tances and even with the best possible devices, researchers have been able to realize
spin-relaxation length only up to 30 µm which is almost lower by two orders of
magnitude than the expected values. This is a big puzzle being faced by the graph-
ene community, and there is a lot of theoretical work along with some experiments,
which suggests that the impurities, specifically magnetic impurities present at the
graphene surface, greatly suppress its spin transport properties. However, no direct
spin-transport experiments have been performed in this direction. Another aspect,
on which the spintronic community is putting a lot of efforts on, is controlling the
spin-current in graphene. This requires an electrical control of the parameters influ-
encing the spin current in graphene, such as inducing and controlling the spin-orbit
coupling in graphene.

In this thesis titled ”Spin transport and relaxation in graphene, functionalized-
graphene and graphene-TMD heterostructures”, I experimentally study the spin-
transport in graphene in two major directions. First, I study the effect of impurities
on spin transport. Second, I explore the possibility of inducing spin-orbit coupling
and controlling it via an external electric field in graphene, by putting it in the prox-
imity of a transition metal dichalcogenide crystal.

I also explore the effect of magnetic impurities in two different ways. In the
first, we directly put magnetic cobalt-porphyrin molecules on graphene via a non-
destructive self-assembly method, and observe that the spin-relaxation time is sig-
nificantly reduced in presence of magnetic-impurities. This behavior is attributed
to an enhanced spin-flip scattering in presence of magnetic scattering centers. In
the second method, we study the effect of impurities via an indirect method, i.e., by
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measuring the noise of the spin-signal in graphene. In this experiment, we measure
a spin-dependent 1/f noise present in the spin-accumulation in graphene, and note
that the noise is enhanced at a higher spin-relaxation rate. This implies that the noise
is produced due to spin-relaxation processes in graphene. This noise is believed
to originate from the interaction of the spin-current with the impurities, giving rise
to the 1/f nature of the measured noise. Also, the spin-dependent noise is orders
of magnitudes higher than the 1/f noise in the charge transport. The higher noise
magnitude quantifies the higher scattering strength of impurities for the spin degree
of freedom of electron than for the charge degree of freedom. Here, we again ob-
tain the same conclusion from a completely different experiment that impurities are
detrimental to the spin transport in graphene.

The interesting aspect of electronics does not lie only in high-quality charge trans-
port but in the virtue how efficiently we can control the charge transport via the gat-
ing action. Spin-transport follows similar rules. Even one can achieve a millimeter
long spin-transport, a practical spin-transistor cannot be realized until and unless
we know how to control the spin-current.

Recently, there has been a lot of buzz about layered semiconductors such as
transition metal dichalcogenides, which can be exfoliated down to monolayers like
graphene and have a handle to control the spins, i.e. via, spin-orbit coupling. When
graphene is put in contact with a transition metal dichalcogenide, a significant spin-
orbit coupling (SOC) in the order of milielectron volts can be induced in graphene
that is about 100 times higher than the SOC in intrinsic graphene.

In this thesis, I study spin-transport in two types of graphene-WS2 heterostruc-
tures. In first architecture, graphene is partially encapsulated via a WS2 flake from
the top. Here, I study the possibility of enhancing SOC in graphene, in contact with
WS2, via nonlocal spin-transport measurements, and also injecting spins in graphene
through the same WS2 intermediate layer. Since the resistance of the graphene-WS2

interface can be modified as a function of bias, its spin-injection efficiency can be
tuned as well. As expected, I measure an enhanced spin-relaxation in graphene un-
derneath the WS2 flake. We can also successfully control the spin-injection efficiency
with the bias at the graphene-WS2 interface. Next, I study the proximity effect of
WS2 on graphene in a different device architecture where I reverse the stacking or-
der of graphene and WS2, and use WS2 as a substrate for spin transport in graphene.
Here, I clearly see the effect of proximity induced SOC on the spin-transport proper-
ties ofgraphene. First, due to a smooth and impurity free WS2 surface, the mobility
of graphene is increased which helps to observe small spin signals in spite of much-
reduced spin relaxation time due to a proximity induced SOC. With the application
of an electric-field in the spin-transport channel, we can even tune the spin-orbit cou-
pling strength in graphene and therefore, the spin-relaxation time almost by an order
of magnitude, which is a significant step towards realizing the practical graphene-
based spin-transistors.
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I also briefly touch upon the graphene/hBN heterostructures where we fully en-
capsulate graphene between two hBN flakes and use the first hBN flake as a bottom
substrate to improve the charge transport properties of graphene and the second
hBN flake as a tunnel barrier for efficient spin-injection into graphene. With the ex-
foliated bilayer hBN tunnel barriers, we can achieve even up to 100% spin polariza-
tion which is certainly a good news for the spintronic community. These results will
push forward towards realizing practical graphene-based spintronic devices with
improved figure of merit. For a scalable production of spintronic devices, one needs
to realize the same performance with the CVD counterparts. We also perform ex-
periments with CVD hBN tunnel barriers. However, due to inhomogeneous CVD
hBN tunnel barriers and the wet transfer process of the CVD barriers onto graph-
ene which involves its immersion in water, the performance is not as good as in the
case of exfoliated tunnel barriers. We still need to optimize the device fabrication
process using the CVD hBN, in order to enhance the prospects for the use of CVD
hBN/graphene for the industrial scale production of graphene-based spintronic de-
vices.

This thesis provides a very first set of spin-transport measurements in graph-
ene with respect to control over spin injection/detection and transport properties
in graphene, which has been realized up to a certain degree. The presented study
will play an important role in laying the foundation for future spintronic devices.
Certainly, graphene spintronic research is very close torealizinga practical graphene-
based spin-transistor, which will provide the scientific community an opportunity to
pursue the long-sought dream of spin-logic circuits.





Samenvatting

Het transporteren van elektronenspins over een grote afstand, zonder verlies van
initiële informatie, is haalbaar voor toekomstige, op spin gebaseerde apparaten. Gelu-
kkig heeft grafeen de potentie om de spins tot op millimeter lengteschalen te ver-
voeren en daarom is het al bijna een decennium het werkpaard voor het spintron-
icaonderzoek. Toch is de onderzoeksgemeenschap niet in staat om de spins over
zulke lange afstanden te vervoeren en zelfs met de best mogelijke apparaten kon-
den mensen slechts tot 30 µm meten, wat bijna twee orde van grootte kleiner is
dan de verwachtte waarden. Deze sterke onderdrukking van de spintransporteigen-
schappen is een grote uitdaging voor de grafeengemeenschap. Inmiddels zijn er
veel publicaties, zowel theoretische als enkele experimentele, die suggereren dat
hoofdzakelijk magnetische onzuiverheden aan het grafeenoppervlak hiervoor ver-
antwoordelijk zijn. Er zijn echter geen directe spin-transportexperimenten uitgevo-
erd in deze richting. Een ander aspect, waar de spintronic-gemeenschap veel inspan-
ningen aan levert, is het controleren van de spinstroom in grafeen. Dit vereist het
elektrisch reguleren van de parameters die de spinstroom in grafeen beı̈nvloeden,
zoals het induceren en manipuleren van de spin-orbitaalkoppeling in grafeen.

In dit proefschrift onderzoek ik het spintransport met behulp van experimenten
in twee hoofdrichtingen. Ten eerste onderzoek ik het effect van onzuiverheden op
spintransport. Ten tweede onderzoek ik de mogelijkheid om de spin-orbitaalkoppeling
te induceren en deze te regelen via een extern elektrisch veld in grafeen door het in
de nabijheid van een kristallen overgangsmetaal dichalcogenide te plaatsen.

Ik onderzoek het effect van magnetische onzuiverheden op twee manieren. Ten
eerste plaatsen we de magnetische kobalt-porfyrinemoleculen rechtstreeks op grafeen
via niet-destructieve zelfassemblage en zien we dat de spin-relaxatietijd aanzien-
lijk wordt verminderd in de aanwezigheid van de magnetische onzuiverheden. Dit
gedrag wordt toegeschreven aan een versterkte spin-flip-verstrooiing in aanwezigheid
van de magnetische verstrooiingscentra. Ten tweede bestuderen we het effect van
de onzuiverheden via een indirecte methode, namelijk door het meten van de 1/f-
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ruis van het spin-signaal in grafeen. In dit experiment meten we een spinafhanke-
lijke 1/f-ruis die aanwezig is in de spin-accumulatie in grafeen en zien we dat de
ruis wordt versterkt bij hogere spin-relaxatiesnelheid. Dit impliceert dat de gepro-
duceerde ruis het gevolg is van spin-relaxatieprocessen in grafeen. De ruis is orden
van groottes hoger dan de 1/f ruis veroorzaakt door het ladingstransport, hetgeen
kan worden genterpreteerd dat de 1/f aard van de gemeten ruis wordt veroorzaakt
door de interactie van de spinstroom met de onzuiverheden. De hogere ruismag-
nitude kwantificeert de hogere verstrooiingssterkte van de onzuiverheden voor de
vrijheidsgraden van de elektronspin in vergelijking met de vrijheidsgraden van de
electronlading. Dit compleet verschillende onderzoek brengt ons tot dezelfde con-
clusie: onzuiverheden zijn nadelig voor spintransport in grafeen.

Het interessante aspect van elektronica ligt niet zodanig in hoogwaardig lad-
ingstransport, maar kenmerkt zich in de efficiënte manier waarop de ladingstrans-
port benvloed wordt door een spanning over de basis aan te leggen. Spin-transport
moet soortgelijke regels volgen. Zelfs als spin transport over millimeters kan bereikt
worden, kan een praktische spin-transistor niet worden gerealiseerd tenzij we weten
hoe je spins kunt controleren.

Er is veel te doen geweest over de gelaagde halfgeleiders zoals de overgangsmeta-
al-dichalcogenidenfamilie. Deze kunnen worden geëxfolieerd tot monolagen zoals
grafeen en hebben de mogelijkheid om de spins te regelen door middel van spin-
orbitaal koppeling. Wanneer grafeen in de nabijheid van een overgangsmetaaldichal-
cogenide wordt geplaatst, kan een significante spin-orbitaalkoppeling (SOK) in de
orde van milli-elektronvolt worden geënduceerd welke 100 keer groter is dan de
SOK in intrinsiek grafeen. In dit proefschrift bestudeer ik spin-transport in twee
soorten grafeen-WS2 heterostructuren. De eerste constructie is een grafeen spintransp-
ortkanaal gedeeltelijk ingekapseld met een WS2-laag vanaf de bovenkant. Hier bestu-
deer ik de mogelijkheid van een door de nabijheid van WS2 geı̈nduceerde SOK in
grafeen via niet-lokale spin-transport metingen en injecteer ook spins in grafeen via
dezelfde WS2-tussenlaag. Omdat de weerstand van het grafeen-WS2-grensvlak kan
worden gewijzigd als een functie van het voltage over de basis, kan de spin-injectie-
efficiëntie ook worden afgestemd. Ik laat zien dat er een verbeterde spin-relaxatie
is in grafeen onder WS2 en we kunnen met succes de spin-injectie efficiëntie rege-
len met het voltage over de basis. Vervolgens bestudeer ik het nabijheidseffect van
WS2 op grafeen in een andere apparaatsconstructie, waarbij ik de volgorde van
grafeen en WS2 omkeer en WS2 dus als substraat voor spintransport in grafeen func-
tioneerd. Hier zie ik duidelijk het effect van de door de nabijheid geı̈nduceerde
SOK op de spintransporteigenschappen van grafeen. Ten eerste is de beweegli-
jkheid van grafeenelectronen groter dankzij een glad en vrij van onzuiverheden
WS2-oppervlak. Dit vereenvoudigd het waarnemen van kleine spinsignalen on-
danks een veel lagere spin-relaxatietijd als gevolg van een geı̈nduceerde spin-orbitaal-
koppeling. Met de toepassing van een elektrisch veld in het spintransportkanaal
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kunnen we zelfs de sterkte van de spin-orbitaalkoppeling in grafeen afstemmen en
de spin-relaxatietijd bijna in een orde van grootte moduleren, wat een belangrijke
stap is naar het realiseren van het praktische grafeen gebaseerde spin-transistors.

Ik bespreek ook kort de grafeen/hBN heterostructuren waar we het grafeen volle-
dig inkapselen en hBN gebruiken zowel als bodemsubstraat als een tunnelbarriére
voor efficiënte spin-injectie. Met de gexfolieerde dubbellaagse hBN-tunnelbarriéres
kunnen we zelfs tot 100% spinpolarisatie bereiken, wat zeker goed nieuws is voor de
spintronica-gemeenschap en met deze resultaten kunnen verdere stappen zetten in
de realisatie van praktische, op grafeen gebaseerde, spintronische apparaten met een
verbeterd prestatievermogen. Voor schaalbare productie van de spintronische appa-
raten, moet men hetzelfde realiseren met chemische damp afzetting (CDA) tegen-
hangers. We voeren ook experimenten uit met CDA-hBN-tunnelbarriéres.

Omdat het overdrachtsproces van de CDA-tunnelbarriéres op grafeen onder-
dompeling in water vereist, en vanwege de inhomogeniteit van de tunnelbarriéres
zijn de prestaties echter niet zo goed als in het geval van geı̈xfolieerde tunnelbarriéres.
Voor het verbeteren van de vooruitzichten voor het gebruik van CDA hBN/grafeen
voor praktische spintronische toepassingen moeten deze aspecten worden geopti-
maliseerd.

Dit proefschrift probeert te voorzien in een eerste reeks spin-transport metingen
in grafeen met betrekking tot een controle over spininjectie en -detectie en trans-
portprocessen in grafeen die tot op zekere hoogte is gerealiseerd. De gepresenteerde
studie zal een belangrijke rol spelen bij het leggen van de basis voor toekomstige
spintronische apparaten. Zeker is dat het spintronische onderzoek van grafeen heel
dichtbij is om een praktische, op grafeen gebaseerde, spin-transistor te realiseren die
de wetenschappelijke gemeenschap een kans zal bieden om de lang gezochte droom
van een spin-logica netwerk na te streven.
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इलेक्ट्रान के स्पिन िर आधाररत सूक्ष्म-यांत्रों का ननमााण मखु्यतः इस तथ्य िर ननर्ार 
करता है कक इलेक्ट्रान का स्पिन अिनी प्रारांभर्क अवपथा को अिररवनतात रखत े हुए ककतनी 
दरूी तय कर सकता है | ग्राफीन एक मधुमक्ट्खी के छत्ते के बनावट में सज ेकाबान ( C ) 
िरमाणुओां िर आधाररत द्वववीभमय सांरचना वाला िदाथा है जो इलेक्ट्रोन के स्पिन को दरू तक 
ले जाने में सक्षम है | यही कारण है कक स्पिनरोननक्ट्स-अनुसांधान के क्षेत्र में ग्राफीन विछले 
एक दशक से वैज्ञाननकों के बीच एक चचाा का मुख्य ववषय रहा है | अनेक अनुसांधानों के 
बावजूद र्ी वैज्ञाननक, ग्राफीन आधाररत सूक्ष्म-यांत्रों से अिेक्षक्षत िररणाम िाने में अर्ी तक 
िूणा रूि से सफल नहीां हो िाये हैं| इसका एक सटीक उदाहरण है कक अर्ी तक के सवाशे्रष्ठ 
ग्राफीन यांत्र से मात्र 30 माइक्रोमीटर की दरूी तक ही इलेक्ट्रान का स्पिन िररवहन सांर्व हो 
िाया है, जबकक अिेक्षक्षत आांकड़ों िर ववश्वास ककया जाय तो ग्राफीन द्वारा भमलीमीटर की दरूी 
तक स्पिन िररवहन सांर्व है | इस यक्ष-प्रश्न का सही उत्तर ढूूँढने के भलए अनेकों प्रयास 
ककये गये हैं| हाल-कफलहाल में यदद इस ददशा में ककये गये प्रयोगों की िररणामों की बात करें 
तो ग्रफीन में उिस्पथत अशुद्ध िरमाणु ,ववशेष रूि से ग्राफीन की सतह िर उिस्पथत चुम्बकीय 
िरमाणुओां के कारण स्पिन िररवहन में व्यवधान उत्िन्न होता है | यद्यवि इस िररणाम को 
ककसी प्रामाणणक प्रयोग द्वारा भसद्ध नहीां ककया जा सका है| स्पिनरोननक्ट्स िर अनुसांधान करने 
वाले कुछ वैज्ञाननक अन्य िहलूओां िर र्ी काया कर रहे हैं | तथा उनका ये अभर्मत है कक 
एक सफल स्पिनरोननक्ट्स यांत्र का ननमााण इस बात िर ज्यादा ननर्ार करता है कक उसमें 
प्रवादहत स्पिन धारा को ववद्युत क्षेत्र द्वारा स्पिन के वतृ्त कक्षीय िररक्रमण कक्रया-ववधध से 
ननयांत्रत्रत ककया जा सकता है या नहीां ? इस भसद्धाांत के िरीक्षण िर र्ी अनुसांधान काया तीव्र 
गनत से आगे बढ़ रहा है | 
 अिने इस अनुसांधान काया में स्जसका ववषय है  “ग्राफीन, क्रियाशील ग्राफीन तथा 
ग्राफीन-संिमण धातु काल्कोजन हेटरो संरचना में स्पिन िररवहन और ववश्राम” में मैंने मुख्य 
रूि से इलेक्ट्रान के स्पिन िररवहन िर दो अलग-अलग ददशाओां में प्रयोग ककया है | प्रथम में 
मैंने स्पिन िररवहन िर अशुवद्धयों के प्रर्ाव का अध्ययन ककया है तथा दसूरे में कृत्रत्रम ववधधयों 
द्वारा, जैसे ग्राफीन को टांग्सपटन डाई सल्फाईड (WS2) नामक िदाथा में रखकर ग्राफीन में 
उत्िन्न इलेक्ट्रान के स्पिन कक्षीय िररक्रमण युग्समन की सांर्ावना और उससे उत्िन्न ववद्युत 
क्षेत्र के ननयांत्रण को प्रयोगों के माध्यम से अध्ययन ककया है | दसूरी ववधध की उल्लेखनीय 
बात यह है कक इसमें WS2 को एक उत्पे्ररक(/)/पनेहक की तरह प्रयोग ककया जाता है, क्ट्योंकक 
इससे स्पिन कक्षीय िररक्रमण युग्समन का प्रर्ाव उियुक्ट्त मात्रा में उिस्पथत होता है |  

 इलेक्ट्रान के स्पिन िररवहन िर चुम्बकीय अशुवद्धयों के प्रर्ाव को र्ी मैंने दो ववधधयों 
से अध्ययन ककया है | प्रथम ववधध में हम ग्राफीन को कोबाल्ट-िारकफरीन नामक रासायन से 
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प्रनतकक्रया करात ेहैं,स्जसमें कोबाल्ट एक चुम्बकीय अशुद्ध िरमाणु है| इसका िररणाम यह होता 
है कक यह रासायन ग्राफीन की सतह िर पवतः व्यवस्पथत हो जाता है| हालाांकक इस प्रकक्रया में 
ग्राफीन को ककसी प्रकार की र्ौनतक या रासायननक गुणों में हानन नहीां होती| इस प्रयोग से 
यह ननष्कषा ननकला जा सकता है कक चुम्बकीय अशुवद्धयों की उिस्पथनत में ग्राफीन में स्पिन 
का जीवन-अवधध बहुत कम हो जाता है | इसका मलू कारण यह है कक चुम्बकीय अशुवद्ध के 
प्रर्ाव में इलेक्ट्रान के स्पिन का ददशा िररवतान आकस्पमक हो सकता है |द्ववतीय ववधध में 
हम स्पिन िररवहन िर अशुवद्धयों के प्रर्ाव का अध्ययन अप्रत्यक्ष रूि से करत ेहैं | इस ववधध 
में हम ग्राफीन के स्पिन भसग्सनल में उिस्पथत यादिच्क्क्षक ध्वनन की मात्रा माित ेहैं | यह मात्रा 
ध्वनन की आवसृ्त्त (अांतराल) िर र्ी ननर्ार करता है और यह आवसृ्त्त (f) ननर्ारता 1/f प्रकृनत 
की है | इस प्रयोग में 1/f ध्वनन स्पिन भसग्सनल िर ननर्ार करती है व स्पिन आकस्पमक ददशा 
िररवतान की आवसृ्त्त के साथ बढ़ती है | इसका अथा यह र्ी हो सकता है कक स्पिन का 
जीवन-काल कम होने से 1/f ध्वनन बढ़ती जाती है व इलेक्ट्रान स्पिन द्वारा उत्िन्न 
यादिच्क्क्षक ध्वनन की मात्रा इलेक्ट्रान आवेश द्वारा उत्िन्न यादिच्क्क्षक ध्वनन से अधधक हो 
जाती है,माि के अनुसार | इससे यह र्ी ननष्कषा ननकलता है कक ध्वनन जो कक स्पिन या 
आवेश धारा की अशुवद्ध के साथ सांिका  में आने से उत्िन्न होती है, अधधक शस्क्ट्तशाली होने 
की वजह से िररमाि में ज्यादा है |सरल शब्दों में अशुवद्ध स्पिन को आवेश की तुलना में 
अधधक प्रर्ाववत करती है | अतः इस प्रयोग से यही ननष्कषा ननकलता है कक अशुवद्धयाूँ स्पिन 
िररवहन के भलये हाननकारक हैं | उत्तम आवेश िररवहन इलेक्ट्रॉननक्ट्स का उतना रोचक िहलु 
नहीां है स्जतना कक ननयांत्रण वाल्व द्वारा आवेश ननयांत्रण | स्पिन ननयम िर र्ी समान रूि से 
यही ननयम लागू होत े हैं | र्ववष्य में यदद हम भमलीमीटर दरूी तक इलेक्ट्रान के स्पिन 
िररवहन को प्राप्त र्ी कर लें, िर त्रबना एक कक्रयात्मक स्पिन राांस्जपटर(जो कक एक 
स्पिनरोननक्ट्स यांत्र है) के ननमााण के, स्पिन धारा को ननयांत्रत्रत नहीां कर सकत े|  

 दर-िरत-दर सतह वाले अधा-चालक हमेशा वैज्ञाननकों के बीच चचाा का ववषय रहे हैं | 
ये अधा-चालक सांक्रमण धातुओां से बन ेयौधगक हैं और ग्राफीन की र्ाांनत “पकॉच टेि “ की 
तरह एक-एक सतह के रूि में िथृक ककये जा सकत ेहैं | इन यौधगकों की रोचक बात यह है 
कक इनके िास स्पिन ननयांत्रण की कक्रया-ववधध िहले से हीां उिस्पथत है व िररमाण में ग्राफीन 
से एक हज़ार गुना ज्यादा है | इस शोध में मैंने ग्राफीन-WS2 िर आधाररत दो ज्याभमनतयों 
का अध्ययन ककया है | िहली ज्याभमनत में ग्राफीन का स्पिन िररवहन िथ WS2 से आांभशक 
रूि से आच्क्छाददत रहता है | इस ज्याभमनत में मैंने WS2 की सांिका  में आयी ग्राफीन में स्पिन 
ननयांत्रण कक्रयाववधध के उत्िन्न होने की सांर्ावना का ववदेशीय ( non-local ) स्पिन सांग्रह 
तरीके से अध्ययन ककया है तथा WS2 को स्पिन धारा प्रवादहत करने वाली सतह की तरह र्ी 
उियोग ककया है | चूूँकक ववधुत ववर्व के कारण ग्राफीन-WS2 ननकाय का प्रनतरोध बदला जा 
सकता है, यह इस ननकाय की स्पिन-धारा प्रवादहत करन ेकी दक्षता को र्ी ननयांत्रत्रत करता है 
| इस प्रयोग में मुझ ेदो प्रर्ाव देखने को भमले | िहला यह था कक WS2 के सांिका  से ग्राफीन 
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में स्पिन का जीवन काल बहुत कम हो जाता है | दसूरा कक WS2 –Gr ननकाय में ववर्व के 
प्रर्ाव में स्पिन धारा िररवहन दक्षता को ननयांत्रत्रत ककया जा सकता है | प्रयोग के अगले 
चरण में मैंने ग्राफीन को WS2 की सतह िर रखा है ताकक WS2 का प्रर्ाव समान रूि से 
ग्राफीन में उत्िन्न हो | इस प्रयोग से मुझ ेपिष्ट रूि से ज्ञात होता है कक WS2 सांिका  का 
प्रर्ाव ग्राफीन िर ददखाई देता है| WS2 की सतह धचकनी होने की वजह से व उसमें अशुवद्धयों 
की कम मात्रा होने से ग्राफीन में इलेक्ट्रोनों की गनतशीलता बढ़ जाती है जो कक सांिका  प्रर्ाव 
के कारण छोटे स्पिन भसग्सनल को मािने में सहायक हैं | ववद्युत क्षेत्र के प्रर्ाव में हम स्पिन 
जीवन काल को और स्पिन ननयांत्रण क्षमता को र्ी ननयांत्रत्रत कर सकते हैं| इस ववधध से हम 
स्पिन जीवन-काल में 10गुणा िररवतान कर सकत ेहैं | यह ग्राफीन आधाररत स्पिन-राांस्जपटर 
यांत्रों के अनुसांधान में एक महत्विूणा कदम है | 
 इस शोध में मैंने ग्राफीन –बोरोन नाईराईड ( Gr/BN ) ननकाय िर आधाररत प्रयोग 
को र्ी सांक्षक्षप्त रूि में समावेभशत ककया है | यहाूँ हम ग्राफीन को एक ितली और मोटी BN 
सतह के बीच सांिुदटत करत ेहैं | ितली BN सतह एक टनल अवरोध की तरह काया करती है 
| इसमें उल्लेखनीय बात यह है कक BN एक कुचालक है | BN की दो िरमाणु स्जतनी मोटी 
सतह का उियोग करके हमने आश्चयाजनक रूि से शत-प्रनतशत(100%) तक स्पिन धारा 
प्रवहन क्षमता प्राप्त की है |  

स्पिनरोननक्ट्स समाज के प्रोद्योधगक-ववकास की ददशा में एक उल्लेखनीय कदम है 
तथा इससे स्पिनरोननक्ट्स-यांत्रों को औद्योधगक पतर िर उत्िादन करने में मदद भमलेगी | 
औद्योधगकरण के भलये हमें बड़ ेिैमाने िर बने सतह चादहये जो कक रासायननक वाष्िीकरण से 
बनत ेहैं | हमने रासायननक वाष्िीकृत-बोरोन-नाईराईड का र्ी अिने प्रयोग में उियोग ककया है 
| हालाांकक राांस्जपटर बनाने की प्रकक्रया में िव का उियोग होने से अशुवद्धयाूँ ज्यादा मात्र में 
आतीां हैं जो कक ग्राफीन राांभसपटर के सवोत्तम गुणवत्ता को नष्ट कर देती है, अतः अन्य 
वैकस्ल्िक ववधधयों के अनुसांधान की जरुरत है | 
 यह शोध ननयांत्रण/ धारा क्षमता को प्रदभशात करने की ददशा में ककये गये प्रयोगों में 
प्रथम प्रयास है स्जसमें हम साकारात्मक ददशा में आगे बढ़ रहे हैं | मुझ ेिूरा ववश्वास है कक 
यह शोध आने वाले प्रयोगों के भलये एवां र्ववष्य में स्पिनरोननक्ट्स यांत्रों के ननमााण में एक 
महत्विूणा आधार प्रपतुत कर मील का ित्थर सात्रबत होगा |ननस्श्चत रूि से ग्राफीन 
स्पिनरोननक्ट्स शोध प्रथम स्पिन राांस्जपटर के ननमााण के काफी समीि व सक्षम है और यह 
खोज वैज्ञाननक समुदाय को स्पिन लॉस्जक आधाररत यांत्र बनाने में एक अहम ्कदम सात्रबत 
होगा |       

 शोधकताा – भसद्धाथा ओमर 

********************** 
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